7 Invariant tori

Perturbation theory fails whenever a resonance condition is met; however, even if
the non-resonance condition is fulfilled, there could be linear combinations with
integer coefficients of the frequency vector which become arbitrarily small. These
quantities, which are called the small divisors, appear at the denominator of the
series defining the canonical transformation needed to implement perturbation the-
ory. Small divisors might prevent the convergence of the series and therefore the
application of perturbation theory. To overcome this problem, a breakthrough came
with the work of Kolmogorov [105], later proved in different mathematical settings
by Arnold [3] and Moser [138]. The overall theory is known with the acronym of
KAM theory (Section 7.2) and it allows us to prove the persistence of invariant tori
(Section 7.1) under perturbation (compare with [28,31,117,118]). KAM theory was
applied to several physical models of interest in Celestial Mechanics (Section 7.3).
However, the original versions of the theory gave concrete results very far from
the physical measurements of the parameters involved in the proof. The imple-
mentation of computer—assisted KAM proofs allowed us to obtain realistic results
in simple models of Celestial Mechanics, like the spin—orbit problem or the pla-
nar, circular, restricted three-body problem. The validity of such results is also
attested by numerical methods for the determination of the breakdown threshold,
like the well-known Greene’s method (Section 7.4). KAM theory can also be ex-
tended to encompass the case of lower—dimensional tori (Section 7.5) as well as of
nearly—integrable, dissipative systems (see Section 7.6, [19,32]), like the dissipative
spin—orbit problem introduced in Chapter 5. While KAM theory provides a lower
bound on the persistence of invariant tori, converse KAM theory gives an upper
bound on the non—existence of invariant tori (Section 7.7). Moreover, just above the
critical breakdown threshold the invariant tori transform into cantori, which are
still invariant sets though being graphs of Cantor sets. Their explicit construction
is discussed in a specific example, precisely the sawtooth map where constructive
formulae for the cantori can be given (Section 7.8).

7.1 The existence of KAM tori

Let us start by considering the spin—orbit equations (5.15) that we write in the
form

y = —€fx<$,t)

i =y, (7.1)
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where f,(z,t) = % = (2)*sin(2z — 2f) with r = r(t), f = f(t) being known peri-
odic functions of the time. Equations (7.1) can be viewed as Hamilton’s equations
associated to the Hamiltonian function

H(y,z,t) = h(y) +ef(z,t) ,

where h(y) = % is the unperturbed Hamiltonian, € denotes the perturbing param-
eter, while the perturbation f = f(z,t) is a continuous periodic function whose
explicit expression has been given as in (5.15). The perturbing function can be
expanded in Fourier series as

N2
1
flz,t) = ) Z W(T;,e) cos(2x — mt) (7.2)
m#0,m=N,
for suitable coefficients W (%, e) listed in Table 5.1, which depend on the orbital
eccentricity. For ¢ = 0 equations (7.1) can be integrated as

y(t) = y(0)
z(t) = 2(0) +y(0)t ;

henceforth, the motion takes place on a plane in the phase space T? x R, labeled by
the initial condition y(0). The value y(0) coincides with the frequency (or rotation
number) w = w(y) of the motion, which in general is defined as the first derivative
dh(y)
dy

of the unperturbed Hamiltonian: w(y) = . Let us fix an irrational frequency

wo = w(y(0)); the surface {y(0)} x T? is invariant for the unperturbed system and
we wonder whether for £ # 0 there still exists an invariant surface for the perturbed
system with the same frequency as the unperturbed case. The answer is provided
by KAM theory, which allows us to prove the persistence of invariant tori provided
some generic conditions are satisfied.

In a general framework, let us consider a nearly—integrable Hamiltonian function
with n degrees of freedom:

H(y,z) = h(y) +ef(y.z) , yeR", z€T"; (7.3)

_ Oh(y)
let w = B

KAM theory concerns a non-degeneracy of the unperturbed Hamiltonian. More
precisely, let us introduce the following notions.

€ R" be the frequency vector. The first assumption required by

(i) An n-dimensional Hamiltonian function h = h(y), y € V, being V' an open
subset of R™, is said to be non—degenerate if

0%h
det ((?(Qy)) #0 forany y e VC R". (7.4)
y Y

Condition (7.4) is equivalent to require that the frequencies vary with the actions
as
duw(y)
det | ——— ) #0 forany ye V.
oy =
The non-degeneracy condition guarantees the persistence of invariant tori with
fixed frequency.
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(1) An n-dimensional Hamiltonian function h = h(y), y € V' C R", is said to be
isoenergetically non—degenerate if
9%h(y) Oh(y)

Oy

¢ = #£0 forany y € VCR". (7.5)

Oh(y)
dy 0

Q|

det

This condition can be written as

Aw(y) w
det 9y 8 #0 forany y € V. CR".
w Y

The isoenergetic non—-degeneracy condition, which is independent of the non-—
degeneracy condition (7.4), guarantees that the frequency ratio of the invariant
tori varies as one crosses the tori on fixed energy surfaces (see [6]).

(i43) An n—dimensional Hamiltonian function H(y,z) = h(y) + cf(y,z), y € R",
x € T, is said to be properly degenerate if the unperturbed Hamiltonian h(y) does
not depend explicitly on some action variables. In this case, the perturbation f(y, z)
is said to remove the degeneracy if it can be split as the sum of two functions, say
fly,z) = f(y) + efi(y, z) with the property that h(y) + cf(y) is non-degenerate.

In order to apply KAM theory it will be assumed that the unperturbed Hamil-
tonian satisfies (7.4) or (7.5). Beside non—degeneracy, the second requirement for
the applicability of the KAM theorem is that the frequency w satisfies a strong irra-
tionality assumption, namely the so—called diophantine condition which is defined
as follows.

Definition. The frequency vector w satisfies a diophantine condition of type (C, 1)

for some C € R, 7 > 1, if for any integer vector m € R™\{0}:
1

Clm|™ -

lw-m| > (7.6)

Under the non—degeneracy condition, the KAM theorem guarantees the persistence
of invariant tori with diophantine frequency, provided the perturbing parameter is
sufficiently small. More precisely, Kolmogorov [105] stated the following

Theorem (Kolmogorov). Given the Hamiltonian system (7.3) satisfying the
non—degeneracy condition (7.4), having fized a diophantine frequency w for the
unperturbed system, if € is sufficiently small there still exists an invariant torus on
which the motion is quasi—periodic with frequency w.

The theorem was later proved in different settings by V.I. Arnold [2] and J. Moser
[138] and it is nowadays known by the acronym: the KAM theorem. Qualitatively,
we can state that for low values of the perturbing parameter there exists an invari-
ant surface with diophantine frequency w; as the perturbing parameter increases the
invariant torus with frequency w is more and more distorted and displaced, until the
parameter reaches a critical value at which the torus breaks down (compare with
Figure 7.1). The KAM theorem provides a lower bound on the breakdown thresh-
old; effective KAM estimates, together with a computer—assisted implementation,
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Fig. 7.1. The Poincaré section of the spin—orbit problem (5.19) for 20 different initial
conditions and for e = 0.1. Top: € = 1073, middle: € = 1072, bottom: ¢ = 107*.
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can provide, in simple examples, results on the parameters which are consistent
with the physical values.

Section 7.2 will be devoted to the development of explicit estimates for the
specific example of the spin—orbit model given by (7.1) with the perturbing function
as in (7.2). Its unperturbed Hamiltonian satisfies the non—degeneracy condition

(7.4), being B;Z(Zy) = 1. To apply the KAM theorem it is required that the frequency
of the motion, say w, satisfies a diophantine condition of type (C,7) for some
C € R4, 7 > 1; therefore we assume that for any integers p and ¢, relatively
coprime, with ¢ # 0, the following inequality is satisfied:
p‘ > 1

q| ~ ClgI™*

w— (7.7)

An example of a diophantine number satisfying (7.7) with 7 = 1 is provided by

the golden ratio v = \/52*1, for which (7.7) is fulfilled with the best diophantine

constant given by C' = 3+T‘/5 Being the system described by a one-dimensional,
time—dependent Hamiltonian function, the existence of two invariant tori obtained
through the KAM theorem provides a strong stability property, since the motion
remains confined between such surfaces. We remark that this property is still valid
for a two—dimensional system, since the phase space is four-dimensional and the
two—dimensional KAM tori separate the constant energy surfaces into invariant
regions. On the other hand, the confinement property is no longer valid whenever
the Hamiltonian system has more than two degrees of freedom.

7.2 KAM theory

We present a version of the celebrated KAM theory by providing concrete estimates
in the specific case of the spin—orbit model, following the KAM proof given in [31]
to which we refer for further details (see also [28]). The goodness of the method
strongly depends on the choice of the initial approximation which can be explicitly
computed as a suitable truncation of the Taylor series expansion in the perturbing
parameter. We also discuss how to choose the (irrational) rotation number, among
those satisfying the diophantine condition. In order to obtain optimal results, it
is convenient to use a computer to determine the initial approximation as well as
to check the estimates provided by the theorem. The so—called interval arithmetic
technique allows us to keep control of the numerical errors introduced by the ma-
chine. We also review classical and computer—assisted results of KAM applications
in Celestial Mechanics.

7.2.1 The KAM theorem
The spin-orbit Hamiltonian associated to (7.1) can be written as the nearly—
integrable Hamiltonian function

2
H(y,z,t) = % tef(at) (7.8)
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where y € R, (x,t) € T2, the perturbing function f = f(z,t) is assumed to be a
periodic analytic function and the positive real number ¢ represents the perturbing
parameter. Hamilton’s equations associated to (7.8) can be written as the second—
order differential equation

¥+efy(z,t)=0. (7.9)

Definition. A KAM torus for (7.9) with rotation number w is a two—dimensional
invariant surface, described parametrically by

r=9+u(,t), (Ot ecT?, (7.10)
where u = u(¥,t) is a suitable analytic periodic function such that
L4+ ug(9,t) #0 for all (9,t) € T? (7.11)

and where the flow in the parametric coordinate is linear, namely ¥ = w.

Notice that the requirement (7.11) ensures that (7.10) is a diffeomorphism. In this
Section we want to prove the following KAM result.

Theorem. Given the spin—orbit Hamiltonian (7.8) and having fized for the unper-
turbed system a diophantine frequency w satisfying (7.7), if € is sufficiently small
there still exists a KAM torus with frequency w.

Let us introduce the partial derivative operator D as

0 0

(7.12)

We remark that for any function g = g(4, t) the inversion of the operator D provides

- _ gnm i(nd+mt)
(D1g)(0,1) = A ’
(nm)g‘z\w} iwn +m)

which provokes the appearance of the small divisors wn + m. Notice that from the
second equation in (7.1) we obtain that

y=w+ Du(d,t) .

Inserting the parametrization (7.10) in (7.9) and using the definition (7.12), one
obtains that the function u must satisfy the differential equation

D?u(9,t) + efp(9 4+ u(¥,t),t) =0 . (7.13)

To prove the existence of an invariant surface with rotation number w is equivalent
to find a solution of equation (7.13). This goal is achieved by implementing a
Newton’s method as follows. Let v = v(1J,t) be an approximate solution of (7.13)
with an error term n = (9, t):

D2v(9,t) + e fo (¥ 4+ v(9,t),t) = n(9,1) . (7.14)
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We assume that M = 1+ vy(9,t) # 0 for all (9,¢) € T2 We want to determine
a new approximate solution v = v'(¢,t) which satisfies (7.13) with an error ' =
7' (9,t) quadratically smaller, namely

D2 (9,8) + o (0 + 0/ (9,1),1) = 0 (9,1) , (7.15)

where || = O(|n|?). This task can be accomplished through the following Lemma
(see [26]).

Lemma (New approximation). Let z be a solution of the equation

D(M?Dz) = —Mpn . (7.16)
Let
w= Mz, vV=Evtw;
then v’ satisfies (7.15) with
n =ngz+q (7.17)
and
¢ =cf:(V+v+w,t)—efe(V+v,t) —efor(+v,t)w . (7.18)

Proof. We first remark that taking the derivative of (7.14) with respect to ¥ one
. D*M + e frz(9 4+ v, )M =1y . (7.19)
By (7.15) and (7.17) one has
D?v + D*(Mz) 4 efo(9 + 0, t) + € foa (P + v, )Mz =92 ;
using (7.19) and (7.14), one obtains
D*(Mz) — (D*M) z = —1n . (7.20)

Multiplying (7.20) by M one can easily recognize that the function z must solve
(7.16). O

The solution z is obtained from (7.16) in the form
z=D"! (M_2[00 - D_l(/\/ln)]) +c, (7.21)
where ¢y and c; are suitable constants which take the following expressions:
co = (M7 MTZDH (M)
—(MYMDH (M 2[eg = DM (M) (7.22)

C1

so that w has zero average. Let us introduce the complex domain
Aep={(0.t,e) €C* : @) <&, [m(t) <&, |e] <p};

then, for a function g = g(¥, t; &) we define the norm

¢.p = sup [g(d, ;)] .
&.p

llg

Now we need a technical lemma which provides bounds on the derivatives of a
function g = g¢(¥,t;¢), whose Fourier series expansion is given by g¢(¢,t;¢) =
Z(n,m)ez2 9mn€l(m§+mt)~
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Lemma (Bounds on derivatives). Let g = g(9,t;¢) be an analytic function on
the domain A¢ ,. Then, for any 0 < § < &, one has

lgolle-s,p < llglle,, 7" (7.23)
Moreover, if (g) = 0 and 95 denotes the derivative of order { with respect to ¥,
then for £ =0,1,
185D glle-s, < 7e(20)ll9llep

where
1/2

o(6) =2 > (W>2 e~ Onl+Iml) . (7.24)

(nomyeze\foy N T
Proof. Given a holomorphic function g = g(4,t;¢) defined on A¢ ,, the estimate
(7.23) is obtained through Cauchy’s integral formula, i.e.

1 g(’th; 5) -1
gslle-s.,0 = ll5— 74 s Dlle—sp <llglle, 67 -
§=d,p I 0|t (9 — )2 £§=d,p &p

Under the condition (g) = 0, from the maximum principle and Schwarz inequality
one obtains

¢
105D glle—sp = || Do um e €Y
(n,m)€Z2\ {0} b p
< sup Z Z gnm”iee(km%zm)(g—é)
€0 by ke o1} |(mmyeznvy T
2
< sup Z |G Z e2(kintkam)€ 6*5(|N\+|ml)ﬂ
IE1=P (n,m)ez2\ {0} k1 ka€{—1,1} jwn +m|
< 0¢(20)]|glle.p »
with 0(26) defined according to (7.24). O

We introduce the quantities V, Vi, M, M, E, s¢(9) as the following upper bounds:

[vlle,, <V, lvslle, <Vi,  [Mlle, <M,
M e, <M, [nlle,, < E |7e(6)lle,p < 52(0) -

One obtains that
M2 <|IMPlep < M? . M2 < M2, < MP, [(M72) 7, < M7
From (7.22), one finds that ¢y, ¢; can be bounded as
leolle,, < MPM?s0(26)E
lexlle., < MMso() | MPM250(26) B + Mso(€)
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Having introduced the quantities

~ 250(25)
L (A
(

(35 (v o)

a = (MMsy(6))?

b = a—vld_l + asl(é)

M s0(0)

from the definition of z in (7.21) one finds the following bounds W on w and W,
on the derivative of w with respect to ¥:

Ea=W

Eb=wW; .

wlle—s,p
lwslle—s.p

INIA

The first inequality follows from ||w||¢—s5, < M|z||¢—s,, and from the estimate
2lle=s.0 < lletlle,p + 50(8)M3(llcolle.p + 50(5) ME) .

Similar computations hold for ||wy||¢—s,,. Finally, from (7.17) and (7.18) one obtains
a bound FE; on the new error term as

ad~l  @?F
7' lle—s.,p < EQ(M + 2) =E,

where F' = |l foua lle—s+v+w,p-

Let us assume that we start from a given initial approximation v(©) satisfy-
ing (7.14) with an error term n(®); we construct the solution at the jth step, say
v, by an iterative application of the New approzimation Lemma starting from
the initial solution v(®). Let M@, M) EG W), Wl(j) be the bounds corre-
sponding to the solution v\?). From the previous estimates and definitions, the
bounds for the solution vU*1 are obtained through the following Lemma which
provides the KAM algorithm needed to construct bounds on the new approximate
solution.

Lemma (KAM algorithm). Let {§, > 0, &; = 5—2 and let §; = 2]@11. Given the
following quantities referring to the solution v on the domain with parameters
&, 05 MG, MG EG W), WI(J), we define the bounds corresponding to the

solution vUTY) as follows:
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MUY = M(j)—i—Wl(J)

J
NG = g7 <1 _Mzwﬁ)
1=0

-1

i
it Y <1
=0

j
MUH) = oo it Y wi >1
1=0
_— _
EU+D = (p))? a)s; + (aD)?F
- MG 2
WU+ = pU+),6+1)

W1(j+1) = pU+DpG+1)

One can iterate the above algorithm for a finite number of steps; the convergence
to the true solution of equation (7.13) is obtained once a suitable KAM condition is
satisfied. To this end, let us premise the following Lemma which provides a bound
on the quantity o,(d) introduced in (7.24).

Lemma (Bound on 04(8)). Let 0 < § < §; for £ = 0,1, if kg =7+ {+ 1, then
o0(8) < K057k (7.25)

where Ko = 275(11(2%“))1/2, K1 = Ko/ (27 + 2)(27 + 1), with T being the Euler’s
gamma function.
Proof. Fort >1and 0 < 4§ < %, one has

> Inffe0I" < 2e2T(t + 1)5~ (Y

neZz

Being! C > 2 and 7 > 1, one finds

—d&|m|
e
0_5(5) < 92 Z — + 02 Z |n|2-r+2(ef6|n\ Zefé\wﬂ

m#0 n#0

=

2

< 2(2 +2C%(1+ Ve)Ve D(2(T + ) + 1) 52<T+4+1>>

)]
< 20(142(1+ve)Ve)? (D(2(r +€) + 1)) 26+
which gives (7.25). 0
Finally, let v, n satisfy (7.14); for some & > 0, p > 0, let E = ||9|le..p»

M = Ml py M = |IM Y, p, F = || fowzlle.+v,- The convergence of the se-
quence of approximate solutions to the solution of (7.13) is obtained through the
following result, which gives the persistence of the invariant torus with diophantine
frequency w, provided ¢ is sufficiently small (compare with (7.28) below).

V51

! The smallest value of the diophantine constant corresponds to the golden ratio 5

and it amounts to C = # ~ 2.618.
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Proposition (KAM condition). Let & > 0, p > 0 and let By, B1, B2, Mo, N1, N2
be positive constants defined as follows:

. 4\ -1 -1\ -, 1
Bo = | MM KOC<£*> 14+ (MM) 8k0+MM<4> <1+(MM) 2,%)
B = (MMC)?2ot3¢ 2Rt | K
. 1 N 2ko . 1
L+ (M) +MM(4) <1+ (M) QkO>
_ ABy | B3F
B2 = ¢ + 9
mo = 2% g =22RF gy = max(2n0,75) - (7.26)
Defining R
if
KE <1, (7.28)
then (7.13) has a unique solution u, with (u) = (v) and
&x
||U—U %,P < ’CEZ
KE
||u19_’U19 %4} < m . (729)

Proof. Define the sequences {59)}, {6;},7j €Zy, as §,(kj) = % + 2?%, 9 = Qfﬁ
Under the assumption (7.28), for a suitable Ky < K one has the following relations,
valid for any j > 0:

EY) < (KoE)?
R
MY < oM, (7.30)

where V) is an upper bound on v¥). The first of (7.30) implies that the sequence
of the error terms {E(j)}jez , converges to zero. Moreover, from the second of
(7.30) we get that the sequence of approximate solutions {v/)};cz, tends to a
unique solution u. The third equation in (7.30) is equivalent to

Jj—1 )
My wi <1, (7.31)
i=0
The proof of the validity of (7.30) and (7.31) can be done by induction on j. It
is readily seen that these relations are valid for j = 0. Assume they are true for

1,..,7; we want to prove that (7.30) and (7.31) are valid for j7 + 1. We first show
that the following inequalities hold:
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EG+D < (E(i)>25277§
W < BO gy
Wi < EOpi (7.32)

where the real constants By, 51, B2, 1m0, M, N2 are defined as in (7.26). Let
A = Bomns; we prove the first in (7.32) through the following chain of inequalities:

@2 4027 (A(i))2F>
(E )(A T

(e [(46o(2m0)" | Bemg'F
& )< & 2

(E(i))zﬁﬂé .

Concerning the second relation in (7.32) one has

E(H—l)

IN

IN

IN

WO < O A6 — 5O gy

Finally, the third inequality in (7.32) is obtained as follows:

»
E® 40 2; (1 N Kl)

w "

IN

< EDgmi .

The first relation in (7.32) yields the first in (7.30): setting

Ko = Banz
one has
1 9i+1 g i\ o gi+1 St Zii’ll izl 27 9i+1
E(]+ ) S E H(ﬁ?ﬁ% ) - F l:ﬁQ i 21 i=1 9t < (ICQE) )

=0

Let K satisfy the inequality

V25 B0meét Ko <K, (7.33)

from the second relation in (7.32) and from (7.28) we obtain

J %)
D W < BE+ By ni(KoE

i=0 i=1
1
< BoE + Bo(KoE)*no (1 + 11)
08 XoEvmo
/CEg* 1 4
< —<§* 3 e ) (7.34)
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due to the following estimates:

" KE)3¢, KE
Bok < %’COE ) BO(ICOE)QUO < % ) KoE+/mo < 210

Since )
J
VUt =y 4 Z w®
i=0

one obtains the second of (7.30). From the third in (7.32) and from KoE /iy < &2
we get

oM Y Wi = 201> EO B

i=0 i=0
- - 1
< 2MBE +2M B1(KoE)*m (1 + 1)
log KoE v
< 2MBE + AM By (Ko E)* 1 ; (7.35)
if ) ]
2M By +4AMBim Ko < K, (7.36)

one obtains (7.31). Notice that K is determined by the inequalities (7.33) and
(7.36); these inequalities are satisfied provided

K = max{ 25 Bomo&s * Bama, 2M51(1 +2mBam2)}

which is equivalent to (7.27). Finally, (7.34) and (7.35) imply (7.29). O

Remark. Let us consider the general case of a Hamiltonian function with n degrees
of freedom:
H(y,z) = h(y) +ef(y,z) , yeR", zeT".

The equations of motion are

5-

= hy(y) +efy(y, 2)
y = —efulyz) . (7.37)
A KAM torus with rotation vector w is defined by the parametric equations

2(®) = 0+ u(®)

y(@) = v(©), (7.38)
where ¢ € T"™ with Q = w and u, v are suitable vector functions. Let us introduce
the operator D = w 6%' Inserting (7.38) in (7.37), one finds that w and v must
satisfy the following quasi-linear partial differential equations on T™:

w+ Du—hy(v) —efy(v,d+u) = 0
Dutefy(v,d+u) = 0. (7.39)

The KAM proof is obtained by solving (7.39) through a Newton iteration method,
extending the procedure as it was described for finding the solution of (7.13).



140 7 Invariant tori
7.2.2 The initial approximation and the estimate of the error term

The initial approximation v = v(9) (see (7.14)) of the KAM theorem can be ob-
tained taking advantage of the analyticity of the KAM surfaces with respect to the
perturbing parameter in a neighborhood of the origin [139-141]). We consider the
parametrization (7.10), where the function u = u(¥,t) depends parametrically on
¢ and therefore we denote it as u = u(9, t;¢). Let us expand u in power series as

u(W, t;e) = i up(9,t) €F . (7.40)
k=1

In the case of the spin—orbit problem the coefficients u can be recursively computed
as follows. Write equation (7.13) with the perturbation given by (7.2) as

N2
D*u + ¢ Z W(?,e) sin(29 4+ 2u —mt) = 0. (7.41)
m#0,m=N,

For u expanded as in (7.40), define the power series

el(20+2u) = Z cn(9,t) e™ | (7.42)

n=0

for some unknown complex coefficients ¢, which can be determined as follows.
Differentiating (7.42) with respect to ¢ and using the series expansion (7.40), one

obtains
oo

o0 o0
21 E kuge®1 . E ce! = E nepe™ b
k=1 n=1

j=0

Equating same powers of € one obtains:
co(W,t) = ¥

2. n
cn(¥,t) = EZZ ke - (7.43)
k=1

Finally, (7.41) can be written as
1 & ae m
D%y = —5 g™ Z W(Q,e) (e_"”tcn,l - e””tén,1) ,
n=1 m#0,m=N,

where the bar denotes complex conjugacy. A recursive relation defining the func-
tions u, is obtained comparing the terms of the same order in ¢:

N2
1 m ) .
un(9,t) = —% D72 #OE N W< e) (e7"™e,_ 1 — €™E, 1) | . (7.44)
m sM=1IN1
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Notice that u,, depends on the previous functions w1, ..., u,_1. The initial approx-
imation can be obtained as the finite truncation up to a suitable order kg (for some
positive integer ko) of the series expansion (7.40):

ko

v (W, L) = Z ug(9,t) € . (7.45)

k=1

To give a concrete example, let us assume that the perturbing function in (7.2) is
given by
1

flz,t) = Zcos(2x —t)— <2 — ie2> cos(2x — 2t)

1
- Ee cos(2x — 3t) — {ez cos(2x — 4t) .

Then, the first two approximating functions wu; (9, t) and us(9,t) are given by the
following expressions:

—e ) (1-— geQ)
= % sin(29— 29 — 2

up (9, t) 22w 1) sin(29 —t) + (0w = 272 sin(29 — 2t) +
LT @o—3) ¢ T n(20— 1)

22w — 32 " 202w — 42 "

and
e 4e Te .
w(dt) = { 22w 12 (2w-27 2w —3)2] it

1 B 7e? + 17¢2 + Te? B 17¢2
4 42w —-1)2 22w —2)?2  4(2w-3)%2 22w —4)?
e? sin(49 — 2t)

+

T iow 12 (e 2)2
N [ e sin(49 — 3t

202w —2)2 2w—1 (4w —3

[ 1-52  7e? 1 sin(49 — 4t)
+ o ge g ( 3+ 2) 2

| (2w — 2) 4 (2w -1) (2w — 3) (4w —4)
N [ Te ' N sin(49 — 5t

|2(2w — 2)2 2w 3)2 (4w —

[ 17¢? 49¢? 17¢? sm(419 6t)
+ + +

220 —2)2 42w —3)2 ' 202w —4)2] (4w 6)2

To implement the KAM algorithm and to check the KAM condition, it is necessary
to provide explicit estimates on some quantities, like the initial approximation, its
derivative, the error term, etc. The most difficult task is the estimate of the error
function |n(®)|¢ , (for some positive parameters ¢, p) associated to a given initial
approximation v(°), which can be constructed by means of the recursive formulae
(7.43), (7.44). The estimate of n(®) can be obtained through the following Lemma
(see also [27]).
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k
Lemma (Estimate of the error term). Let v(9(¥,t;¢) = 20: ur(0,t) € for
k=1

some positive integer ko and let n = 00 satisfy (7.14) with v = v(?). For some
positive parameters &, p, let S© = [[vO|¢,, Up = |uklle, and F = || folle,p-
Define recursively the sequences {a;}, {B;} as

g = 1
9 J
aj = = > kUpaj, =1
-
and
Bo =1
9 J
Bi = == > kUnBik, j=1.
J =
Then, setting
o ko—1
a 28 Z Ole]
j=1
k)g—l
b = 257

- Z ﬂjpj )
j=1

the error term is estimated as

a? + b2

o), — f
17Ol ;

We remark that in concrete applications the convergence of the KAM algorithm is
improved as the order kg of the initial approximation (7.45) gets larger. Indeed, let
us denote by 6%‘34)]\4 = 65;??4)1\/[ (w) the lower bound provided by the KAM theorem
on the persistence of the invariant torus with frequency w, starting from the initial
approximation (7.45) truncated at the order ky. We report in Table 7.1 some results

associated to (5.19) for the frequency w = 1+ Hﬁ; the results concern the values
5

Table 7.1. The threshold 5%?4)1\/1 (w) as a function of the order ko of the initial approxi-
mation.

ko 6%“5’4)M(w)
1 2.107°
1.5-1073
10 | 4.1-1073
15| 6-1073
20 | 6.6-1073
25 | 7.5-1073
30 | 8.2-1073
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5(1??4)]\/[ (w) as the order kg of the initial approximation increases (here we selected

& = 0.05). We remark that the relative improvement of the threshold E%%M (w) is
higher as kg is small, while it gets smaller as kg increases.

7.2.3 Diophantine rotation numbers

One of the assumptions which is required to apply the KAM theorem is that the
frequency of the motion must satisfy the diophantine condition (7.6). Moreover, we
recall that the KAM estimates depend on the value of the diophantine constant
(see, e.g., (7.26), (7.27), (7.28)) and a proper choice of the frequency certainly im-
proves the performances of the theorem. In this section we review some results from
number theory concerning the choice of diophantine numbers and the computation
of the corresponding diophantine constants.

We start by introducing the continued fraction expansion of a positive real

number « defined as the sequence of positive integer numbers ag, a1, ag, ..., such
that
a = ap + ;1 , a; €Z; . (7.46)
a1 + W

Using standard notation, we shall write
a = lag; a1, ag, az, ...] .

A rational number has a finite continued fraction expansion, while irrationals have
an infinite continued fraction expansion. For any irrational number « there exists
an infinite approzimant sequence of rational numbers, say {%}nez . » such that %
converges to a as n goes to infinity. Each p—: can be obtained as the truncation to
the order n of the continued fraction expansion (7.46):

bo
q0
b1
q1 a1
D2

= = g+ —
g2 a; + =

ot

For the golden number v = ¥5=1

of the Fibonacci’s numbers:
0 1 1
171727

, the rational approximants are given by the ratio

[~}

8§ 13 21

5 8 1321
8713721 34"

23
3'5

A bound on how close the rational numbers % approximate « is given by the
following inequalities:

1
@n(qn + qny1)

1
<

< < )
dndn+1

o — —
an
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Definition. An algebraic number w is a solution of a polynomial P, (z) of degree
n with integer coefficients, say cg, ..., cp:

Po(2) =cpz" +cn12" 4ozt o, (7.47)

provided w is not a solution of a polynomial of lower degree with integer coefficients.
A quadratic number is an algebraic number of degree 2. An irrational number «
is called a noble number if the terms of its continued fraction expansion (7.46) are
definitely one, namely there exists an integer N such that ay =1 for all £ > N. In
this case we write

a = [ag; a1, ..., an, 1°°];

the number [ag; a1, ..., ay] is called the head of the noble number.

Noble numbers are a subset of the quadratic irrationals, which are in turn a subset
of the algebraic irrationals. By a theorem due to Liouville one can show that an
algebraic number is diophantine [104].

Theorem (Liouville). Let w be an algebraic number of degree n; then w satisfies
the diophantine condition (7.7) for some positive constant C and for T =n — 1.

Proof. Let w be a root of (7.47) so that we can write
P, (z)=(z—w)P_1(2) , (7.48)

for a suitable polynomial P,,_1(z) of degree n — 1. It is P,_;(w) # 0, otherwise we
could write P,(z) = (¢ — w)?P,_2(2) for some polynomial P, »(z). In this case
d—dZPn (w) = 0, in contrast to the assumption that w is an algebraic number of degree
n, being d—dZPn(z) a polynomial of degree n — 1 with integer coefficients. Therefore
there exists 6 > 0 such that P,_1(z) # 0 for any |z — w| < 4. If p, g are integer
numbers such that |w — 2] <4, from (7.48) we can write

p Pu(3)  cog™ +cipg® 4+ cp”

(7.49)

W Py n p
q Pnfl(q) q nfl(q)

The numerator of the last expression in (7.49) is an integer greater or equal than
one; let
M= sup [Poi(2)].

|z—w| <8

Then we obtain

‘p w’ > 1 .
= Mq
On the other hand, if |X —w| > ¢, then | —w| > q%, so that (7.7) is satisfied by

defining
1 -1
= i — . 0
C < min (5, M) >
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We stress that there exist diophantine numbers which are not algebraic numbers.
The set of diophantine numbers with constant C' and exponent 7, say D(C,7),
has measure one as C' tends to zero. For example, the measure p(D(C, 7)) of the
complement D(C, )¢ of the set D(C,7) in the interval [0,1] can be computed as
follows. For any coprime integers m, n, one has

. o n C oo ¢ n C ’
/U'(D(Cv T) ) = Z Z nTtl = Cz nf-&-i = CC(T(—‘r)l) ’

n=1m=1 n=1

where ¢(n) is the Euler function and {(7) is the Riemann zeta function. In con-
clusion, u(D(C,T)°) tends to zero as C' tends to zero for any 7 > 1. The set of
diophantine numbers is the union of the sets D(C, 7) for any positive C' and 7.

7.2.4 Trapping diophantine numbers

For Hamiltonian systems like the spin—orbit problem, the KAM tori separate the
phase space into invariant regions. One can make use of this property to trap
periodic orbits between two KAM tori with suitable rotation numbers bounding
the frequency of the periodic orbit from above and below. In this section we address
the question concerning the choice of the bounding rotation numbers. In particular,
the stability of the resonance of order p : ¢ (for some integers p, ¢ with g # 0) can
be inferred by proving the existence of a pair of invariant tori with frequency
bounding the p : ¢ resonance from above and below. Having in mind an application
of KAM theorem to the spin—orbit problem, we focus our attention on the 1:1 and
3:2 resonances. Let the golden ratio be v = ‘/52*1; a possible choice of trapping
diophantine numbers for p = ¢ = 1 is given by the sequences of noble numbers
defined as

1
01, k-1,1°] =1 - ——

r ;
y k+~

1
A, = [k 1°] =1 4+ —— | k>2. 7.50
o= 15k 1) — (7.50)

Both I'y, and Ay converge to one from below and above, respectively, and have the
property that for all k, [Ty, — 1] = |Ax — 1|. Notice that T'y and Ay are noble
algebraic numbers of degree two, since they are roots of the polynomials
Pr (z) = 4(k* —2k3 — k> + 2k + 1)2? — 4(2k* —6k3 + k> + 5k + 1)z +
+ 4k* — 16k3 + 12k* + 8k — 4

and

Pa, (%) = 4(k* — 2k — k* + 2k + 1)2? — 4(2k* — 2k — 5k* + 3k + 3)z +
+ 4kt —12k% + 4.

We remark that noble tori are conjectured to be the last surfaces to disappear in any
interval of rotation numbers ([124,125,148], see also [62]). Numerical experiments
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on the standard and quadratic maps [124] show that noble tori are locally the most
robust in the sense that

(i) for any critical (i.e., close to breakdown) noble surface of rotation number w,
there exists an interval around w containing no other invariant tori;

(#) let Z:(a) be a critical non—noble torus; then in any interval around « there
always exists a non—critical noble.

Concerning the 3:2 resonance we can consider the trapping rotation numbers

D B
2 k4~
A =§+i k>2 (7.51)
kT2 k+~" - '
converging to % from below and above, respectively, and with [T}, — %| = |A} — %

for any k. Notice that I'), and A are not necessarily noble numbers, but they are
second—order algebraic numbers, since they are roots of the polynomials
Pri(x) = 4(k* = 2k% — k* + 2k + 1)2® — 4(3k* — 8K° + Tk + 2)z
+ 9k* — 30k® + 13k* + 20k — 1

and

Par(x) = 4(k* = 2k% — k* + 2k + 1)a® — 4(3k* — 4k® — 6k + 5k + 4)z
+ 9K — 6k — 23k% + 8k + 11 .

The computation of the diophantine constant C' for the numbers T'y, Ay, T, A}
can be performed as follows.

Proposition. Let I'y, Ay, I}, A} be as in (7.50), (7.51); then for any k > 2 the
corresponding diophantine constants are, respectively,

k+v, k+v 4lk+7), 4k+7).

Proof. Let us provide the details for the derivation of the diophantine constant
associated to Ag; the computations for the other numbers follow easily. We want
to show that

1 p 1
14— ) -2 > ———— forallp, g€ Z, 0,
‘( k+7> q‘ — (k+)¢? oranp 7

which is equivalent to require that

1 P 1

> forallp, geZ, ¢#0. 7.52
k+y q’ (k+7)q? (752)
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The rational approximants to ﬁ are given by

), = e
45 ) j>o ajk+ o5 jzo7

where the o;’s are the Fibonacci’s numbers defined via the recursive relation

ap=1, a1 =1, ..., ajp1 = o5 +aj_ forall j >1;

then, it is sufficient to show (7.52) with % replaced by the approximant #ﬂal,
J J—

namely

1
(k +7)(ejk + aj-1)?

1 &%}
k+~ ajk + g

forall k>2. (7.53)

From (7.53) one gets the inequality

L lk+) 1
ajk + a1 (ajk + ;1)
which is equivalent to
Q1 1
— > - .
‘7 aj | T a2(k+ 2t
Si
ince @1 oy
k + o > 2 + ponlt
J J
it is sufficient to show that
Q51 1
‘” a; | T 2@+ T
Defining A; by the equality
Q51 _ 1
’V aj | Ajad’
it is readily seen that
;i
Aj =y + 1+ ;?; (7.54)
J
therefore we get that
51 1 1
_ = - > -
‘7 a; af('y+1+a;; )~ 04?(24'&&7;1) 7
since oy oy
2 + >y + 1+ .

@ @
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Applying the same procedure one proves that

D 1
R
q| ~ (k+)¢
where the sequence of rational approximants to I'y is given by
{Oéj(k — 1) + Otj_l }

Oéjk + a1

forallp,geZ, q#0, k>2,

Analogous considerations hold for I'}, and A7, O

We remark that for the golden ratio equation (7.54) implies that the diophantine

constant is equal to C' = 3+T\/5

7.2.5 Computer—assisted proofs

The computation of the initial approximation and the control of the KAM algo-
rithm usually require the use of a computer, due to the high number of operations
involved. However, the computer introduces rounding—off and propagation errors.
In order to leave unaltered the rigorous character of the result, one can keep track of
the computer rounding—off errors through the application of the so—called interval
arithmetic technique [60,106], whose implementation is briefly explained as follows.
The computer stores real numbers using a sign—exponent—fraction representation;
the number of digits in the fraction and the exponent varies with the machine. The
result of any elementary operation, i.e. sum, subtraction, multiplication and divi-
sion, usually produces an approximation of the true result; other calculations, like
exponent, square root, logarithm, etc., can be reduced to a sequence of elementary
operations through a Taylor series expansion. The idea of the interval arithmetic
technique is to represent any real number as an interval and to perform elemen-
tary operations on intervals, rather than on real numbers. For example, suppose
we perform the sum of two numbers a and b, which are contained, respectively,
within the intervals [ay,as] and [b1, bs]. Adding these two intervals one obtains
[c1,ca] = a1 + b1, as + bo]. However, we have to consider that the end—points ¢1,
co of the new interval are themselves produced by an elementary operation and
therefore they are affected by rounding errors. Henceforth one needs to construct a
new interval which gets rid of the fact that ¢; and ¢ are rounded. This can be done
as follows. Let 0 be the limiting precision of the machine (see, e.g., [159]). Then,
multiply ¢; by 1 F J according to whether ¢; is positive or negative and let us call
the final result ¢ = down(cy). Similarly, to get an upper bound of ¢ multiply it
by 1 4+ ¢ according to whether ¢y is positive or negative; let us call the final result
c+ = up(cg). We finally get that a + b € [c_, c4]. The subtraction can be treated
in a similar way.

Concerning the multiplication (as well as the division), one needs to consider
different cases according to the signs of the factors. More precisely, suppose we com-
pute the multiplication a - b, where a and b are represented by the intervals [a1, as]
and [by, ba], while the result will be contained in [c_, c4]. We must distinguish the
following cases:
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(1) a1 >0 and by > 0, then c— = down(a1by), c+ = up(azbs);
(2) a1 >0 and by <0, then c— = down(agby), c+ = up(arbs);
(3) a3 >0and b; <0, by >0, then c_ = down(azby), ¢t = up(azbs);
(4) a2 <0 and b; >0, then c— = down(a1bs), ¢+ = up(azby);
(5) a2 <0 and by <0, then c_ = down(agbs), c+ = up(aiby);
(6) az <0 and by <0, by > 0, then ¢ = down(a1bs), c+ = up(aiby);
(7) a1 <0, az >0 and by > 0, then c_ = down(a1bs), c+ = up(azbs);
(8) a1 <0, az >0 and by <0, then c_ = down(asby), cx = up(aiby);
(9) a1 <0, a2 >0and b <0, by >0, then
(9a) let £_ = down(aybz), r— = down(agby); if r— < £_ then {_ =r_;
(9b) let €4 = up(aib1), r+ = up(azbs); if r4 > €4 then {4 =ry;

set bl = E,, b2 = €+.

A similar approach is used to deal with the division. Casting together the ele-
mentary operations on intervals one obtains the implementation of the interval
arithmetic technique, where complex operations are reduced to a sequence of ele-
mentary operations by using their series expansion.

7.3 A survey of KAM results in Celestial Mechanics

7.3.1 Rotational tori in the spin—orbit problem

We consider the spin—orbit problem widely discussed in the previous sections and
we aim to prove the existence of rotational invariant tori, trapping the synchronous
resonance from above and below, thus providing a confinement property of the dy-
namics in the phase space. As a specific example we consider the Earth—Moon
system. In writing the model (7.1)—(7.2) we have neglected all perturbations due
to other celestial bodies as well as dissipative effects. Among the discarded con-
tributions the most important term is due to the tidal torque generated by the
non-rigidity of the satellite. For consistency, we expand the perturbing function in
Fourier—Taylor series, neglecting all terms which are of the same order or less than
the neglected tidal torque. Taking into account that the eccentricity of the Moon
amounts to e = 0.0549, one is led to consider the perturbing function (7.2) with
N7 =1 and Ny = 7. The corresponding Hamiltonian function reads as

2 3
H(y,x,t)z% —€ [(ZJF;) cos(2x —t) +

1 5 13 7 123
+ ( —Ze? + e4> cos(2x — 2t) + (e - e3> cos(2x — 3t) +

2 4 32 4 32
17 5 115 845 5 32525
+ (46 12e> cos(2x — 4t) + <966 1536 © cos(2x — 5t) +

228347
7680

533
+ “—e'cos(2z —6t) +

% cos(2z — :
3 e’ cos(2x 7t)] ) (7.55)



150 7 Invariant tori

where the physical value of the perturbing parameter amounts for the Moon to
€ ~ 3.45 - 10~*. The existence of two bounding tori with frequencies I'yo and Ay
(see (7.50)) has been proven in [23] by performing the following steps. Compute the
initial approximation (7.45) up to the order kg = 15; apply the KAM theorem pre-
sented in Section 7.2; implement the interval arithmetic technique. Then, one gets
[23] that the synchronous motion of the Moon is trapped in the region enclosed by
the tori 7 (T'49) and 7 (Ayp), which is shown to be a subset of {(y,z,t) : (z,t) € T?,
0.97 <y < 1.03}.

In a similar way one can prove the stability of the Mercury—Sun system. However,
due to the bigger eccentricity of Mercury, being e = 0.2056, the perturbing function
contains a larger number of terms, so that the corresponding Hamiltonian is given
by

9 3
€ m
H(y,z,t) = % -3 E W(Q,e) cos(2x — mt) ,

m#0,m=—11

with the coefficients W (%, e) truncated to O(e”). The stability of the observed
3:2 resonance is obtained for the true value of the perturbing parameter, i.e. € =
1.5 - 1074, by proving the existence of the tori with frequencies ', and AL, (see
(7.51)); the corresponding trapping region is contained in {(y,,t) : (z,t) € T?,
1.48 < y < 1.52}.

7.3.2 Librational invariant surfaces in the spin—orbit problem

The confinement of the motion associated to periodic orbits of the spin—orbit prob-
lem can also be obtained by constructing librational invariant surfaces. In the fol-
lowing we provide some details of the proof concerning the case of the 1:1 resonance
(see [24]), whose outline is the following. The first task is to center the Hamilto-
nian on the 1:1 periodic orbit and to expand in Taylor series around the new origin.
Next, diagonalize the quadratic terms to obtain a harmonic oscillator, perturbed
by higher degree (time—dependent) terms. After introducing the action—angle vari-
ables associated to the harmonic oscillator, implement a Birkhoff normal form to
reduce the size of the perturbation and then apply the KAM theorem to prove the
existence of trapping librational tori.
According to the above strategy, we start by writing the Hamiltonian function
as
y? € aE m
Holy,z,t) = 5 —ea cos(2x—2t)—§ Z W(2,6> cos(2x —mt), (7.56)

m#0,2, m=N,

where a = £W(1,e). Perform the coordinate change ' = 2z — 2t, v/ = 3(y — 1),
expand in Taylor series around the origin and diagonalize the time-independent
quadratic terms by means of the symplectic transformation

:ay/

q=pa",
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1/4
with a = (s;/)?/‘“ b= (6% . After these steps the Hamiltonian function becomes

4 6
w q q
Hl(p7Q?t) = 5(p2+q2) —&a <4'ﬁ46|ﬁ6+>

~ 2 2 4
— g Z W(m;_ 7e) [cos(mt) (1_261524‘4?64"‘ >
m#0,—2
. g ¢ &

where w = 2y/ea is the frequency of the harmonic oscillation, u = ee, while the
coefficients W have been rescaled as W ("2, e) = LW (2 e). Introduce action-
angle variables (I, ) as

p = V2I cosyp
q = V2I sing;

the resulting Hamiltonian is given by

I? &
Hao(I, p,t) =wl —sa( > )

1655 26180

I? I? g
— €a 1254COS <p+4864cos4cp+m .

(15cos2¢ — 6 cosdy + cosbp) + ...

~ I2
_ 626 Z W(m;27e){cos(mt) [1_2%2( — cos 2¢) +

s 8316t
3
(3 —4cos2p + cosdyp) — 165 (10 — 15cos 2¢p + 6 cos 4 — cos6p) +
V21 2 I%/?
+ sin(mi) [ﬁ sin p — fQﬁ‘g (3sin ¢ — sin 3p)

V2102 : . :
+ 155 (10sin ¢ — 5sin 3¢ + sin 5p) +

b

Ho(I, 0,t) = wl+eh(I)+eh(I,p)+cef(I,p,t)

which can be written in compact form as

with the obvious identification of the functions h, h and f. A Birkhoff normal form
can be implemented to reduce the size of the perturbation R(I,p,t) = h(I,¢) +
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ef(I,p,t). After such reduction we write the Hamiltonian in the form

Hi(L',¢' 1) = hi(I'5e) + "R (I ¢ tie)

where the functions h; and Ry can be explicitly determined. The application of
(computer—assisted) KAM estimates [25] allows us to establish the existence of a
librational invariant torus, which confines the synchronous resonance in the phase
space.

As an example, we report the results for the Rhea—Saturn system, which is observed
to move in a synchronous spin—orbit resonance; for this example the stability of the
synchronous resonance can be established for the realistic values of the parameters.

Theorem [24]. Consider the system described by the Hamiltonian (7.56) with
Ni = -1, Ny =5 and let e = 0.00098. If € gpea = 3.45 - 10™% is the physical value
of the perturbing parameter, then there exists an tnvariant torus corresponding to
a libration of 1.95° for any € < €Rpeq-

7.3.3 The spatial planetary three—body problem

The planetary problem concerns the study of two point—masses, say P; and Po
with masses m; and mo of the same order of magnitude, orbiting around a central
body, say P with mass M. It is therefore necessary to take into account the mutual
interaction between P; and Ps, besides that with the central body. In order to
write the Hamiltonian function, let us introduce the heliocentric positions of the
planets, r,,7, € R3, and the conjugated momenta referred to the center of mass,
Vq,Vy € R3. The Hamiltonian describing the motion of P; and P, can be decom-
posed as

H=Ho+H1, (7.57)

where H is due to the decoupled Keplerian motions of the planets and H; repre-
sents the interaction between P; and Ps. More precisely, one has

2

m; + M Mm;
Ho= oyl -6 T2 (7.58)
; 2m;M " ;1]

while the perturbation is given by

vy - U mymsa
Hy==—"2-G . (7.59)
M 1 — 7ol

The preservation of the angular momentum allows us to state that the ascending
nodes of the planets lie on the invariant plane perpendicular to the angular momen-
tum and passing through the central body. The existence of invariant tori in the
framework of the properly degenerate Hamiltonian (7.57), (7.58), (7.59) has been
investigated in [3] under the assumption of planar motion and assuming that the
ratio of the semimajor axes tends to zero. Invariant tori are shown to exist, provided
that the planetary masses and the eccentricities are sufficiently small. The assump-
tion that the ratio of the semimajor axes tends to zero has been removed in [155],
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where quantitative estimates have been worked out. The proper degeneracy of the
Hamiltonian has been eliminated by a suitable normal form; after performing the
reduction of the angular momentum, the perturbing function has been expanded
using an adapted algebraic manipulator (see [110]). The result presented in [155]
provides that, for sufficiently small planetary masses and eccentricities, one can
apply Arnold’s theorem on the existence of invariant tori, provided that the ratio
a between the planetary semimajor axes satisfies 107® < o < 0.8 and that the
mass ratio satisfies 0.01 < 7 < 100.

The specific case of the Sun—Jupiter—Saturn planetary problem has been stud-
ied in [120]. After the Jacobi reduction of the nodes [120], the problem turns out
to be described by a Hamiltonian function with four degrees of freedom, which is
expanded up to the second order in the masses and averaged over the fast angles.
The resulting two—degrees—of—freedom Hamiltonian describes the slow motion of
the orbital parameters, and precisely of the eccentricities. The existence of invari-
ant tori in a suitable neighborhood of an elliptic point is obtained as follows. After
expressing the perturbing function in Poincaré variables, an expansion up to the
order 6 in the eccentricities is performed. The computation of the Birkhoff normal
form and a computer—assisted KAM theorem yield the existence of two invariant
surfaces trapping the secular motions of Jupiter and Saturn for the astronomical
values of the parameters. This approach was later extended [121] to include the
description of the fast variables, like the semimajor axes and the mean longitudes
of the planets. A preliminary average over the fast angles was performed with-
out eliminating the terms with degree greater or equal than 2 with respect to the
fast actions. The canonical transformations involving the secular coordinates can
be adapted to produce a good initial approximation of an invariant torus for the
reduced Hamiltonian of the planetary three-body problem. Afterwards the Kol-
mogorov normal form was constructed (so that the Hamiltonian is reduced to a
harmonic oscillator plus higher—order terms) and it was numerically shown to be
convergent. The numerical results on the convergence of the Kolmogorov normal
form have been obtained for a planetary solar system composed by two planets
with masses equal to those of Jupiter and Saturn.

7.3.4 The circular, planar, restricted three-body problem

We consider the motion of a small body (P2), say an asteroid, under the influence of
two primaries, say the Sun (P;) and Jupiter (Ps) in the framework of the circular,
planar, restricted three-body problem (see Section 4.1). The Sun—Jupiter—asteroid
problem was selected in [31] as a test—bench for KAM theory, which provided
estimates on the mass—ratio very far from the astronomical observations; in partic-
ular, the existence of invariant tori was obtained for mass-ratios less than 107333
by applying Arnold’s theorem and 10~*® using Moser’s theorem. We recall that
the perturbative parameter ¢ coincides with the Jupiter—-Sun mass ratio, which
amounts to about ¢ = £; = 0.954-1073. The small body was chosen as the asteroid
12 Victoria, whose orbital elements are:

ay ~ 2.335 AU , ey ~0.220 , iy =~ 8.362° |
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Fig. 7.2. Orbital elements of the numbered asteroids. Top: semimajor axis versus eccen-
tricity. Bottom: semimajor axis versus inclination. The internal lines locate the position
of the asteroid 12 Victoria (reprinted from [30]).

where avy is the semimajor axis of the asteroid, ey is the eccentricity, 7y is the
inclination with respect to the ecliptic plane. Figure 7.2 shows that 12 Victoria is
a typical object of the asteroidal belt?, since the semimajor axes of most asteroids
lie within the interval 1.8 < a < 3.5 AU, while the eccentricity is usually within
0<e<0.35.

The model presented above does not include many effects, most notably the
eccentricity of Jupiter, the mutual inclinations, the influence of other planets, as
well as dissipative effects. For consistency, the perturbing function, representing

2 The elements of the numbered asteroids are provided by the JPL’s DASTCOM database
at http://ssd.jpl.nasa.gov/?sb_elem
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the influence of Jupiter on the asteroid, has been expanded in the eccentricity and
semimajor axes ratio, and truncated to discard all terms which are of the same
order of magnitude or less than the maximum contribution due to the effects we
have neglected. Indeed, in the Sun—Jupiter—Victoria model the biggest neglected
contribution is due to the eccentricity of the orbit of Jupiter, which has been
assumed to be zero in the present model. According to this criterion we obtain the
following Hamiltonian:

H(L,G, ¢t g) =— - G—-eR(L,G,¢,g), (7.60)

2L2
where (L, G) are the Delaunay action variables, ¢ is the mean anomaly, g is the
difference between the argument of perihelion and the true anomaly of Jupiter (see
Chapter 4) and the perturbing function is given by

— LY 9 5,3 4> L9 4 ja
R(L7G7£7g):1+f+674[/ +§Le — §+T6L L*e cos/
1

+ (:L6+62L10) cos(f+g)<Z+ZL4) L*e cos(f + 2g)

3.4, 9 18 3 4
+ ZL +EL cos(2€+29)+1Lecos(3€+2g)

) 35 35
+ (8L6+128L10> cos(3€+3g)+aL8 cos(44+4g)

63
——L"cos
+ 128 cos(5¢ + 5g) ,

where e = /1 — % Let us write (7.60) as

H(L7G7 E,g,g) = HO(L7G) + ER(L7G7€79) )

where Ho(L, G) = fﬁ —G. The KAM theorem described in Section 7.2 cannot be
applied, since the integrable part Hg is degenerate. However, it is possible to apply
a different version of the theorem, which requires the isoenergetic non—degeneracy

condition due to Arnold [6]:

Hy H

Cgr(L,G) = det ( My 0

)7&0 forall 0<G< L,

where H{, and H{ denote, respectively, the Jacobian vector and the Hessian matrix
associated to Ho. A straightforward computation shows that Cg(L,G) = 2. To
fix the energy level we proceed as follows (see [31]). From the physical value of the
asteroid 12 Victoria, using normalized units one gets that Ly ~ 0.670, Gy ~ 0.654.
Let

1
EY = ~gz ~ Gv =~ ~1768, EY = (R(Ly, Gy, 1, g)) ~ —1.060 .
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We define the energy level through the expression
Ey=EBY +e,B0) ~ ~1.769 ,

where ¢ 5 denotes the observed Jupiter—Sun mass—ratio. The existence of two invari-
ant tori, bounding from above and below the observed values Ly and G, is proven
on the level set H ™1 (E\*,) Setting L+ = Ly £ 0.001, the bounding frequencies are

computed as
- 1 .
w4+ = F,—l :(ai,—l) .

+

Since we need diophantine numbers, we proceed to compute the continued fraction
expansion of @4+ up to the order 5 and then we add a tail of ones to obtain the
following diophantine numbers:

a_ = [3:3,4,2,1%°] = 3.30976937631389 . . . ,
ay = [3;2,1,17,5,1°°] = 3.33955990647860 . . . .

Next we introduce the frequencies
w4+ = (Ozi, —1) 5

which satisfy the diophantine condition (7.7) with 7 = 1 and with diophantine
constants respectively equal to

C_ =138.42, Cy =30.09 .

The stability of the asteroid 12 Victoria is finally obtained by proving the per-
sistence of the unperturbed KAM tori 735 = {(L+,G+)} x T? for a value of the
perturbing parameter € greater or equal than the Jupiter—Sun mass ratio.

Theorem [31]. For || < 10~ the unperturbed tori T;5 can be analytically con-
tinued into invariant KAM tori Tsi for the perturbed system on the energy level
H1 (E{",) keeping fixed the ratio of the frequencies.

Since the orbital elements are related to the Delaunay action variables, the
theorem guarantees that the semimajor axis and the eccentricity stay close to the
unperturbed values within an interval of order e (see [31] for full details on the
KAM isoenergetic, computer—assisted proof).

7.4 Greene’s method for the breakdown threshold

There exist different techniques which allow us to evaluate numerically the break-
down threshold of an invariant surface (see, e.g., [82,109, 145]). One of the most
accepted methods, which has been partially rigorously proved [54, 63, 127], was
developed by J. Greene in [82]. His method is based on the conjecture that the
breakdown of an invariant surface is closely related to the stability character of the
approximating periodic orbits [92]. The key role of the periodic orbits had already
been stressed by H. Poincare in [149], who formulated the following conjecture:
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“...hereis a fact that I have not been able to prove rigorously, but that seems to
me very reasonable. Given equations of the form (13) [Hamilton’s equations| and
a particular solution of these equations, one can always find a periodic solution
(whose period, it is true, can be very long) such that the difference between the two
solutions may be as small as one wishes for as long as one wishes”.

Greene’s algorithm for computing the breakdown threshold was originally formu-
lated for the standard mapping, but we present it here for the spin—orbit problem,
which has been assumed as a model problem throughout this chapter. Let us reduce
the analysis of the differential equation (7.1) to the study of the discrete mapping
obtained integrating (7.1) through an area—preserving leapfrog method:

Yji+1 = Yj *€fm($jatj)h
Tjp1 = xj+yjih, (7.61)

where t;11 = t;+h and h > 0 denotes the integration step, y; € R, z; € T, t; € T.
We say that a periodic orbit has length ¢ (for some positive integer ¢), if it closes
after ¢ iterations. We shall consider the periodic orbits which exist for all values of
the parameter ¢ down to e = 0. Analogously, we consider rotational KAM tori with
the same property. In the integrable limit the rotation number is given by w = yo;
if the frequency of motion is rational, say w = % for some positive integers p and ¢
with ¢ # 0, then the second of (7.61) implies that

p:iyj :Zl‘j —hxj_l _ xq;xo -

j=1 j=1

If the frequency w is irrational, the periodic orbits with frequency equal to its
rational approximants % are those which nearly approach the torus with rotation

number w (see Figure 7J3)

In order to determine the linear stability of a periodic orbit, we compute the tangent
space trajectory (OQy;,0x;) at (y;,x;), which is related to the initial conditions

(Oyo, 0x0) at (yo,z0) by
5’?/3‘ _ Yo
(((i’CJ) =M (al'o) ’

where the matrix M is the product of the Jacobian of (7.61) along a full cycle of

the periodic orbit:
q
—_ 1 _Efxw(xj’ tj)h
M _E<h 1—6fxx(xj7tj)h2 )

The eigenvalues of M are the associated Floquet multipliers (compare with Ap-
pendix D); by the area—preservation of the mapping it is det(M) = 1 and denoting
by tr(M) the trace of M, the eigenvalues are the solutions of the equation

M —tr(M)A+1 = 0.
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1.42 + k

Fig. 7.3. Periodic orbits corresponding to the equations of motion associated to (7.55)

approaching the torus with rotation number w =1 + f — for € = 0.03 on a Poincaré

section at times 27. The graph shows the periodic orblts w1th frequencies 4/3 +, 7/5 X,
18/13 %, 29/21 OJ, 76/55 M, 123/89 o.

Let us introduce a quantity, called the residue, by means of the relation (see [82]):

_ 3(2 — tr(M))

where the factors 2 and 4 are introduced for convenience. The eigenvalues of M are
related to the residue R by

A=1-2R+2VR?-R.

When 0 < R < 1 the eigenvalues are complex conjugates with modulus one and
the orbit is stable, otherwise when R < 0 or R > 1 the periodic orbit is unstable.
Due to a theorem by Poincaré, for each rational frequency the number of orbits
with positive or negative residue is the same. The positive residue orbits are stable
for low values of €. The residue gets larger as the perturbing parameter increases,
until it becomes greater than one, thus showing the instability of the associated
periodic orbit.

According to [82], we define the mean residue of a periodic orbit of period p/q

as the quantity
p
£(Bie) = ampe.

The definition of the mean residue for irrational frequencies w is obtained as follows:
if w = [ag;a1,...,an,...], then

flw;e) = Nligloof(wmf:) ,

where wy = [ap;a1,...,any]. If w is a noble number, say w = J[ag;aq,...,
an,1,1,1,...], let € = e.(w) be such that
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flw,ee(w)) = 1;

then the corresponding residue converges to
1
R = R(w;e.(w)) = 1
(this assertion justifies the factor 4 introduced in the definition of the mean residue).

Greene’s method is based on the conjecture that a KAM rotational torus with
frequency w exists if and only if

flwe) < 1

(see [63] for a partial proof of this statement). In Table 7.2 we consider the first
few frequencies of the periodic orbits approaching the torus with frequency equal
to the golden ratio. For each periodic orbit of period % we report the value of

the perturbing parameter € = sc(g) at which the corresponding residue becomes
bigger than %. As %’ increases, the limit of the values €c(§) provides the breakdown
threshold e.(w) of the torus with frequency w.

Table 7.2. Critical values ec(%) of the perturbing parameter for some periodic orbits
approaching the torus with frequency equal to the golden ratio.

we(8) | % | =(®)
0.103 | 2 | 0.144
0.124 | 2L 1 0.139
0.158 | 22 | 0.146
0.112 | 35 | 0.145
0.151 | 22 | 0.144

a‘oo olon ow Wi NI= | RS

The efficiency of Greene’s method strongly depends on the computational speed
for the determination of the periodic orbits approaching the invariant surface. In the
particular case of the spin—orbit discretized system (7.61), one can get advantage
from the fact that the mapping (7.61) including the time variation ¢;11 = t; + h,
herewith denoted as S, can be decomposed as the product of two involutions:

S == I2 Il 5
where I? = [7 = 1. In particular I is given by

Vi1 = yj —efa(zs,t5)h
Tip1 = —;

L1 = —t
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while I takes the form

Yi+1 = Y;
Tjp1 = —x; +hy;
tiy1 = —tj+h.

The periodic orbits can be found as fixed points of one of these involutions. This
decomposition of the original mapping significantly reduces the computational time
for the determination of the periodic orbits, thus making easier the implementation
of Greene’s method.

7.5 Low—dimensional tori

For a nearly—integrable system with m +n degrees of freedom, we consider the case
when the unperturbed Hamiltonian is not integrable in the whole phase space,
but rather on some surface foliated by invariant tori whose dimension is less than
m—+n. The proof of the existence of low—dimensional tori is based on Kolmogorov’s
approach under the requirement that the system satisfies two conditions, namely
that it is isotropic and reducible. The theory of low—dimensional tori is very wide
and heavily depends on the properties of the main frequencies of motion. Here, we
just aim to give an idea of the problem, referring to [101,119] for complete details.
We start by providing the definitions of isotropic and reducible systems.

Definition. Consider an n—dimensional manifold W endowed with a symplectic
non—degenerate 2—form; a submanifold U of W is called isotropic if the 2—form
restricted to U vanishes.

Definition. Consider a nearly—integrable Hamiltonian H = Hy + eH; with m +n
degrees of freedom. An invariant torus for H with frequency w is called reducible,
if in its neighborhood there exists a set of coordinates (I,¢,2) € R" x T" x R?™,
such that the unperturbed Hamiltonian takes the form

Mol 2,2) = h(D) + 5 A(D)z- 2+ Ra(L g, 2) (7.6

where h is a function only of I, A(I) is a 2m x 2m symmetric matrix and R3(Z, ¢, 2)
is O(]2]?).

Hamilton’s equations associated to (7.62) are given by

£ = ()z+0(2)
I = 0(zP
¢ = wl)+0(z) .

where Q(I) = JA(I), J being the standard symplectic matrix, and w(l) = %(ID.

The KAM theorem for low—dimensional tori states that, under suitable condi-
tions on Q(I) and on w(l), one can prove the existence of isotropic, reducible,
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n—dimensional invariant tori on which a quasi—periodic motion takes place. The
invariant tori are elliptic if the eigenvalues of Q(I) are purely imaginary, while they
are hyperbolic if (I) has no purely imaginary eigenvalues. As already mentioned,
the proofs of the existence of low—dimensional tori may vary according to the as-
sumptions on the frequencies €2, w and we refer to the specialized literature for
further details (see, e.g., [2]). Here we just mention how a parametrization in the
style of (7.10) can be found for lower—dimensional tori. To see how it works, let
us consider a concrete example, and precisely the four-dimensional standard map
described by the equations

Ynd+1 = Yn + sfl(xna Zny )‘)

Tptl = Tn + Ynt1

Wpt1 = Wy + fo(Tn, 2n, A)

Znil = Zp + Wna1, (7.63)

where (Y, w,) € R?, (2, 2,) € T2, & > 0 is the perturbing parameter and A > 0
is the coupling parameter. From (7.63) it follows that

Tn+l1 — an +Tpo1 = Efl(ajny Zny )\)
Znt1 — 22n + Zn—1 = €fo(Tn, 2n, A) .

Let us parametrize a one-dimensional invariant torus with frequency w by means
of the equations

Tn = U+ui(de,N)
Zn = 79""”2(7‘9;57)‘)7

where 9,11 = 9, +w. One finds that the unknown functions u; and us must satisfy
the equations

(9 +w) —2u1(9) +u (¥ —w) = efi(9+ur(9;6,N),9 +uz(d; e, A), A)

ug (9 + w) — 2uz(9) + uo (¥ —w) = efo(I+ui(9;6,A),9 +uz(d;6,A),\)

whose solution describes the low—dimensional torus with frequency w (see [100]).

Within the spatial three-body problem the existence of low—dimensional tori
has been investigated in [99]. In particular, the three-body model studied in [99]
admits four degrees of freedom after having performed the reduction of the nodes.
Solutions with two or three rationally independent frequencies have been proved,
provided the mutual inclinations i;, iz satisfy the condition (see [99])

cos? (i +ig) <

ot W

The existence of quasi—periodic motions with a number of frequencies less than
the number of degrees of freedom has been studied also in [113]; in particular,
the solutions of the planar three-body problem such that the mean value of the
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difference of the perihelia is zero have been investigated. The planetary planar
(N + 1)-body problem has been analyzed in [16] and [17], where the existence of
N-dimensional elliptic (i.e. linearly stable) tori is shown. Around the elliptic tori
there exists a set of positive measure of maximal tori. The proof is based on an
elliptic KAM theorem under suitable non—degeneracy conditions (i.e., the so—called
Melnikov conditions).

7.6 A dissipative KAM theorem

Let us consider the dissipative spin—orbit equation that we write in compact form
as (compare with (5.21))

Z4+n(E—v)+efe(x,t)=0, (7.64)
where fy(z,t) = e(%)3sin(2z—2f), n = KqL(e), v = % We immediately remark

that for n # 0 and € = 0 the torus 7y = {y = v} x {(¥, 7) € T?} is a global attractor
and the flow on 7y is given by (9, 7) — (9 4+ v, 7 +t). This is easily seen from the
fact that the solution of (7.64) for e = 0 is given by

1 — e—(t—to)

x(t) :I0+V(t*to)+7n (vo—v),
where g = z(tg) and vg = #(tp). An invariant attractor with frequency w is
parametrized by
z(t) =9+ u(¥,t), (7.65)

where u = u(1, ) is a real analytic function for (9, ¢) € T? and 9 = w. The existence
of the invariant attractor with frequency w for (7.64) is provided by the following

Theorem [32]. Assume that w is diophantine; then, there exists g > 0 such that
for 0 < e < gg and for any 0 < n < 1, there exists a function u = u(9,t) with
(u) =0 and 1 4+ uy # 0, such that (7.65) is a solution of (7.64) provided

v=w (1+{(uy)?)) . (7.66)
The proof of the theorem is based on the following ideas (we refer to [32] for full

details). Let us start by introducing the operator 9,, = w%—i—%, so that & = w+0,u
and # = 9%u. The solution (7.65) is quasi-—periodic if the function u satisfies

O2u+ndyu+efe(¥+ut) +v=0, y=nlw-—v). (7.67)
The unknowns u, v must satisfy the compatibility condition
nw ((ug)?) +~v =0, (7.68)

which is equivalent to (7.66). The proof of the existence of the quasi—periodic attrac-
tor is perturbative in e, but uniform in 7; the conservative KAM torus bifurcates
in the attractor as far as n # 0. For the spin—orbit problem, one has to keep in
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mind that in place of 7 and v one should consider the dissipative constant Ky and
the eccentricity e. As a consequence, the theorem is stated for any 0 < Ky < 1
and besides the existence of a function u = wu(¥,t), one needs to find a function
e=e(Kq,w,e) =v;(w) + O(e?) to satisfy the compatibility condition (7.66).

Coming back to equation (7.67), let us introduce the operators
Dyu = dyu+nu Apu= Dy0,u = 0,Dyu .
Then, (7.67) becomes
Folusy) = Apu+efe(P+u,t)+v=0.

In particular, if u =3, .z Gy €7+ then

Oou = Z i(wn+m)ﬂn7mei(”ﬁ+mt)
(n,m)eZ?

Dyu = 3 [ifwn+m) + i me 7m0 ;
(n,m)€Z?

being |i(wn +m) +n| > |n| > 0, then D, is invertible with

i(nd9+mt)
-1 Un,m€
Dy u= Z ilwn+m)+n
(n,m)€Z?

Having introduced the norm [[ull¢ =37, ) ez |Gy | €M1 F1MDE " one can state the
following

Theorem. Let 0 < £ < £<1,0<n < 1; let w be diophantine and define M such
that

Assume that there exists an approzimate solution v = v(9,t;m), B = 8(n) such that
vy is bounded and invertible; let the error function x = x(0,t;n) = F,(v; 3) satisfy
a smallness requirement of the form

Dlixfle<t,

where D depends upon &, M, as well as upon the norms of v and of its deriva-
tives. Then, there exist u = u(V,t;n) € C® and v = v(n) € C*°, which solve
Fo(u;y) = 0.

The proof is constructive and the solution is obtained as the limit of a sequence of
approximate solutions (vj, 3;), quadratically converging to the solution (u,~). We
sketch here the proof as a sequence of five main steps, referring to [32] for complete
details.
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Step 1. Establish some properties of the operators D,, A, as well as of their
derivatives and inverse functions, providing formulae of the form

1D Ogulle—s < op,s(8) llulle ,

for some 0 < 0 < £ and for p,s € Z,, where

p,5(0) = sup (|i(wn—|—m) +n\—$|n|pe—6(\n\+|m\)) :
(n,m)eZ2\{0}

which can be bounded as

ST+p
O’p7s(6) S <57+p) CS&*(ST*FP) .

(&

It turns out that ((1+ ug)F,(u;7)) = nw((ug)?) +v; if F,)(u;y) = 0 one finds the
compatibility condition (7.68).

Step 2. Given an approximate solution (v,3) of F,(u;vy) = 0, a quadratically
smaller approximation (v, 3') is found by a Newton iteration scheme. More pre-
cisely, starting from

XEFn(U,ﬂ) :AWU+€f%(19+vat)+ﬂ I
one looks for a solution
V=v+d,  f=8+5,

such that @, 5 = O(||x||), F,('; 3") = O(||x||?). In order to find & and 3, setting
V =1+ vy let us introduce the quantities

Ql = 5[fz(19+v+'l~)at) - fx(ﬁ+vvt) - facm(ﬁ"_vat)ﬁ] ) Q2 = V71X19 v ;
it follows that
Fo0's8') = Fy(v + 5 8+ ) = x + B+ Ayl + Q1 + Qo

with 4, ,0 =V~ D, (V2D0 (V‘%)). One can find explicit expressions for @, (3,
such that they satisfy the relation

X+B+An,v1~):0 ;
the latter equation provides x' = F, (v+7, B+ 3) = Q1+ Qs, so that the new error
term is quadratically smaller.

Step 3. Given the estimates on the norms of vg, ¥, 7y, 5, a KAM algorithm is
implemented to compute an estimate on the norm of the error function ' of the
form

IX'lle-s < CLa™" Il

for some C1, s > 0.
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Step 4. Implement a KAM algorithm which provides that under smallness condi-
tions on the parameters there exists a sequence (v;, 8;) of approximate solutions,
which converges to the true solution:

(uarY) = jli{go(vjvﬂj) )

where (u,) satisfy F,(u;v) = 0.

Step 5. A local uniqueness is shown by proving that if there exists a solution
E(t) = ¥+ w(¥,t) with ¥ = w and (w) = 0, then w = u, while v coincides with
(7.66).

7.7 Converse KAM

Converse KAM theory provides upper bounds on the perturbing parameter en-
suring the non—existence of invariant tori. Following [126,128,129] (see also [6])
we adopt the Lagrangian formulation as follows. As in the previous sections, we
are concerned with applications to the spin—orbit model; therefore we introduce a
one—dimensional, time-dependent Lagrangian function of the form £ = L(z,y,t),
where z € T, y € R. We assume that the Lagrangian function satisfies the so—
called Legendre condition, which requires that g% is everywhere positive. A func-
tion & = x(t) is an orbit for £ if for any ty < ¢; and for any variation dz = dz(t)
such that dx(tg) = dz(t1) = 0, the variation 6.4 of the action is zero, where

Aw) = [ £t 20).0) dt (7.69)

to

A trajectory x = x(t) has minimal action if for any ¢ty < t; and Z(¢) such that
Z(to) = x(to), Z(t1) = =(t1), then A(xz) < A(Z). The minimal action is non—
degenerate if for any ty < t1, then 624 is positive definite for any variation éz such
that dz(tg) = dx(t1) = 0.

The Legendre transformation allows us to introduce the Hamiltonian function H =
H(y,x,t) associated to L, where y € R is the momentum associated to z. A
Lagrangian graph is described by a Cl-generating function S = S(z,t) such that
y = Su(x,t), T = Si(x,t), where T is the the variable conjugated to the time in the
extended phase space. We now give a characterization of Lagrangian graphs and
rotational tori.

Proposition [129]. An invariant rotational two—dimensional torus for Hq(y, z, T, t)
= H(y,z,t) + T with Hy, positive definite is a Lagrangian graph.

Moreover, we have the following

Lemma [129]. If X is an invariant surface for the Hamiltonian Hi(y,x,T,t) =
H(y,x,t) + T such that locally y = S, (x,t), then X is a Lagrangian graph.

In order to introduce a converse KAM criterion, we need the following theorem due
to K. Weierstrass (see [129]).
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Theorem. If X is an invariant Lagrangian graph for a Lagrangian system satis-
fying the Legendre condition, then any orbit on X has a non-degenerate minimal
action.

From the Weierstrass theorem it follows that if the orbit segment & = xz(t) for
t € [to,t1] is not a non—degenerate minimum for .4, then it is not contained in any
invariant Lagrangian graph. In practice, one should compute the quantity 624 for
some variation dx with dz(to) = dx(t1) = 0 and check whether it fails to be positive
definite. This method allows us to give an elementary analytical estimate, which
can be explicitly computed. Following [40], let us consider the spin-orbit equation
(5.18) that we write as

Z4e Z am(e)sin(2z —mt) =0 (7.70)

for some N > 0; the coefficients a,,(e) are trivially related to the coefficients
W(%,e) in (5.18). We apply the criterion based on the Weierstrass theorem to the
model described by (7.70). The Lagrangian function associated to (7.70) has the
form

L(z,&,t) = f:er Zam ) cos(2x — mt) .

The second variation of the action is given by

t1 N
52 A= / ldﬁcQ —2¢ Z am(e) cos(2z —mt)dz? | dt .
to m=1

Consider the deviation dz(t) = cos = such that dz(+277) = 0; notice that
J2TT 522 = w7, [T 4% = {o-. Writing (7.70) as

and assuming the initial conditions z(0) = 0, £(0) = vy, the solution of (7.70) can
be written in integral form as

a:(t):vot+/0 (t — $)g(a(s), s) ds .

Let G be a bound on g(z,t), i.e. |g(z,t)] < 622:1 |am (e)| = G; as a first approx-
imation we can use the inequality

G
lz(t) — vot| < 5752 .

Since cos? > 1 — %192, we obtain

1
cos(2x —mt) > 1— 5(\m — 2up|t + Gt?)?
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Therefore the second variation of the action for the variation dz(t) = cos i,
—2n7T <t < 277, is bounded by

N 2rT
1
§2A< % —4e )" |om(e)] /0 {1 = 5 (Im = 2vft + Gt2)2]§x2 dt
m=1

m
< —

N ks
2
< 4G 422 Y fan(e) /O [|m — 2002 (47)%9? cos? ¥

m=1
FG2(47)59% cos? 0 + 2|m — 20| G(47)49® cos? 19} & .
Let us define the quantity
3
I, = 2/ 9" cos? 9 dv ;
0

then, one obtains

PA ow £ 9 . 3
< _ = : _
— <5 4G + - mE:1 |t ()] [|m 200|°(47)° I3
+2|m — 2uo|G(47)* I3 + G2(47')5I4} = ®(e,vg,T) . (7.71)

The non-—existence criterion is fulfilled whenever one can find 7 > 0 such that
®(,v9,7) < 0, so that 624 < 0. Denote by exg the value of the perturbing
parameter at which this condition first occurs. As concrete examples we consider
the orbital eccentricity of the Moon (e = 0.0549) and of Mercury (e = 0.2056);
moreover we consider vg = 1 and vy = 1.5, corresponding, respectively, to the 1:1
and 3:2 resonance. The results of the implementation of the Weierstrass criterion
based on the estimate (7.71) are provided in Table 7.3, where N = 7 has been
taken in (7.70) (see [40]). Though the estimates are rather crude and could be
further refined, they show how to find by simple explicit computations the regions
of non—existence of rotational invariant tori.

Table 7.3. The non—existence criterion based on the Weierstrass theorem provides the
following values associated to the Moon with eccentricity e = 0.0549 and to Mercury with
eccentricity e = 0.2056 (reprinted, with permission, from [40], Copyright 2007, American
Institute of Physics).

Moon Mercury

110:1 ENE20.15 ENEZO.SQ

vo=15 1| eng >0.77 | eng >~ 0.58
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7.7.1 Conjugate points criterion

A method of investigating the non—existence of invariant tori has been formulated
in [129] for conservative systems, based on the following

Definition. Let (z,y) : [to,t1] — T x R be an orbit; the times ¢, and ¢; are
said to be conjugate, if there exists a non—zero tangent orbit (dz,dy), such that

We also introduce the twist property as follows. Let us write (7.70) as

T =y
N
Y = —¢ Z am(e)sin(2x —mt) . (7.72)

We say that (7.72) satisfies the twist property if there exists a constant A > 0 such
that .

0

oy —
(in our case A =1). A result due to K. Jacobi shows that minimizing orbits (with
respect to the action (7.69)) have no conjugate points. This leads to the following
non—existence criterion, which can be formulated to encompass also the dissipative
context [40].

A

Congjugate points criterion: The existence of conjugate points implies that the or-
bit does not belong to any rotational invariant torus, otherwise the forward orbit
starting from the initial vertical vector (0,1) at t = ty is prevented from crossing
the tangent to the torus and the twist property implies that dx(t) > 0 for all ¢ > tg.

For the conservative case with time-reversal symmetry and initial conditions on the
symmetry line x = 0, the backward trajectory and the backward tangent orbit are
determined by reflecting the forward ones. We can conclude that the times +t are
conjugate whenever the tangent orbit of the horizontal vector (62(0), dy(0)) = (1,0)
satisfies d2(t) = 0. This remark considerably decreases the computational time, also
due to the fact that close to a suitable symmetry line the rotation of the tangent
orbits is strongest and it is convenient to select orbit segments which straddle it
symmetrically.

The dissipative case does not admit time-reversal symmetry and it is necessary
to integrate backward and forward orbits. However, one can choose ty = 0 and
avoid backward integration, thus integrating just forwards from the vertical vector
(0x(0),dy(0)) = (0,1) and then looking for a change of sign of dz(t). We report
in Figure 7.4 an application of the conjugate points criterion for the dissipative
spin—orbit problem and for different values of the eccentricity. A grid of 500 x 500
points over y(0) € [0.2,2] and ¢ € [0,0.1] has been computed.
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(a) (b}

0 0.02 0.04
£ E

=
=1
&

0.08 01

Fig. 7.4. The black region denotes the non—existence of rotational invariant tori for
Kq=1073. (a) e = 0.001, (b) e = 0.0549, (c) e = 0.1, (d) e = 0.2056.

7.7.2 Cone-crossing criterion

Without using time-reversal symmetry and without taking initial conditions on
a symmetry line, the conjugate points criterion with ¢tc = —t; can be applied,
provided one computes the slope of an initial tangent vector, say (dz(0),dy(0)),
such that dz(+t;) = 0 simultaneously. To this end one can compute the monodromy
matrix M at times +t by integrating the equations

M = F(z,y,t)M ,

where M (0) equals the identity matrix and F(z,y,t) denotes the Jacobian of the
vector field. Then, the initial condition (dz(0),0y(0)) = (&, n) satisfies the relations
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My ()€ 4 Mia(t)n =
My (—t)€ + Mio(—t)n

I
o o

There exists a non—zero solution if and only if
C(t) = Mll(t)Mlg(—f,) — Mlg(t)Mll(—t) =0.

Therefore we conclude that the times +¢, t > 0, are conjugate if and only if C(t) =
0. A result by Birkhoff states that a rotational invariant torus is a graph of a
Lipschitz function.

If the initial condition is on a rotational invariant torus, one can determine
upper and lower bounds on the slope of the initial tangent vector, providing the
so—called local Lipschitz cone [165]. The condition C(t) = 0 corresponds to the
equality of the upper and lower bounds; for larger ¢ the upper bound becomes less
than the lower bound. However, this is in contrast with the existence of a rotational
invariant torus through that initial point, thus yielding the so—called cone—crossing
criterion [128] as a method to establish the non-existence of rotational invariant
tori.

The practical implementation of the criterion is the following. First we remark
that it is more convenient to integrate the equation for the inverse monodromy
matrix N(t) = M(t)~!. Starting from (2(0),4(0)), let (z(%t),y(£t)) be the cor-
responding forward and backward trajectories; then integrate the equations back-
wards and forwards in time

N(t) = —N(t) F(x(t),y(t).t)

with N (0) being the identity matrix. For any ¢ > 0, let

() _ 0\ _ [ £Nwa(Ft)
wro=nen( ) = (D)
be tangent vectors at (x(0),y(0)), which give a local Lipschitz cone through the
initial condition. Let C(t) = w™ (¢t) A w™(¢); then C(0) = 0 and C(0) > 0. Finally,
if there exists a time ¢’ > 0 such that C(¢') < 0, then the orbit starting from
(2(0),y(0)) does not belong to an invariant rotational torus.

7.7.3 Tangent orbit indicator

Based on the conjugate points criterion, we introduce an indicator of chaos, which
can be used as a complementary tool to Lyapunov exponents, frequency analy-
sis, FLIs, etc. (see Chapter 2). We start by remarking that through the change of
sign of dx(t) we can distinguish between rotational tori, librational tori and chaos.
Starting from a horizontal tangent vector, for a librational torus the jz—component
oscillates around zero (a linear increase is observed when starting from the vertical
tangent vector). The results are shown in Figure 7.5(a,b), obtained by integrating
(7.70) through a fourth-order symplectic Yoshida’s method [175] shortly recalled
in Appendix F. Notice that the first crossing occurs at t = 3.39. A similar behav-
ior is observed for the chain of islands of Figure 7.5(c,d). Oscillations with large
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Fig. 7.5. Analysis of (7.70) with € = 0.1, e = 0.0549 (after [40]). The left column shows
the Poincaré section on the plane ¢ = 0; the right column shows the implementation of
the conjugate points method from the horizontal tangent vector. (a, b) refer to an example
of a librational invariant torus for the initial conditions z = 0, y = 1.1. (¢, d) refer to an
example with a chain of islands for the initial conditions = = 0, y = 1.24. (e, f) refer to
an example of chaotic motion for the initial conditions z = 0, y = 1.3. (g, h) refer to an
example of a rotational invariant torus for the initial conditions = 0, y = 1.8 (reprinted,
with permission, from [40], Copyright 2007, American Institute of Physics).

amplitudes are observed for chaotic motions as shown in Figure 7.5(e,f). Finally,
rotational invariant tori are characterized by positive oscillations of dz far from
zero (see Figure 7.5(g,h)).

This scenario leads to the introduction of the so—called tangent orbit indicator
by computing the average of §z(t) over a finite interval of time. The resulting value
characterizes the dynamics as follows: a zero value denotes a librational regime, a
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Fig. 7.5. (continued).

moderate value is associated to rotational tori, high values correspond to chaotic
motions.

As an example we report in Figure 7.6 (top panels) the computation of the
tangent orbit indicators with horizontal initial tangent vector over a grid of 500x 500
initial conditions in x and y for the equation (7.70). Figure 7.6 (bottom panels)
provides the tangent orbit indicator in the plane y— for a fixed xg. A black color
denotes tangent orbit indicators close to zero, grey stands for moderate values,
while white corresponds to large values. The results are in full agreement with those
obtained implementing other techniques, like frequency analysis or the computation
of the FLIs introduced in Chapter 2 (see [37]).
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Fig. 7.6. Tangent orbit indicator associated to (7.70) for e = 0.1 from the initial horizontal
tangent vector. Top left: graph in the plane z—y with e = 0.0549; top right: graph in the
plane z—y with e = 0.2056; bottom left: graph in the plane e~y with e = 0.0549; bottom
right: graph in the plane e~y with e = 0.2056. (Reprinted, with permission, from [40],
Copyright 2007, American Institute of Physics.)

7.8 Cantori

Let £ = L(z,X) be a Lagrangian function with z € T" and X = &
a function v = v(¥), let D, be the operator defined as D,v =

gem
=
5
T

w
dimensional torus is described by the equations z = z(¥), X = D,z(9); let a
variation be described as z(¢) + dz(¥), Doz () + D, 0z(9). Let us introduce the

functional 1

A= g [ £a(@). Dus(@) d.

A variational principle can be stated as follows
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Theorem [6]. A smooth surface is an invariant torus with frequency w if and only
if it is a stationary point of the functional A,.

A solution of the variational problem is a so—called cantorus, which is defined as
follows (see [43]). Let us consider the case n = 2. We introduce the following
definition (see [7,132]).

Definition. An Aubry—Mather set is an invariant set, which is obtained embedding
a Cantor subset in the phase space of the standard two—dimensional torus.

Let us consider a one-dimensional, time—dependent Hamiltonian of the form H =
H(y,x,t). Assume it admits two invariant tori described by y = yo, y = y1 with
Yo < y1. Denote by ® = &(y,z) = (P1(y, x), P2(y, z)) the Poincaré map associated
to H at times 27, which we assume to satisfy the so—called twist condition namely
%ﬁ’w > 0; the mapping @ is area preserving and it leaves invariant the circles
Yy = Yo, y = y1 as well as the annulus between them. Let wy = w(yo) and w1 = w(y1)
be the frequencies corresponding to yo and y;. By the twist condition one has that
wo < wy. The Aubry—Mather theorem can be stated as follows.

Theorem [6]. For any irrational w € (wo,wn), there exists an Aubry—Mather
set with rotation number w, which is a subset of a closed curve parametrized by
z =94+ u(¥), y = v(d), where ¢ € T is such that ¢ = ¢ + w, u is monotone and
u, v are 2m—periodic.

If the functions u and v are continuous, then the original Hamiltonian system
admits a two—dimensional invariant torus with frequency w. On the other hand, if
u and v are discontinuous, then the original Hamiltonian system admits a cantorus,
whose gaps coincide with the discontinuities of u and v. We remark that a Cantor
set does not divide the phase space into invariant regions, since the orbits can
diffuse through the gaps of the Cantor set. However, the leakage cannot be easy
and the cantorus can still act as a barrier over long time scales [153].

The numerical detection of cantori is rather difficult and they are often approxi-
mated by high—order periodic orbits [49,85]. In very peculiar examples, an analytic
expression of the cantori can be given. This is the case of the conservative sawtooth
map, which is described by the equations

Ynt+1 = Yn + )‘f(xn)
Tntl = Tp+ Yntl (7.73)

where z,, € T, y, € R, A € Ry denotes the perturbing parameter and the pertur-
bation f on the covering R of T is defined as

f(z) = mod(z,1) — % if 0 < mod(x,1) <1
f(z) =0 ifexeZ. (7.74)

The mapping (7.73) is area—preserving; for A > 0 there do not exist invariant circles
and the phase space is filled by cantori and periodic orbits. Since z,+1 — % = Yn+1,
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Ty — Tpn—1 = Yn, ONE obtains
Tpg1 — 2Tp + Ty = Af(xy) .
Let us parametrize a solution with frequency w € R as
z(9) =9 +u(?) , JeT, (7.75)
where ¥ = 19 + w. Then, the function v must satisfy the equation
w(¥ +w) = 2u(V) +u(d —w) =X f(I+u(¥)) .

We can determine u(¥¢) by expanding it as

oo

u@) = Y anf(V+nw) (7.76)

n=—oo
for some coefficients a,, which are given by

—|n
ap = —Q@ P | Iv

AN\ "1/2 \ A2\ V2
= (1) e (e )

In fact, inserting the series expansion (7.76) in (7.73) we obtain

with

D (a1 —2a;+aj 1) f(9 + jw) = A (0 + u(¥)) .
J
Being f(¢ +u(¥)) = 9 +u(¥) — 1 = f(9) + u(V), one finds the following recursive

relations

a_1 — 2ag + a1 2)\(1+CL0) 7=0
aj—1—2a; + a1 = Aaj j#0. (777)

Let us write a; = —ap~Fl; from the first of (7.77) for j = 0 one has —ap~! + 2a —
ap~t = A1 — a), namely
Ap
ao=———.
20 =24+ Ap

Equation (7.77) for j # 0 implies that —ap= =1 +2ap= bl —ap= i+ = —Xap~l7l,
namely p? — (2+ \)p + 1 = 0 with solution

A )\2 1/2
1+ 21 (a2
p +2+(+4>

Replacing this expression for p in (7.78) one obtains a = (1 + $)

Taking advantage of the solution parametrized as in (7.75) with u given by
(7.76), one can prove the existence of cantori for the sawtooth map through the
following proposition as stated in [42].

(7.78)

-1/2
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Proposition. Let w be irrational, let
M, = {(z(9),z(9 +w)) : 9 €R}

and let M, = Mw/Z. Then, M,, is a Cantor set.

A proof of the existence of cantori in the dissipative sawtooth map, defined by the
equations

Yn41 = byn +c+ )\f(xn)
Tp+l = Tn +Yn+1 ,

forbe R, c€ R and f(x) as in (7.74) is provided in [39].
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