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Preface

This preliminary notes include some selected topics on non-linear dynamics,
chaos and diffusion in Hamiltonian systems presented in a pedagogical way
following the transition from integrable to non-integrable systems. The issue
of resonance interactions is thoroughly discussed leading naturally to the very
origin of chaos.

The structure of the notes follows Chirikov’s formulation given in his for-
mer outstanding review “A Universal Instability of Many-Dimensional Oscil-
latory Systems” (1979), which was primarily devoted to the understanding of
the so-called Arnol’d diffusion. In fact, the description given therein enables
to introduce the non-math students and researchers to this stiff subject in a
fairly comprehensive fashion.

Further, we will discuss the role that Arnol’d diffusion might play in actual
world and address a more difficult problem, the global diffusion in phase
space, focusing in applications to astronomical and astrophysical problems.
However, all these exciting subjects are still in progress and have not been
written yet.

This preliminary version includes discussions concerning the pendulum
model, averaging, a model for a non-linear resonance, the standard and
whisker mappings, the stochastic layer, chaotic motion and just an appli-
cation of several of these tools to the orbital family in axisymmetric elliptical
or disk galaxies.

This notes come out from a course delivered at the National University
of La Plata, since 2000. Therefore, I owe a debt of gratitude to all the alert
audience, who helped me with many useful suggestions.

This compendium will definitely appeal not only to both advanced un-
dergraduate and graduate students in physics, astronomy, astrophysics, as-
trodynamics, chemistry, etc., but also to researchers, specially those mainly
interested in problems such as the stability of Hamiltonian systems, chaos
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and phase space diffusion.

A minimum background in Hamiltonian dynamics is assumed, in partic-
ular canonical transformations and action-angle formulation are extensively
used along this notes. For instance, any text book on Classical Mechanics
is enough to follow this non-rigorous notes on non-linear Hamiltonian dy-
namics. Anyway, the first chapter contains a review on basic topics of the
Hamiltonian formulation of mechanics written by Prof. Héctor Vucetich.

As it was already mentioned, all subjects presented here follow the heuris-
tic but clear approach of Chirikov (1979). However, some other references
should be mentioned like Cincotta and Simé (2000), Cincotta (2002), Arnold
(1989) among others. In the revised and enlarged version, new references
should definitively be addressed.

I would like to acknowledge to my colleagues Roberto Barrio (Depart-
ment of Applied Mathematics of University of Zaragoza), Ivan Shevchenko
(Pulkovo Observatory of the Russian Academy of Sciences) among others, for
useful suggestions and comment that allow me to improve the presentation
of chapters 7, 8 and 9.



Chapter 1

Review of Hamiltonian
Dynamics

This chapter was entirely written by Prof. Héctor Vucetich

The Lagrangian formulation of Mechanics is invariant under general coor-
dinate transformations, namely, the Lagrange equations are invariant under
these transformations and suggest the use of generalized coordinates {g;}.
This generality is, however, not enough to cover many important problems
in mechanics.

Generalized momenta {p;} play an important role in mechanics, as vari-
ables closely associated to the dynamics of a given system. For instance, for
every symmetry of a given system, there is a conserved generalized momen-
tum p;.

The two remarks above suggest a new formulation of mechanics where
coordinates and momenta play a symmetric part: the Hamiltonian formula-
tion.

1.1 A Reminder of the Lagrangian formula-
tion
Let us introduce the Lagrangian formulation through the variational principle

of Hamilton. This is one of the most powerful tools of theoretical physics,
worth to be recalled.
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1.1.1 Lagrangian dynamical systems

Let us introduce this notions through a simple example: a conservative me-
chanical system.

Let the configuration space of a mechanical system be a manifold param-
eterized with a set of n generalized coordinates {q;}, describing the n degrees
of freedom of the system. The time derivatives of these generalized coordi-
nates are called the generalized velocities {¢;}. These two sets describe the
kinematical properties of the mechanical system. For the sake of simplicity,
we shall often denote these two sets in the short form (g, ¢).

Then, the kinetic energy T of our system will have the form

1 ..
T = 529%((]775)%% (1.1)
ik

where the functions g;, are proportional to the masses of the involved bodies.
Since we shall work with conservative systems, there exists a potential
energy represented by a smooth function

V =V(q,t) (1.2)

The Lagrangian function (or simply, the Lagrangian) of the mechanical
system is defined as
L(g.4,t) =T -V (1.3)

More general dynamical systems may have more general expressions for
the Lagrangian. For instance, the kinetic energy may have a general form

" .
T = B(q,t)+ Y Ai(q,t)¢; + B > gin(q, £)didn (1.4)
i ik
and there may exist a generalized potential of the form

In summary, a general Lagrangian dynamical system is characterized by

1. the existence of a kinematical space: a differential manifold described
by a set of generalized coordinates ¢ and the corresponding generalized
velocities ¢,



1.1. A REMINDER OF THE LAGRANGIAN FORMULATION 11

2. the existence of a Lagrangian of the form
L = L(q,q,1) (1.6)
smooth enough over the kinematical space.

The dynamical properties of the system are derived from the Hamilton
principle.

1.1.2 Least action principle

The Hamilton principle (also called the least action principle) states that the
physical trajectory of the system minimizes the action functional

te,qr
S=["" Lg.g.)dt (1.7)

ti,qi

namely
Lf\af
08 =9 t L(q,q,t)dt =0 (1.8)
04
where the symbol § denotes a variation of the trajectory around the physical
one.

The notation in equations (1.7) and (1.8) emphasizes that the initial and
final coordinates ¢; and gy are prescribed at the initial and final times ¢; and
ts respectively.

The problem defined by the above equations is an standard problem of
the calculus of variations, and the minimum condition are given by the Fuler-

Lagrange equations
d [OL oL
— (=)= (1.9)
dt \ 0¢; dq;

Let us make some remarks on the Lagrangian formulation.

1. From the above proof, a change of variable of the form

does not change the form of the Lagrange equations (1.9).
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2. If the generalized momenta are introduced through the definition

oL
i = - 1.10
Pi= g0 (1.10)
and the generalized forces through
oL
P = 1.11
=5 (11)
the Lagrange equation take the Newton-like form
pi = Qi (1.12)

3. The Lagrangian L(q,q,t) of a given dynamical system is not unique:
another Lagrangian

L'(g:4,1) = L(g,d:t) + (1.13)

where F'is an arbitrary function, yields the same equations of motion.

1.1.3 Examples

Let us consider a few examples of Lagrangian systems.

The harmonic oscillator
This is the simplest example of a Lagrangian system. If we write

1 1

T = -mg® V = —mw’q? (1.14)
2 2
the Lagrangian takes the form
I ST I SR
L=T-V= 54" — gmuwy (1.15)

and the resulting equation of motion is the elementary one

§+wiq=0 (1.16)
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Particle moving on a curve

Consider a bead moving over a wire twisted along a curve described in para-
metric form

r=r(§) (1.17)

We shall use £ as a generalized coordinate. Then the velocity of the bead
along the curve will be

dfg (1.18)
and its kinetic energy
B 1 5 1 dr 9 9
T = Jmo? = ( 5) £ = “mF(£)¢ (1.19)

where F'(€) is the squared modulus of the tangent vector.
If the particle moves under a force field with a potential V(r), the La-
grangian of the system is

1

L= smF(€)& = Vr(¢)) (1.20)

Motion in a central field of force

Motion of a particle in a central field of force is better treated in polar
coordinates. The kinetic energy is easily deduced from the length of arc in
polar coordinates, and so the Lagrangian of the system is

L= ;m(fQ +724%) = V(r) (1.21)

The equations of motion result immediately from the above Lagrangian.
We find first the generalized momenta

P = mr, Py = mr%ﬁ, (1.22)

and the corresponding generalized forces

av

Q, = -+ mr¢?,  Qy =0. (1.23)
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The radial generalized force is composed by the central force together
with the centrifugal force
mr2g = s
r
and the tangential force is zero, since the coordinate ¢ is absent in the La-
grangian.

A coordinate that only appears in the Lagrangian through its time deriva-
tive is called a cyclic coordinate (and often a cyclic variable too): the gener-
alized force associated with a cyclic coordinate is zero and the corresponding
generalized momentum is a constant of motion.

1.1.4 Symmetry and conservation laws

Consider a group G of transformations, depending on N, parameters, acting
over the configuration space of a dynamical system. The group elements g"
will be represented as analytic changes of coordinates of the form

¢ = g;(q) (1.24)

The group G is a symmetry of a dynamical Lagrangian system if the
transformed action of the system satisfies

L', q) = L(g,4) + F (1.25a)

or

S' =S+ AF (1.25b)

The connection between symmetry and conservation laws is contained in
the above definition. Consider an uniparametric subgroup of G and let o be
the parameter. An infinitesimal transformation will change each coordinate
in the form
Jg;
oo’

0¢; = da (1.26)

a=0

The change in the action induced by the transformation (1.26) is

1

oL c‘9qZ 0L 0¢;
— 1.2
05 = oa / Z (8(]2 Oda  0g; (904) di (1.27)
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which after integration by parts of the last term can be recast in the form

te

OL 8(]2'
2 55 9a

7

oL d 8L> (1.28)

te
(SS - 6a/ti zZ: <3q1 B E&iqz

If ¢;(t) represents the physical path of the system, the first term in (1.28)
is zero, and the condition of invariance of the action 4.5 = 0 yields

t

aqz‘

sz o

_ dq;
= pi o

t=t;

(1.29)

t=t¢

which states a conservation law.
If o is chosen as a generalized coordinate, the above conservation law
takes a very simple form:

Pa(ti) = pa(ts) (1.30)

which states the conservation of the associated momentum. Of course, o will
be a cyclic variable in this case.

Time invariance and energy conservation

A system whose Lagrangian does not depend explicitly on time is called
time translation invariant system. This invariance is not covered by the
simple version of Noether’s theorem. If the system is time translated by the
infinitesimal amount dt, its action S changes in

t OL . OL
58 = 5tA > ((%q'i + (%qi> dt — 0t[L(ts) — L(t;)] (1.31)

With the help of the equation of motion (1.9), the first term can be
written in the form

te d (0L te d
6t/ S dtzét/ et
4 ZZ: dt <8q',-q> 4 ; dt<pQ)

i

and we finally obtain the conservation law

(Zri-t) = (Sri-)

t=t;

(1.32)

te
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The quantity

is called the Hamiltonian function of the system. It is really a function of
(gi, pi) rather than (g;, ¢;) since (1.33) is minus a Legendre transformation of
the Lagrangian (Sec. 1.2). For a standard Lagrangian

1 .
L= B ZgijQin - Vi(q)
tj
whose generalized momenta are
pi = Z 9ij4;
J
the Hamiltonian is the total energy of the system

) 1 ..
H = ZpiQi — L= 3 ZgijQin +V(g)=FE (1.34)

ij

Thus, energy conservation is a consequence of time translation invariance.
This nice result is a consequence of another restriction: Lagrangian systems
do not admit dissipative forces since a Lagrangian cannot be defined for
them.

1.2 Introduction to the Hamiltonian formu-
lation

1.2.1 The Hamilton equations

In order to introduce coordinates and momenta in a symmetrical way, let us
perform a Legendre transformation of the Lagrangian

H(q,p.t) = 3_pigi — L(q,4,1) (1.35)

which transforms the Lagrangian L, a function of coordinates and velocities
into a new function, the Hamiltonian function, H of the coordinates and
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momenta!. This is easy to check by computing the total differential of both
functions. We have

OL oL oL
Lqg,q = = da. 1
dL(q,q,t) EZ <3qid(h+ aqldq> + 5 (1.36)
while
. ) oL ., OL oL
Wapt =2 (“dqﬁ e g aﬂ) T
oL oL

2 (q¢ P g, qﬁ) i (1.37)

(L 2y 2

Comparison of the last two lines in equation (1.37) and the Lagrange
equations (1.9) lead us to the Hamilton equations

o0H
li = 1.
=5 (1.38a)
o0H
So— 1.
D 0 (1.38b)
oH oL
o T a (1.38¢)

These beautiful symmetrical equations are also called canonical equations.
They describe the mechanical system and are equivalent to the Lagrange
equations if velocities and momenta can be exchanged, namely, if the trans-
formation defined by equation (1.10) can be inverted.

A variational principle

The Hamilton equations can be derived from a variational principle. Substi-
tution of the Lagrangian by its expression in terms of the Hamiltonian leads

to "
S :/t_ ZPin’ — H(q,p) (1.39)

The variation must be done on both (g, p), with fixed endpoint condition
for the ¢ but no conditions on the p.

'Really, equation (1.35) is minus the Legendre transformation of the Lagrangian.
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1.2.2 Examples

Let us consider the same examples we saw in Section 1.1.3.

Particle moving on a curve

Equation (1.20) is the corresponding Lagrangian. The generalized momen-
tum is

oL

=% = mF(€)¢ (1.40)

P

and the Hamiltonian

H(&,pe) = pek — L(E,€)

B pg (1.41)
The corresponding Hamilton equations are
- _O0H P 1.42
¢ dpe  mF(g) (1.423)
7 A | S i (3 Jpe——
Pe = 875 = T omFE) F o) VV.r (1.42Db)

Motion in a central field of force

The corresponding Lagrangian is written in (1.21), from which we derive the
generalized momenta

p. = mr Py = mr2¢ (1.43)
and the corresponding Hamiltonian

H = p,7 + pgd — L

2 2 (1.44)
Dy Dy
= V
2m + 2mr? +V(r)
and the canonical equations are
._ Dr ; Dy
r= o= - (1.45a)
I
by =—V'(r) — =2 Py =0 (1.45b)
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The last equation shows that p, is a constant of motion, namely, angular
momentum

po = L =mrp (1.46)

This is, of course, a consequence of isotropy around the origin.

1.2.3 Phase space

Le us introduce a compact notation for the Hamiltonian formulation of me-
chanics. The symmetry between coordinates and momenta suggest us to
introduce a state vector, of dimension 2n, whose components are

¢ = (Z) (1.47)

J= (EI (')) (1.48)

whose elements are n X n matrices.
With this notation, the Hamilton equations take the very compact form

: OH
E=1 o€ (1.49)
This latter equation suggest an interesting geometrical interpretation of
the motion of the system. The vector £ describes a curve in a 2n-dimensional
space whose points represent possible states of the dynamical system. We
call this space the phase space of the system.
As an example, consider the phase space for a harmonic oscillator whose
Hamiltonian is

and a fundamental matrix

v L5 9
H="—+4+-mw 1.50
5 T 5med (1.50)
The corresponding phase space is two-dimensional, but energy conservation
restricts the motion of the system to the energy surface (in this case a closed
curve)
P’ 1 2 2
H=F=_—+4-nmw 1.51
5 T g (1.51)
i.e. a ellipse with semi-axes

2K

mw?

a =
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Ap

Figure 1.1: Phase space of the harmonic oscillator.

The point representing the state of the system moves along the ellipse
with a constant angular velocity w:

xr = asin(wt + ¢) p = bcos(wt + ¢)

For systems with more degrees of freedom, the phase space is not easily
represented. However, for all systems the motion of the representative point
is restricted to the energy hyper-surface defined by

H(p,q) = E. (1.52)

Additional restraints will be introduced by other conservation laws such as
angular momentum conservation. These restrictions allow sometimes a visual
representation of the 2n-dimensional phase space.

For instance, motion in a central field of force leads to a four-dimensional
phase space. Angular momentum conservation, however, restricts the path
of the representative point to the three dimensional subspace p, = L and
energy conservation again limits it to the two dimensional surface

2

2
_pr_{_

H—
2m  2mr?

+V(r)=E (1.53)
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Figure 1.2: Illustrative phase space for motion in a central field.

For the particular case of bounded motion, this surface is a torus embed-
ded in the subspace p, = L.

1.3 Canonical Transformations

The Lagrangian formulation of mechanics is characterized by the covariance
of the equations of motion under general transformations of coordinates: the
Euler-Lagrange equation have the same form in any system of coordinates.
In a similar way, the canonical equation are invariant under a set of general
transformations in phase space, called canonical transformations.

Canonical transformation are defined as a set of coordinate transforma-
tions

such that the canonical equations (1.38) keep their form in the new variables
= P=——1—"- 1.55
Q P, 20, (1.55)

where K(P,@Q,t) denotes the new Hamiltonian.
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The simplest characterization of canonical transformations is obtained
from the variational principle considered in Sec. 1.2.1. The Hamilton equa-
tions will be form invariant if the corresponding Lagrangian differ only in a
total time derivative

. dF
ZpiQi_H:ZBQi—K-FTtl (1.56)

where [} is called the generating function of the canonical transformation.
Writing (1.56) in the form

dFy = Zpidqz' - ZPiin + (K — H)dt (1.57)

is clear that F} is a function of the coordinates ¢ and (), and that the momenta
and the Hamiltonian difference are obtained as

o 0F; p_ _8F1
b= dq; t 0Q;

With the use of Legendre transformations other forms of the generating
function can be obtained. For instance, defining

FQ(Q7 Pa t) = Fl(Qa Qa t) + Z Q’LPZ (159)

OF
K(Q.P1)=Hlgpt)+ 55 (L58)

since

dFy = dFy + ) (Q:dP; + P,dQ;)

= > (pdg; + QudPy) + (K — H)dt (1.60)

and so F; is a function of the old variables and new momenta, from which
the remaining canonical variables are found in the form
_0F _0F 0F,

= B = 9B K=H+ 5 (1.61)

i Qs
With suitable Legendre transformations, it is possible to recast the gen-
erating function in two other standard forms F3(p, @,t) and Fy(p, P,t).
However, many of the canonical transformations in practical applications
are used to change a few pairs of the canonical variables, leaving all others
unchanged.
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1.3.1 Examples

Let us present a few simple examples of canonical transformations.

Elementary canonical transformations
The generating function

is the unit canonical transformation, that keeps coordinates and momenta.
Another elementary canonical transformation that exchanges coordinates
and momenta is

Fy = Z%’Qi P =yq Qi = —pi (1.63)
A third example of generating function is

F, = Zfi<Q)Pi (1.64)

which generates coordinate transformations (also called point transforma-
tions). So, canonical transformations are generalizations of coordinate trans-
formations.

Application to the harmonic oscillator

Let us write the Hamiltonian of the harmonic oscillator in the form

1
H = %(p2 + m*w?q?) (1.65)

Since the Hamiltonian is a quadratic form in the coordinates and mo-
menta, let us seek a canonical transformation of the form

2
mw

q= 5 f(P)cos@Q p=—V2mf(P)sinQ (1.66)

where f(P) is an unknown function. Substitution of (1.66) into (1.65) yields
the new Hamiltonian

K =[f(P)] (1.67)
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Figure 1.3: A canonical mapping for the harmonic oscillator.

thus, if (1.66) represents a canonical transformation, @ is a cyclic variable
and P is a conserved quantity.
Elimination of f(P) between the equations (1.66) yield the condition

OF,
p=—mwqtan Q) = a—ql (1.68)
and therefore .
Fi(g,Q) = —§qu2 tan @ + g(Q) (1.69)

where ¢(@Q) is an arbitrary function. With ¢g(Q) = 0, we obtain

ory 1 mwq? 1

P = — = — =
0Q  2cos?@Q  2m

() (1.70)
and our final result
K =wP = H(P) (1.71)

Figure 1.3 shows the effect of the mapping: constant energy curves are
mapped on P momentum while constant phase curves are mapped on
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coordinate. As a result of the mapping, the () variable is cyclic and from the
Hamilton equations we obtain

. 0K
Q_a?_w — Q_wt+¢

The canonical transformation, found with simple mathematical tools, has
completely solved a the simplest nontrivial problem in mechanics.

1.3.2 Symplectic structure

Let us examine the invariant structures in phase space under canonical trans-
formations. Using the notation of equations (1.47)—(1.48) the transformation
law can be written, for time independent transformations, in the form

n=F(§) (1.72)

Under this transformation the Hamilton equations should behave as

ézﬂifz — ﬁ:Jaa[; (1.73)
where K is the new Hamiltonian.
Let M be the Jacobian matrix of the transformation. Then
1 =M¢ = MJ%[; = MJMT?; (1.74)
Comparison with (1.73) yields the result
J=MIMT (1.75)

i.e. the unit symplectic matrix is invariant under canonical transformations.

The geometry having J as an invariant is called symplectic geometry. The
characteristic group of transformations is the symplectic group of matrices
satisfying (1.75). Another symplectic invariant built with J is the symplectic
product

[, n] = &In (1.76)
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1.3.3 Integral invariants

One of the most interesting results of the Hamiltonian formulation is the exis-
tence of integral invariants: geometrical structures invariant under canonical
transformations.

The simplest integral invariant can be found from (1.56) integrating over
a closed curve C' in phase space

fg >_pidg; = j{ > PidQs (1.77)

C

where C is the image of C' under the canonical transformation. The quantity
IHC) = §, 3 pid (178)
is called a relative integral invariant. This can be written as

1HO) = 5 f (pida — audp) = f,[€.de] (1.79)

which explicitly shows the symplectic structure of the invariant.
Applying the Stokes theorem to the line integrals in (1.77) we obtain

//Szdpid%' ://gzdPiin (1.80)

where S is the surface in phase space limited by C' and S is its image. The

integral
1'(8) = //Szdp@-dqz- (1.81)

is called an absolute integral invariant whose symplectic structure is

1'8) = /[ ldp.. da) (1.82)

In a similar way, there exists a sequence of invariants
= [l Sdudpdgap; - = [ [ Tldadp (183)
Vg Vo ™y

each of them a volume of a k-dimensional set in phase space. These invariants
play an important role in the foundations of statistical mechanics.
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1.4 Poisson Brackets

The composition of canonical transformation is another canonical transfor-
mation and this suggests the possibility of studying infinitesimal canoni-
cal transformations whose composition generate finite canonical transforma-
tions. In turn, infinitesimal canonical transformations reveal another geo-
metrical structure in phase space, namely, Poisson brackets.

1.4.1 Infinitesimal canonical transformations

An infinitesimal canonical transformation is generated by a generating func-
tion close to the identity

Fy =) ¢P +¢G(q, P) (1.84)

where € is an infinitesimal parameter and G(q, P) is the infinitesimal gener-
ator of the transformation.
Using (1.61) one finds, neglecting higher orders in €

9G(q,p) 0G(q,p)
g e\ ) P = — e\ 1.
Qi=q +¢ 9, =P e (1.85)
that can be recast in symplectic form
E=xi+ a]]%? (1.86)
or, in differential equation form
dg oG
Rl 1.
d\ J 0€ (1.87)

with the obvious replacement ¢ — dA.

Comparison of (1.87) with the Hamilton equations (1.49) we deduce that
the Hamiltonian is the infinitesimal generator of a canonical transformation
that describes the time evolution of the Hamiltonian system. This beautiful
result suggest a new approach to the integration of the equation of motion:
find a canonical transformation that “freezes” the motion of the system.
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1.4.2 Poisson brackets

Let F(q,p,t) be a function representing some physical quantity. Common
examples are the Hamiltonian H (g, p) or the z-component of angular momen-
tum L, = xp, — yp,. Consider now the action of an infinitesimal canonical
transformation (1.84) on F(gq,p). A series expansion around the original
point in phase space yields

oF oF

and using (1.85) we obtain
F(Q,P) = F(q,p) + ¢ {F.G) (1.88)

where we have introduced the Poisson bracket of functions F and G

(.6} =% (gi gz - gz gi) (1.89)
or, in symplectic notation
{F,G} = a—FTﬂa—G (1.90)
g o0&
The Hamilton equations can be written in Poisson bracket form
G = {a, H} pi={pi, H} or £ ={¢ H} (1.91)
Using (1.88) we can easily write
P (p O 1o
and for a conserved physical quantity
{F,H} =0 (1.93)

which is an extremely concise expression for a conservation law.
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1.4.3 Properties of Poisson brackets

Poisson brackets satisfy several useful identities.

{F,G} = —{G,F} Antisymmetry (1.94a)
{aF +bG,H} =a{F,H}+b{G,H} Linearity (1.94Db)
{FG,H}y={F,H} G+ F{G,H} Leibniz Property (1.94¢)

These equations show that Poisson Brackets are differentiation operators on
phase space.
Another important property is the Jacobi identity

{F.{G,H}} +{G,{H,F}}+{H,{F,G}} =0 (1.95)

whose proof is straightforward but rather long.
The fundamental Poisson brackets are

{Qi7Qj} = {Pulh‘} =0 {Qi,pj} = 5z'j or {575} =7J (1-96)

Last but not least, Poisson brackets are canonical invariants. Consider
the Poisson brackets computed with a particular set of canonical variables
§=(q,p) .
oF  _0G
— J—= 1.97
o0& J o0& ( )

Under a canonical transformation & — 7

{F.G}e =

oF or oG oG
oMt — =M= 1.
on o0& on o0& (1.98)
and so -
_oF +0G
{F, G}77 =~ ¢ MJM o€ {F, G}5 (1.99)

which proves the invariance.

1.4.4 Liouville’s theorem

Since the motion of a Hamiltonian system can be described as the unfolding of
a canonical transformation, the integral invariants (Sect. 1.3.3) are preserved
through the time evolution. Thus, if Sj is a two dimensional region at time
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t = ty, its image under the motion at ¢t = t; will be S; and they will have the
same area

11(50) = //So dez‘dqz‘ = //51 dez’d%‘ = ]1<Sl> (1-100)

Similar theorems are valid for all invariants and, we obtain Liouville’s theo-
rem: volumes in phase space are preserved by the equations of motion.

It should be stressed that these invariants are not constants of motion:
the latter are associated with each given solution of Hamilton equations while
integral invariants are associated with set of states or sets of solutions.

A pictorial interpretation of integral invariants is to consider an ensemble
of systems, sharing the same Hamiltonian, but each one with different ini-
tial conditions. Each member of the ensemble will evolve according to the
Hamilton equations and the ensemble will describe a complex set in phase
space. However, the volume of is section I*[V (#)q;] will be time independent.

1.5 The Hamilton-Jacobi equation

Let us find a canonical transformation that “freezes” the motion of a Hamil-
tonian system with Hamiltonian H (g, p,t). It will be enough to impose that
the the transformed Hamiltonian K be independent of the canonical variables
since then

0P, 0Q;
The simplest choice is K = 0.

Call F, = S(q, P,T) the generating function and from the transformation
equations (1.61) we find the condition

H(q,as,t> +aaf =0 (1.102)

Qs 0 (1.101)

dq

which is the Hamilton-Jacobi equation: a nonlinear partial differential equa-
tion for S in n + 1 variables, whose solution is the generating function of the
canonical transformation.

We do not need the general solution of (1.102), which depends on an
arbitrary function, but only a complete solution depending on n+1 constants
«; in the form

S=S(q1, s qn; a1, Q) + Qg (1.103)
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A solution of this form is called Hamilton’s principal function. The additive
constant a1 is irrelevant so we have n arbitrary constant that correspond
to the new momenta. From the transformation equations we find

9S(q, a,t)

pi:T Qi

_0S5(q,a,t)

el (1.104)

This system of (generally nonlinear) equations may be inverted to obtain the
original coordinates and momenta as a function of time

¢ = qi(a, B,t) pi = pi(a, B,t) (1.105)

Thus, the Hamilton-Jacobi equation furnishes very powerful tools to find the
solution of a mechanical problem if a complete solution can be found.

The principal function of Hamilton has a very simple interpretation. Its
total derivative is

S=>pdi—H=1L

and integrating
S = /Ldt + g (1.106)

which is the action computed along the physical trajectory of the system.

1.5.1 Examples

Let us analyze some important examples of application of the Hamilton-
Jacobi equation.

The harmonic oscillator

This simple example of the Hamilton-Jacobi equation is very instructive.
Since the Hamiltonian of the system is

P’ 1 2 2
H=—+- 1.1
S + 5w (1.107)
the Hamilton-Jacobi equation results

1 (os\* 1 ,, S
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To find a complete solution we shall try the method of separation of
variables in an additive form

S=W(q)+T(t)

which yields
1 (dw)? e AT
— | — —mw ¢’ = ———
2m \ dq 2 q dt
The first member of this equation is only function of ¢ while the second
member is function of ¢, so both must be equal to some constant «

1 (dw\* 1,
Z = 1.1
o < dq) oMWt =a (1.109a)
daT
- = 1.109b

We finally get

1
S=—-at+ \/Zm/ \[oo— §mw2q2dq (1.110)

and from this expression we find

8;9’
Jda

:5:—t+\/%/2 dq
«

1 , ( mw? )
= —{ + — arcsin q
w 2a

and solving ¢ we find the well known solution of the harmonic oscillator
problem

(1.111)

200 .
4=/ sinw(t + ) (1.112)

Thus we can interpret the new momentum with the energy a« = E and
the new coordinate with minus the initial time g = —t, respectively.

In every conservative system a similar separation of time is possible, writ-
ing

S(q,a) = —Et + W(q, ) (1.113)
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where we have introduced the Hamilton’s characteristic function. It satisfies

the differential equation

ow
H(q¢ 2 )= E 1.114
(%) (1.114)

and generates a canonical transformation such that the new Hamiltonian is
only a function of the new momentum P, = E and the new coordinate is the
(shifted) time

K = B(a) Qi =t+p (1.115)

Motion in a central field

This is another example that can be solved with the Hamilton-Jacobi equa-
tion in full three-dimensional space. The corresponding Hamiltonian is

g L P, P FV(r) (1.116)
T om \Pr T2 T aginZe ’
which leads to the corresponding Hamilton-Jacobi equation
1 [(8s\* 1 [0S\ 1 (8S)° S
— || = — = — | =— % — =0 (1.117
2m (87") +r2 (89) +r281n29<8¢> V) + ot ( )

We can try to solve this problem with the method of variable separation,
seeking a solution in the form

S=—ayt+W(r0,0¢) W = R(r)+ 0(0) + ®(¢) (1.118)
which leads to the separation equations

1| fow\> 1 (oW’ 1 oW\
m[(a) +r2<ae> +ne<a¢> Vi) =a=E

(1.119a)

‘éi S (1.119b)
90\> L2

(09> T (1119¢)

2
L2
T T
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Figure 1.4: Orbital elements and integration constants.

where conventional names have been replaced for the o constants.
Thus Hamilton’s principal function results in

S:—Et—LZ(bJr/ L2 —
(1.120)

+/\/2mE——2mV( \dr

This is a complete solution of the Hamilton-Jacobi equation depending
on the three constants F, L, L,. Once the coordinate system is chosen, the
geometry of the problem (i.e. the orbital elements) and its relation with the
integration constants will be evident.

Let us choose a new coordinate system with axes (£,7,() as shown in
Figure 1.4. The (z,y) plane is the reference plane R, while the new (£, )
plane is the orbital plane O. The angle between both normals (the z and
axes) is the inclination angle of the orbit. The intersection of both planes is
the line of the nodes Y, forming an angle 2 with the x axis. The angular
momentum vector L lies along the { axis and its projection on the z axis is
L.,.
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Figure 1.5: Relations between the angles.

With the above geometrical setting we can proceed to the integration of

the central force problem. The second integral in (1.120) is straightforward
but somewhat tedious.

2
JZ/MB—,%<M
sin? 6
= L/\/sm 0 — cos? 1
sin 6
= —L/\/sm z—cos20 dcost

— cos?%0
cos%bdw

1 — sin? isin? ¢

= —Lsin?i

(1.121)

In the first line the replacement L, = L cosi was made and the last line was
obtained with the change of variables

cos @ = sinisin (1.122)
which can be interpreted geometrically from some well-known results in
spherical trigonometry.

Let v be the angle the angle that the particle P forms with the node along
the orbit plane O (Figure 1.5). Then in the spherical triangle of Figure 1.5
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the relations between the angles are

a=¢—Q (1.123a)

5 = g — (1.123b)

tan(¢ — Q) = tan cosi (1.123c)
sind = sinésiny (1.123d)

and the latter equation is equivalent to our variable change (1.122).
With the latter change of variables, the integral (1.121) can be easily
computed
I = — Ly + Lcosiarctan(cositan )
=—Ly+L,(¢—N)
where we have used the result (1.123d) to simplify the result. The principal
function of Hamilton (1.120) results after substitution

(1.124)

2

S=—-Et—LQ— LY+ / \/QmE - L—z —2mV (r) dr (1.125)
r

and the latter integrand can only be computed when the central potential
V(r) is known.

However, one can find the equations of motion from the above general
expression for S. Since the conjugate canonical momentum of ¢ is L

oS

L=— 1.126
o (1.126)
then we find the equation of the orbit computing
08
Br = 1o = 9L

L
/ I dr (1.127)
V2mE — & —v(r)"?
The last equation of motion can be found from

_ 08
- OF

t+/ mdr
\/QmE — % —Vi(r)

which may be called the time evolution equation. Again, the integral can be
computed only if V(r) is given.

=

BE = to
(1.128)
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1.5.2 The Kepler problem

Let us consider the motion of a particle (which we shall denote as “planet”
sometimes) in an inverse square force

V(r)=—— (1.129)

where we shall limit ourselves to the £ > 0, £ < 0 case.

Although the last integrand in (1.125) can be explicitly computed, the
result is far from illuminating and it is better to solve equations (1.127) and
(1.128), which can be solved in terms of elementary functions.

The equation of the orbit in the Kepler problem is

Ldr
Y — b = / —
r2\/2mE — & + &
L mk (1.130)
= arccos r L =
2mE + (m’?

L

If the axis (§,n) are chosen such that 1y = 0, the orbit takes the explicit
form

p
- = 1.131
" 1+ ecost ( 2)
where
L’ 1.131b
p= mk ( . )
and
2F 2

Equations (1.131) represent a conic section of eccentricity e and latus
rectum p with one focus on the origin. In our case £ < 0 the conic is an
ellipse with semi-axes

P k
_ R 1.132
“T1-e " 2E (1.132a)
L
b= L (1.132b)

Vi—e2  2m|E|

Figure 1.6 shows the elements of the keplerian ellipse in the plane.
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nh o

Figure 1.6: Elements of a keplerian ellipse

The integration of the time evolution equation (1.128) can be simplified
very much if the physical constants F, L are expressed in term of the geo-
metrical parameters a, e using equations (1.131c) and (1.132a). One obtains,

then
t—ty = \/fa% / \/(ae);iir — (1.133)

where the new integration constant

to = BE (1.134)
is called the perihelion passage time. With the variable change
r=a(l —ecosu) (1.135)
where u is the eccentric anomaly, the integral is elementary
t—ty= z(u—esinu) (1.136)
27

where we have introduced the revolution period

T = zm/%a% (1.137)
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Figure 1.7: Angles u and ¢ in Keplerian motion.

Equation (1.136) is usually called the Kepler equation and together with
(1.135) provide a parametric representation of the movement of a planet on
its orbit.

Angle u has an interesting geometrical interpretation. Draw a circle of
radius a, concentric with the orbit and mark a point () on it, with the abscissa
of the particle P. Let p be the distance between () and C, then u is the angle
between the auxiliary radius p and the direction of the pericenter w.

1.6 Action-Angle variables

The full power of the Hamiltonian formulation is better seen when canonical
variables suitable for specific applications are used. The canonical pair in-
troduced above (Sect. 1.5) (ay, 8;) are in general useful but they are not the



40 CHAPTER 1. REVIEW OF HAMILTONIAN DYNAMICS

only possible set. For instance, any change of variables in the form

Yi = vi(a) = P (1.138)

7

yields another set of canonical variables where the Hamiltonian is only a
function of the new momenta and the corresponding equations of motion can
be simply integrated. Indeed

= 55 =

For the particular case of periodic motion such a suitable set of canonical
variables is the action-angle variables.

o0H B
Vi B

P, 0 P=v Q= wi Q =wit+pF (1.139)

1.6.1 One-dimensional case

Let us point out that there are two types of periodic motion in a one dimen-
sional Hamiltonian system: rotation and libration. In a rotation periodic
motion, variable ¢ can grow without limit as a function of time, although H
is a periodic function of ¢, and the angular coordinate ¢ in a central potential
is an example. The motion is a libration if coordinate ¢ remains bounded.
Both types of motion may be present in a mechanical system, depending on
the initial condition, as in the case of a pendulum, with Hamiltonian?

2
H = %—l—g(l—cosq) (1.140)

which performs librations if £ < gl and rotations if £ > gl (Figure 1.8).
In a one dimensional Hamiltonian system, let us define the action variable

J in the form .

J = —j{pdq (1.141)
2T

where the integral runs though a full period of the system. Obviously, J does
not depend on ¢ and as the Hamiltonian is conserved

H(p,q)=a1=E p=p(q.E)
J must be a function of E only

2In next chapter the pendulum is extensively discussed.
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Figure 1.8: Phase space of a pendulum, with rotation and libration
regimes (see next chapter).

Through this latter equation, the Hamilton characteristic function must
be function of J
W =Wl(q,J) = Fz(q,J) (1.143)

or, it can be interpreted as a F, type generating function of a canonical
transformation to a new set of variables

ow
P=J =— = 1.144
Q=57 =u (1.144)
and the new variable w is called the angle variable. This canonical transfor-
mation is of the type defined in (1.139) and w must be a linear function of

time
o0H

w=wt+p w 57

w (1.145)

Among the («, §) family of variables, action-angle variables enjoy certain
advantages. First, the integration constant w is the frequency of the periodic
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motion, as can be easily seen computing the change in the angle variable
along a period T of the motion

_0AW (¢ pdq) B B
=S = _on—ur (1.146)

and the latter equality proves our statement.
Since the motion is periodic, any uniform function of (¢,p) can be ex-
panded in a Fourier series in w of period 27

Aw

Fg,p) = > Fu(J)e™ (1.147)
whose coefficients are functions of J only, a second important property of
action-angle variables. As a particular case, (¢,p) are uniform functions
of (q,p), except coordinates themselves in the case of rotation, and can be
expanded in the form

p=_ pa(J)em™ (1.148a)
_JEia )einw | librat'ion (1.148b)
3= Aq+ 3, qn(J)e™”  rotation

where Agq is the periodicity interval of variable q.
Let us compute the action-angle variables for the harmonic oscillator.
The action variable is

1
J= ff d
o baq
1
=5 f \/QmE — m2w?q?dq (1.149)
E

w

the Hamiltonian and the (constant) frequency are

OH

H=uwl] ==
w w aJ,

Hamilton principal function is

1
W = \/Qm/ \Jwd — imuﬂq?dq (1.150)
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and w is found from W

ow mw
W= —— = arccos | —=x
2J

= 1.151
57 (1.151)

and finally, the Fourier series for the coordinates are
q = V2Jmwcosw p = V2mwJsinw, (1.152)

both having a single term.

1.6.2 The separable case

The results of Sect 1.6.1 can be extended immediately to a completely sepa-
rable system of n variables. In that case

W=3 Wiga) (1.153)

i=1

where each W; depends only on the ¢; coordinate. The variables
1 row 1
P A 7dzzfj{ ,dlzl 1.154
Ji= 5o 9q, 14 = 5 § Pida Ji(@) (1.154)

are called action variables and are functions of the set of constants «. In-
verting the set of equations (1.154) the generating function of a canonical
transformation .
W= 3 Wil ) (1.155)
i=1

and the new Hamiltonian
H=o(J)=H(J) (1.156)

are found. The angle variables are the canonical conjugates of the action

variables
B ow

- OJ;

and the Hamilton equations take the simple form

wy

(1.157)

J; =0 W= =w; (1.158)
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and it can be shown that the w; are the frequencies of the mechanical system.

Any uniform function of the canonical variables (¢, p) can be expanded
in a multiple Fourier series

Flg,p) = Y Fiyky(J)e 2t (1.159)
{ky..kn)

In the general case, a mechanical system with n degrees of freedom has
n independent frequencies, that is to say, it does not exist a set of integers
N = {ky...k,} such that the linear combination Q = > ;| kw;(J) = 0.
Such a type of motion is called multiply periodic or also quasiperiodic. In the
particular case where a set N exist such that {2 = 0 the motion is resonant.
The motion will be periodic only if all the frequencies w; are multiples of a
single frequency wy and in that case the system is resonant. If m frequencies
are equal, the system is called m — 1 times degenerate and if all frequencies
are equal the system is fully degenerate.

In the case of resonance the problem can be simplified through the elimi-
nation of some of the angle variables. Indeed, let us introduce the generating
function

Fy = J0 ) kaw + Y Jjw; (1.160)
i=1 j=2

and the new canonical variables are

o kiw; g =1
N (1.161a)
wj J=2
and
Ji =1
o=3m (1.161b)
Jj - nfith ] Z 2

and the w; variable is a (local in general) constant of motion.

3Resonances will be extensively discussed in the forthcoming chapters.
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1.6.3 The Kepler problem

Let us find the action-angle variables for the Kepler problem. From the
definition (1.154)

1
P = — do =L, 1.162

Ty = o § padt (1.162a)

1 1 L?
J’:—]{ dez—f\/[ﬂ— = 1.162b
2= 9 J P 2 sin? 6 ( )

1 1 2mk  L?

r_ _ _ =
J) = o %prdr o ?{ \/QmE + " - dr (1.162c)

The first integral is immediate and the others can be easily computed
with suitable changes of variables (Sect. 1.5.2) or with the powerful tools of
complex integration. The results are

Jiy =L, (1.163a)
Jy=L-1L, (1.163Db)

k |2m

and from these equations the set of constants of the motion o = (E, L, L)
can be replaced by J; set. The Hamiltonian is

1, 7.2
ka

H=—
(J1+Jo+ J3)?

(1.164)

From this expression we find that the system is completely degenerate
with a frequency
mk?

Bt R OV /R I 1A ( )

and the motion is periodic.

An easy way to compute the w; variables is to observe that since the
canonical conjugate variables to the « set is § = (=€), —w, —t() a canonical
transformation leading from the «, 8 variables to the (J, w) ones is

1,72
smk

(J1+Jo+ J3)

Fo=JQ+ (Jy+ J5)w — S (t — to) (1.166)
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from which we obtain the w variables in the form

wy = Q+n(t—to) (1.167a)
wh = w +n(t —to) (1.167Db)
wy = n(t — to) (1.167¢)

and the latter expression is the mean anomaly of the orbit.

Since the system is fully degenerate, there are several canonical transfor-
mations that make two of the angle variables constants of the motion. One
of them is generated by

Fy = Jywy + Jo(wh — wy) + J3(ws — w)) (1.168)

which transforms the Kepler problem to the Delaunay variables

J1 = vVmka wy = n(t —tg) (1.169a)
<]2 =1L Wy = W (1169b)
Jg = Lz W3 = Q (1169(3)

As we have shown before, any uniform function of the canonical variables
can be expanded as a Fourier series in the Delaunay variables (or any vari-
ation of them). These expansions are the basis of perturbation theory in
celestial mechanics.



Chapter 2

Non—linear Oscillations

The time evolution of any variable in a conservative Hamiltonian system
exhibits, in a broad sense, oscillations. There is however a main difference
between linear and non-linear oscillations, the latter appear in non-linear
dynamical systems. A simple way to distinguish a linear system from a
non-linear one is just by the inspection of the corresponding Hamiltonian
differential equations. If they are linear in the coordinates, the system is
called linear while if they involve non-linear functions of the coordinates,
the system is said to be non-linear. The main difference between linear and
non-linear systems is in the oscillation frequency. In general, a linear system
presents a constant value of the frequency (the so-called isochronism), while
in a non-linear one the frequency depends on the integrals of motion, like the
energy for instance. This fact has a major implication when we model and
study resonances in non—linear systems.

In this Chapter we introduce two examples of non-linear models of one
degree of freedom which will be largely used along this text, just by consider-
ing perturbations to these models or constructing many dimensional systems
by recourse of one of the systems presented in the last section of the current
chapter.

2.1 The Pendulum

One of the simpler and at the same time fairly useful non-linear systems is
the pendulum. Let us consider in the xy plane, a point mass m suspended
from a pivot as shown in Figure 2.1. Therefore

47
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Figure 2.1: Sketch of the ideal pendulum

x =lsinp; y= —lcosy,

where [ is the constant length of the pendulum and ¢ the displacement of
the point mass with respect to the y-axis. The potential energy is then given
by

V =mgy = —mgl cos .

Notice that the momentum conjugate to ¢ is p = mi*p, so denoting M = ml>
and V) = mgl the corresponding 1D Hamiltonian can be recast as:

2

H(p,p) = 2% — Vpcos . (2.1)

The potential energy of the pendulum is displayed in Figure 2.2. For different
energy values H(p, p) = h, we observe that the minimum at ¢ = 0, h = =V,
corresponds to the rest position at bottom, while for those values of ¢ for
which —Vj < h < Vj there are turning points, so that the pendulum oscillates
with an amplitude that increases with h, and for A > V), ¢ is not bounded
and the pendulum rotates.

In most of the elementary books of mechanics, only the case of small
oscillations is considered. That is, if |¢| < 1 which corresponds to |h+ V| <
1, then

2
cosp=1-— % + O(p"h),
so, neglecting constants (or shifting h — h + V4) and retaining up to second
order in ¢, the Hamiltonian (2.1) reduces to
P 2

2
Hy(p, ) = oM + VO?a
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VIV,

Figure 2.2: Potential energy of the pendulum

which corresponds to a harmonic oscillator, whose solution setting ¢(0) = 0,
is

©(t) = @o(h) sinwot,

where g (h) is the (small) amplitude and w? = V/M is the small oscillation
frequency, that it is constant.

But we are interested in solving the pendulum for any value of the energy,
so let us rescale the Hamiltonian (2.1) such that M = 1, so it could be written

as
2

H(p,¢) = % — Vo cos p, Vo = wp. (2.2)

From the Hamilton equations p = ¢, then (2.2) for a given energy label
h leads to

de
= +1/2(h + Vy cos ). (2.3)

Thus, setting ¢ = 0 for t = 0, we can write

+t =

4 do
/ . (2.4)
0 \/Z(h + Vo cos 0)
Clearly this integral should have different solutions depending if 0 < h <
Vo or h > Vj, since in the first case the argument inside the square root could
be negative. Physically, it is simple to understand that in one case we would
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have oscillations and in the other one rotations. The 4 sign is only relevant
for defining the sense of rotation of the pendulum. In any case, the solution
of the integral (2.4) is in terms of elliptical functions.

2.1.1 Oscillations

Let us first focus in the case in which h < Vp, that is [¢(t)| < 7. In any table
of integrals it can be found that

1 -1
t= T F(y,r7), (2.5)

where

. Vo(1 — cos @) 2V5 s do
_ Cr= . F(B,k :/ . (2.6
Sy V' A+ TV " V h+Vp (8, ) 0 V1—k2sin®« (2:6)

The last expression in equation (2.6) is the elliptic function of the first kind.
In order to simplify the computation, let us consider the amplitude of
oscillation ¢g(h) instead of h. Clearly, from (2.1) the amplitude satisfies

h = _% COS o,

and, using the trigonometric relation

.o 1—cosy
sin® — = ———|
2 2

it is straightforward to show that

ho+ Vo = 2V sin® 22,

then
sin(i2/2)

sin(o/2)
Recalling that Vy = w? according to (2.2), then from equations (2.5) and
(2.6) we obtain

r~! =sin % = k(po), siny =

Y(p,00) do
wot = / . 2.7
0 0 1 — k2sin’ o (2.7)



2.1. THE PENDULUM ol

The solution for v(y, o) is given in terms of the Jacobi elliptical amplitude:
v(p, po) = am(wot, k(¢o)), —  sin~y = sin(am(wyt, k)) = sn(wot, k),
where sn(u) is the so—called Jacobi elliptical sine. Thus, for ¢ we attain the

following implicit solution:

sin g = sin % sn(wot, k) = ksn(wot, k).
In order to get an explicit solution for ¢(t), let us take the time derivative

of the last expression:

sn(wot, k),

using the relationship

dCLsn(u, k) = cen(u, k)dn(u, k), dno(u, k) = /1 — k2sn?(u),

where cn(u, k) stands for the Jacobi elliptic cosine, we get

% COS g = kwo en(wot, k)dn(wot, k).
But since

k*sn?(wot, k) = sin® g then dn(wot, k) = cos g,

we arrive to an explicit solution for ¢,
o(t) = 2kwoen(wot, k).

The Fourier series expansion for cn(u, k)! is given by

o 00 qn—1/2 on
= E 2n —1 ;
P = kw1 P VK

with

/2 d
K (k) :F<7T,k> _ -
2 0 1 — k2sin?«

1See Gradshteyn and Ryzhik, Table of Integrals, Series, and Products, Seventh Edition
(2007), for the strip of convergence of this expansion.
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the complete elliptical integral of first kind, and

(= K —F (gk/) LK =VIZR

Thus the coefficients of the Fourier series can be written as

qn—1/2 1 1/2

L+ g2t @124 g~ (=12 gy (K’(2n — 1)@) ’

wo

where

w(k) = (2.8)

so, finally there results

o(t) = dw(k) Z;l oy (K,(Qi —em

wo

) cos ((2n — 1N w(k)t). (2.9)

We should remark that among all the terms involved, the oscillations have a
frequency w(k) (k: =singo/2 = /(h+ VO)/QVO), given by (2.8), that depends
on the energy. This is in fact the non-linear character of the pendulum
oscillations.

Since ¢(t) is an analytic function, we can integrate (2.9) term by term to
obtain ¢(t). Denoting by w,(k) = (2n — 1)w(k), a simple calculation leads

to
s 1
o) =4 2 o T e (K (k) 228)

wo

sin (wy, (k) 1) . (2.10)

Thus we have obtained an explicit form for ¢(f) in terms of a Fourier se-
ries, where both, the coefficients and the frequency depends on the energy h
through the parameter k. Notice that the frequency spectrum involves solely
odd terms.

In order to check the result given in (2.10) and to illustrate the manip-
ulation of elliptic integrals, let us consider that h ~ —Vj, that is, the small
oscillation regime. Recalling the expression for k, for these small values of
the energy, k < 1, and also ¢g < 1. We start with the frequency (2.8), so
we need an approximate expression for K(k). On expanding the argument of
the elliptic integral of the first kind in powers of k? up to O(k?), we obtain

1 1
T Fama LTk et O,
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and then, up to order k*, K (k) and w(k) reduce to

K(k)=g<1+lj>, w(k)zw()(l—li).

From the above expression, we observe that the first correction to the small
oscillation frequency decreases linearly with h. Now, for the coefficients in

(2.10),
4

(2n — 1) cosh (K (k)28

wo

an(k) =

we use?

K'(k) = lni +O(KY),

and the hyperbolic cosine can be approximated by

_ 12 _— —k2/4)

wn (k) 1 4N 2n—1)(1—k2/4) 1\ @ 1)(1-k2/

h K, kj . ) <) n .
CoS ( (F) Wo ) 2( k + 1

Then, since k < 1, the second term in the sum can be neglected and keeping
only up to O(k), that corresponds to the small oscillation regime, due to the
fact that the amplitude depends on v/, only one term in the series should
be retained — the first one with n = 1—, and the corresponding coefficient is

a1z2k:2sin%%9@0, k, oo < 1,
and for the same order in k, w(k) ~ wy, thus

©(t) =~ @ sin wot,

which in fact coincides with the solution for the harmonic oscillator.

2.1.2 Rotations

Now let us consider the case h > V;, in which ¢(t) € (0,27). The solution
for (2.4) corresponds to
2

t= 2(h+VO)F(¢/27T ), (2.11)

2See Gradshteyn and Ryzhik (2007).
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r=4 ht Vo
=V
and F (S, k) is the same function introduced in (2.6). Defining

2Vo 1 h+Vy Vo w2
k= = 2(h) = ==
(=) @

where

2 k2 k2

we see again that the dependence on h is introduced through the parameter
k. So, we can write

/2 do

N )
0 1 — k2sin«

wr(k)t =

then, using the definition of the Jacobian elliptical amplitude, we get an
explicit solution for ¢(t):

+o(t) = 2am(w,(k)t, k).

Now, we use the Fourier expansion of am(u, k)3:
n

U > 1 gq . [ nmu
k)= 2y ——
am(u, k) DK (F) + an—i—q?" sin (K(k:))’

n=1

where ¢ denotes the same quantity defined before for the expansion of cn(u, k).
Introducing the half-frequency of rotation

mwy (k)

w(k) = K(k) (2.12)

and denoting with w,(k) = 2nw(k), the expansion for ¢(¢) in the case of
rotations is

+o(t) = 2w(k)t + 4 i !

n=1 2n cosh (mr If{'((:)))

sin (wy, (k) t) . (2.13)

Again, we see that the frequency (or half-frequency) depends strongly on the
energy and, in this case, only do the even harmonics appear.

3See again the strip of convergence of this expansion in Gradshteyn and Ryzhik (2007)
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Let us consider the limiting case for which h > Vj, that would correspond
to a slightly perturbed free rotator. In this case

k? k?
k<1, K(k)zg<1+4> w(k) = w; (1—4),

so at order k, w(k) = w,(k) and using the same approximation for K'(k) in
the case of k < 1,

L K/(k’) 1 /4 2n(1—-k2/4)
COS <’I’L7TK(]€)> N2<l€> )

then at order k in (2.13), the first term for n = 1 is of order O(k?), so it
reduces to
o(t) ~ 2w, (k)t,

which is the well-known solution for a free rotator, where the p = v2h ~ 2w,.

2.1.3 The separatrix

We have already considered both cases h < V (oscillations) and h > V
(rotations); now we will focus in the case h = V4. In such a case Eq. (2.2),
H(p,p) =V seems to have “several” possible solutions. Indeed,

2
p
H(p,p) =5 = Vocosp = Vo = w

has as solutions, p = 0, = 4, that correspond to the pendulum at the
top, and using the trigonometric relation between ¢ and /2, the “other”
solution is

Do = +2w; cos (“;) , (2.14)

where the subscript s refers to the separatrix solution. Clearly, from Fig.2.2,
the energy level h = Vj separates oscillations from rotations, and for this
reason this curve in the (p, ) plane is called separatriz. Taking into account
that ps = ¢, allowing —oco < t < 0o, we can integrate (2.14) and get

©s(t) = 4arctan (e“°t> — . (2.15)

Clearly, this trajectory is not periodic or instead, it has an infinite period
since
lim p,(t) =, lim ¢4(t) = —.

t—o00 t——o00
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This means that the separatrix, given by (2.15), is an asymptotic trajectory
that approaches +m as t — 4o00. In other words, the separatrix connects
the points p = 0, = + in the (p, ¢) plane. In order to learn more details
about the real nature of the separatrix and its relationship with the points
p =0, = £, let us bring our attention to the so—called fixed points of the
Hamiltonian.

Figure 2.3: Phase space structure of the pendulum setting V) = 1. Each
curve is parameterized by the energy h. The dark line corresponds to the
separatrix (h = 1).

2.1.4 Fixed Points and their Stability
By definition, a fixed point satisfies

OH oOH
)= ——— = = —— =0. 2.1

That is the Hamiltonian flow is null, which means that for any fixed point the
system is at rest. Physically, from Fig. 2.2 the fixed points are those where
the line of constant energy h intersects the potential function V() at a single
point. From Fig. 2.3 it is evident that the phase space of the pendulum is a
cylinder. The sides ¢ = —7m and ¢ = 7 should be identified, so both points
are the same. Thus, it becomes clear that the fixed points are p = 0, ¢ = 0,
for which the pendulum is at rest at the bottom, and p = 0, ¢ = £, which
correspond to the pendulum at rest on top.
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Anyway it would be instructive to derive the fixed points and their linear
stability from (2.16). To that end let us denote the phase ¢ by z, and

p=uv(x,p) & = u(z,p). (2.17)

If (xg,po) is a fixed point, it is v(xg, po) = 0, u(xg, pp) = 0. On introducing

fZJJ—SU(], n =P — Do, |§|7’77‘<<17

from (2.17), we have

§=u(ro+ & po+1n), n=v(zo+ & po+n).

Expanding these expressions around (xg, pp) up to first order in £, n we get
E=udl+uln,  n=0v+vdn, (2.18)

where the subscripts z, p denote the derivative respect to those variables and
the superscript 0, that such derivatives are evaluated at the fixed point.
The last set of equations can be rewritten in the form

é _ [ u Ug § or S AD
(-(33)(5) = sn o

n
where § is the small deviation vector from the fixed point and AY is the 2 x 2
real matrix defended by the derivatives of the Hamiltonian flow evaluated at
the fixed point. Clearly, the linear stability of the fixed point is completely
determined by the eigenvalues of A°. Real eigenvalues leads to unstable fixed
points and imaginary ones to stable fixed points.

For the pendulum, as we have already mentioned, we have two fixed
points: p =0, = 0, 7. Let us focus on the point (0, ), which we will show
is linearly unstable and we let for the reader the analysis or the other one
(that in fact is linearly stable). For the pendulum Hamiltonian (2.2)

8080

=1, W=V, =uw, vg:o.

Therefore, the corresponding eigenvalues for A° are

det (A°=AT) =0, X =w.
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Let us denote with e, and e_ the associated eigenvectors corresponding to

A = wp and A = —wy respectively, whose components in the basis B =

e+:<§7i>, e_:<§]_>. (2.20)

Then from the eigenvectors equation we get

{n1,ny} are

Aley = twpes

and then for the components {1, 7+ we get the relation (eigenslopes)

N+

- = :l:wo.
£+
p
n e
« +
po rrrrrrr *
. ¢
A e
n2 -
n1 xo X

Figure 2.4: Unstable fixed point and the corresponding eigenvectors.

This is shown schematically in Fig. 2.4, for a generic unstable fixed point.
Now if we introduce a change of basis B — B’ = {e,,e_}, the matrix A°

takes the form
A0 = ( “‘(’)0 _(300 ) . (2.21)

Thus denoting with € and 7 the components of the vector § in the basis
B’, (2.19) has as simple solutions

E(t) = &e™*,  q(t) = e (2.22)
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o
T

Figure 2.5: Stable and unstable manifold and the corresponding dynamics
around the unstable fix point.

Considering initial conditions 7o = 0 and |&]| # 0 but small, we see from
(2.22) that as t — oo, £(t) — oo, that is along the direction e, any point
moves away from the fixed point. On the other hand, for || # 0 and & = 0,
along the direction e_, as t — oo, 7(t) — 0, and every point moves towards
the fixed point. Therefore as expected, the fixed point p = 0, ¢ = 7 is unsta-
ble and as we see from Fig.2.5, the dynamics around this point is hyperbolic.
The eigenvector e, is tangent to the so—called unstable manifold, and e_
is tangent to the corresponding stable manifold. As we can clearly observe
those manifolds are the two different branches of the separatrix, the positive
and negative one. As it is clear from the figure the upper branch of the sep-
aratrix only exists for positive values of p, while the lower one for negative p
values. Thus at the unstable fixed point, they keep the direction of motion,
as the arrows indicate. They do not cross, we can say that the unstable fixed
point shows up when the stable and unstable manifolds intersect each other.

If we let —o0 < t < o0 and taking into account that the phase space of
the pendulum is a cylinder, in Fig.2.6 we present a sketch of how the unstable
manifold W* matches the stable manifold W* at the point Q.

In the language of Hamiltonian systems, since the pendulum is an inte-
grable system, every curve of the phase portrait shown in Fig.2.3 is said to
be a 1D torus. Each of them is parameterized by the corresponding value
of the energy h or the corresponding action or frequency. In the case of the
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Figure 2.6: Sketch of how the unstable manifold W*" matches the stable
manifold W* at the point Q.

fixed points, it is customary to say that located at p = 0, = 0 there is a
stable torus (or elliptic) of dimension 0, while that located at p = 0, = 7,
is also of dimension 0 (because both are just a point not a curve), and the
latter is usually called whiskered torus, since it could be thought of as the in-
tersection of two whiskers the stable and the unstable ones. In this particular
case, both whiskers match exactly and we can define the separatrix. In fact,
in the sketch in Fig.2.6, it is possible to draw a curve departing from and
arriving at the unstable fixed point, because both manifolds coincide at the
point Q. Thus the unstable fixed point, in this case, is called the whiskered
torus, resembling the classical whiskers (see Fig.2.5) however, this concept
could be better perceived in higher dimensions, as we shall see later.

One of the more important results regarding the pendulum is its fre-
quency of motion. In Fig.2.7 we display how w depends on the energy, just
computing (2.8) and (2.12) after shifting h — h — V{ such that the energy of
the separatrix corresponds to h = 0. Note that for rotations we have defined
the half-frequency in order to avoid a jump ~ 2 in the transition from oscil-
lations to rotations, as it can be seen in Fig.2.3 for the phase space portrait
of the pendulum, close to the separatrix.

From this figure we see that for the oscillation regime w is a decreasing
function of h, having as upper bound the value wy. Close to h = 0, that in this
case corresponds to the separatrix energy, the frequency decays rather fast
to 0, which indeed is the expected behavior since the period of the separatrix
tends to oco. For the rotation regime, w increases monotonically with A and
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0.9

-0.3 0 0.3 0.6 0.9
h

Figure 2.7: Dependence of the pendulum frequency (w, in the figure) with
the energy, h, setting Vo = w? = 0.15 and shifting the energy values such that
the energy of the separatrix is 0. The dotted line represents the asymptotic
value of the frequency in the vicinity of the separatrix, ws, (see next Section).

for large energies it behaves as ~ v/h, since the pendulum approaches a free
rotator, as already discussed.

2.1.5 Motion in the vicinity of the separatrix

The particular behavior of the frequency close to the separatrix suggests
to study the motion at energies h ~ Vj. Let us rescale the energy to an
adimensional one w in the fashion

h =V
% )

w =

which measures the relative distance to the separatrix, and consider the case
|lw| < 1. Clearly w < 0 corresponds to oscillations and w > 0 to rotations,
while w = 0 is the value for the separatrix.

For oscillations we have already found that the frequency is
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where

_h+ W
= o

A simple manipulation allows us to write

k2

kQ:l—i—%: —|I2U| for w < 0.

Now, using the approximation of K(k) for

4
143’2:1—l<:2:‘1;j‘<<17 K(k):lny%—(’)(k:"l),

we can write it in terms of w

1. 32

K(w) ~ =In —,

2 |wl

so the frequency reduces to
TWo .
w(w) = R where i}u&] w(w) = 0. (2.23)

|w]

Now, for rotations (w > 0) the half-frequency of the motion is

mwy (k)
k) =
where . -
2 + Vo 2 0 wo
= d k* = = —
“r g htVy w2
Thus,
1
K — ~1-2 w<l,
1+ 3 2
S0, since w is positive we can write
Pal— M
2

and we obtain for k the same relationship with w as that for the case of
oscillations. Since wg = k*w?, for k ~ 1 wy ~ w,. Therefore, we recover the
same expression (2.23) for rotations in the vicinity of the separatrix.
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On the other side, it is not difficult to show that the expression for ¢(t)
is rather similar to those obtained previously. So we can conclude that the
motion in a small neighborhood of the separatrix should not differ signifi-
cantly from that on the separatrix itself, except that w — 0 as the inverse of
the logarithm of the energy. Fig.2.7 shows the behavior of w given by (2.23),
where we see the way in which the frequency goes to zero in the separatrix.
Moreover this asymptotic value is also a good approximation for |w| ~ 1. It
is clear from (2.23) that

. dw o dw B

wi%h_ % - wir{)l_ % -
so, the nonlinearity of the motion close to the separatrix, measured by dw/dw
is extremely large.

2.2 The pendulum frequency for low energies

We have already found that the oscillations of the pendulum has as funda-
mental frequency
TTWo
k) = ——~ 2.24
where wy is the (constant) small oscillation frequency and K (k) is the com-
plete elliptical integral of first kind. Recalling that the amplitude of the

oscillation, ¢y, is related with the energy h by
h = —Vycospg = —Vy (1 — 2sin? 9020> = —V, + 2V} sin? %,

then
h+ Vy = 2V sin® % = 2w§k52,

recalling that by setting M = 1, V; = w2, and by definition k* = sin*(p(/2).
If we shift the origin of the energy to h+Vy = b/, and denoting again the
energy with h instead of b’ we get

h = 2wik?.
Now K (k) is given by
3 do
K (k) = /2 . 2.25
() 0 Vv1—k2sin’« (2.25)
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Let
1

a k) = ,

glew k) V1 — k?sin? o

and assume that £ < 1, small oscillations regime, so h < 1. We Taylor
expand ¢ up to first order in k?

g(a, k) = g(a, 0) + ¢' (@, 0)k* + O(k?),

where

dg sin? o sin” o
— 1 / = < e =
9(c,0) =1, ¢'(e,0) (dk2> (2(1 — k?sin’ a)?’/?)kz: 2

k2=0

then
2

gla, k) =1+ Esin2a

and therefore by (2.25)

T k? /3 T kK*lm 7« k2
(k) 2+2osmaa 2—|—222 2<—|—4>

Replacing this expression for K (k) in (2.24) we obtain for the nearly linear
frequency

TTWo k2>
wk) ——mMmMm— ~wy [1 — — | .
(k) 7T<1+%) 0( 4

Using the relation k* = h/2w?, we finally get for the frequency as a function
of the energy in the vicinity of the stable equilibrium point

h

Therefore we see that within the oscillation regime w(h) < wy. When con-
sidering higher orders term in %2, it is easy to show that

ho 5 k2 11K
Wrwy— —— -2 2.2
wW(h) ~ w0 = g~ 3562 2008 a7 (2.27)

The fist term represent the linear oscillations while the rest of the terms
correspond to the non-linear oscillations of the pendulum. The dependence
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of w with h leads to the nonlinearity of the motion and a way to measure it

is, for instance, by
dw

dh’
In a 1D autonomous Hamiltonian system it is always possible to perform a
canonical transformation to action—angle variables, so the Hamiltonian reads,
H(I) = h, where [ is the corresponding action. Clearly the above derivative
should provide the very same information than
dw 0°H

dr — oz’

In this direction, Chirikov introduced the (adimensional) nonlinearity pa-
rameter as
 Tdw
T odr
that will help us latter when discussing, for instance, the non-linear reso-
nance.

2.3 The Quartic Oscillator

In this Section we will consider another non-linear system that will serve as
a model to several applications along this text. The system is the quartic
oscillator whose Hamiltonian is

2
_r
5 +

4
T

(2.28)

Adopting any energy label h, we can relate again the energy with the ampli-
tude of oscillation a,

=
4

Therefore, from (2.28) & = p and setting x = 0 at ¢t = 0, we can write

[
0 \/(a* —y*)/2

The motion is possible within the potential V(x) = z*/4, so only oscillations
are possible and (2.29) has a single solution, which is in terms of the same

(2.29)



66 CHAPTER 2. NON-LINEAR OSCILLATIONS

elliptic functions and integrals we have already found for the pendulum, in

(2.5) and (2.6),
t = iF (5, é) , (2.30)

where .
cosd = —
a
Thus, since
1
at =F (5, \/§> : SO 0 = am(at),
we obtain
cosd = cos(am(at)) = cn(at) and z(t) = a(h)cn(at). (2.31)

Taking the Fourier expansion of cn(at) and using the the energy again instead
of the amplitude as a parameter, a = v/2h'/*, we finally get

z(t) = zo(h) fj oy cos ((2n — 1)V2BRM1) (2.32)

where

To = 45h1/4 = 23/25a(h), B = 2K(17T/\/§)7

(2.33)
1
a, = :
cosh((n —1/2)7)
Therefore, the oscillation frequency of the quartic oscillator is
w(h) = V2BhY* = Ba(h). (2.34)
The coefficients «,, satisfy the relationship
n 1
Wil e a - (2.35)

an, 23°

Thus, this model is clearly non—linear and has the interesting property that
the Fourier coefficients decrease as fast as powers of 1/232=1) for n, > 1. On
the other hand, the Hamiltonian flow has only one fixed point, at p = 0,2 = 0
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and it is evident that it is a stable one. The phase space portrait of the quartic
oscillator is rather simple and it is left as an exercise to the reader.
Finally, from (2.32)-(2.35) we can write

z(t) & xo(h) ay cos|w(h)t] = 232 Ba(h) oy cos?, ¥ €S,

where ¢ is the angle variable conjugated to the action I, oy &~ 0.4 and thus
23230y =~ 0.96. Moreover using the relation (Hamilton equation in action-
angle variables for ¥ = w)

w(h) = a’

it is rather simple to show that
a’(h)
36

and that the Hamiltonian in terms of action-angle variables H = h takes the

form )
38\
2v2)
independent of the angle variable, as expected. Therefore, in terms of action-

angle variables a simple approximate solution for the quartic oscillator takes
the form

I =

H(I) = A3, A= (

z(t) = a(l) cos 1, a(l) = CI'3,

where C' = 23/231/3 3430, ~ 1.3, which looks like the solution of the harmonic
oscillator but in this nonlinear one the frequency depends on the energy or
the action.
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Chapter 3

Perturbations to Integrable
Systems

This chapter includes a very naive outline about the use of canonical trans-
formations in order to deal with small perturbations to integrable systems.
In this direction we shall consider a 1D system, Ho(p, ¢) which of course is
integrable and it can be written as Hy([), after a canonical change of vari-
ables (p,q) — (I,9) € R x $!, where the later are the action—angle variables
corresponding to Hy. Clearly we can use either Hy = h or I as a first integral
and just for convenience of this presentation we will take /. Since our system
of 1D has one prime integral, we know completely its dynamics.
Now, let us consider a slightly different problem,

H(p,q) = Ho(p, q) +V(q), (3.1)

where ¢ < 1 is a small positive real number, and V(q) is a “well behaved”
function of the coordinates. It is evident that H is still integrable, since
it is a 1D autonomous system, the unperturbed energy h will change by an
amount of order ¢ and so will I, but (/,v) are not the action—angle variables
of H(p,q) in a standard sense.

Let us consider eV(q) a small perturbation to Hy and since we know the
transformation (p,q) — (I,v) we can write

H(I,9) = Ho(I) + £V/(I,9), (3.2)

and try to solve this trivial 1D system by a perturbation technique. Since [
is no longer the action for H, the effect of the perturbation is to introduce a
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variation of this prime integral,

OH
—55 =
The problem is to find out the motion in H by recourse of our knowledge

of the dynamics in Hy. A Naive Idea: perform a sequence of canonical
transformations,

(I,0) = (I, 91) = - = (In,0n) = (I,0), (3.4)

such that I be a prime integral of H or in other words, H(I,9) — --- — H(I).
The sequence of canonical transformations should be such that in each step
the perturbation decreases in one order,

: oV
i= —eg5 #0. (3.3)

VoV, o 5™V, 50 as n— oo (3.5)

If we succeed with this approach we would have solved the problem, we need
not to integrate the equations of motion.

Let us illustrate this procedure through an example. Let us take the
pendulum Hamiltonian and assume that we do not know the existence of
the elliptic functions, so we could try a perturbative approach. The full
Hamiltonian, for ¢ not too large, admits the expansion

2 2 2 4 6 8
b p A A A2
i) =y e =y u (15 G F e ) o)

Let us truncate H, up to O(p®), neglect constant terms, set wi = 1 and
perform the following canonical transformation (polar-like variables):

o =+V2Icost¥, p=+V2I[sind, I eR*.
The new (truncated) Hamiltonian then reads

412 813 1614
H(I,9) =1 — ——cos* ¥ + —— cos® ) — —— cos® 0. (3.6)
4! 6! 8!
Since the finite expansion of cos ¢ is valid for relatively small ¢, this implies
small energies and thus small I, therefore the largest term in (3.6) is the first

one and we write

H(I,9) = Ho(I)+¢eV(I,9), where Hy(l)=1, and
(3.7)
412 8I3 1614

eV(I,0) = TR cos® ¥ + Hcosﬁﬁ — WCOSS V.
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Hj is the well-known harmonic oscillator Hamiltonian which indeed is linear.
The nonlinearity of H comes from high—order terms in I that appear in the
perturbation €V. The order of smallness of the perturbation is given by the
order of I, it means that O(e) = O(I), thus Hy and V' are of the same order.
Let us focus our attention to the frequency of the motion in H. Recall
that using elliptic functions, up to order h3, we obtain for the frequency

(3.8)

and let us try to recover it after a perturbative approach. For the sake of
comparison, later we will write, up to order h® ~ I3, the frequency in terms
of the action.

3.1 The easy but inaccurate way

We rewrite each term of the perturbation £V in (3.7), splitting the average
value from the oscillatory one like, for instance cos™ ¢ = (cos™ ) + n(¥),
where n(0) represents the oscillatory part of cos” ¥ and clearly (n(J)) = 0.
Indeed, taking into account that

(cos* V) = L /27r cos® ¥dv) = 3 (cos® ) = > (cos® V) = 50 (3.9)
2w Jo 8’ 16’ 128’ '
the perturbation £V could be written in the following way
4,/ .3\ 4 3, 8./ o 5\ 8 5,
eV(I,9) = — a] (cos 19_8)_4!'81 —i—al (cos 19—16>+6!-16]
16 35 16 35
Mgy B 16 B )
st \% Y T 198) Tl 198 (3.10)

Those terms that only depend on the action correspond to the mean part
of cos™ ¥, while those depending on both, I and ¥ are the oscillatory ones
having zero average respect to the angle variable. Therefore, using the so—
called Averaging technique!, that implies neglecting the oscillatory part of
the perturbation after averaging the Hamiltonian over the phase ¢ we get
from (3.7) and (3.10)

r It

(H(I,9)yg~1— —+

—_— = — 11
16~ 288 9216 (3:.11)

Tt will be discussed in the next chapter.
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The reason to proceed in this way is the (right) idea that the oscillating part
of the perturbation only produce small vibrations to the secular change.
However, as we shall see later this is only valid within certain low accuracy.

3.2 A more rigorous but complicated way
Let us consider the full Hamiltonian (3.7) together with (3.10)

I I TR - 3
HIO) =T —— ¢+~ 40—)
(£,9) 16 7288 9216 6 <COS s) T

5 I* 35
6 8
— 19—)— ( 19—), 3.12
90 <COS 16) 2520 \°% 128 (3.12)

and now, let us introduce a canonical transformation (I,9) — (I1,v) in
order to kill terms of order I? in the part of the perturbation that depends
on the angles. Introducing the generating function

F(I,9) = L0 + ®(I,9) = Id + ®(1y, 9),

such that ®(I;,9) ~ O(I?). The election of ® should be done in order
to eliminate the terms of O(I?) in the angles. Recalling the equations to
transform canonical variables

OF o0
=55 =0+ 55
oOF 0D

we observe that [T —I;| ~ O(I?) and |9 — 9| ~ O(I), so that O(I?) ~ O(I}).

The next step is to replace in (3.12), I — I, + ®y where &y = 09/00.
Later we will deal with the transformation ¢ — ;. The new Hamiltonian
then reads

(L +Dy)? (L1 +Dy)° (I + Dy)*

Hi(I,.0) = I + &y — — —
1(h,0) =1t @y 6 o283 9216
I + ®y)2 I + ®y)3
(1+6 : (Cos419_2>+(1+90 : (COSW—;)_
I, + @ ) 35
w(cosgﬁ—). (3.14)
2520 128
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In the above Hamiltonian there are terms of different orders in I; and depend
on ¢. Indeed, for instance,

I? 3
O(I?) : Dy, _€1 <cos419 — 8> .
The rest of the terms that involve the angle are of O(I3) or higher since they
involve products like IF®} with k,l > 1 and recall that &y ~ O(I?). So, in
order to kill all terms of order O(I?) that involve the angle it is sufficient to
set

I? 3 I} 3
oy — El (008419 — 8) =0, or ¥y= El <cos419 — 8) . (3.15)
Note that &y has zero average with respect to ¥/. This is required in order
F(I1,9) be a well defined generating function of the canonical transformation.

Replacing @y in (3.14), H; can be recast, up to O(I}), as

_ o n (L) 60) )
Hh0) = h={5+%s o6 T\ a8 o0 13 )7

p (L)L) A0 O K00
576 2520 276 216 180
where
fn(¥) = cos™ ¥ — (cos" V), (cos ) = W, (cos® 1 9) = 0.

If we compare (3.16) with (3.11) obtained by the “easy way” we observe
that if we average it over the phases we get that both agree up to O(I?)
but at O(I3}) they differ since (f7()) # 0. This simple result provides an
estimate of the accuracy of the averaging technique when applied directly to
the Hamiltonian written in the original set of canonical variables.

In H; the perturbation (that is the terms that depend on ¥) is smaller but
more complicated. Moreover, we should transform ¢ — ¥, given by (3.13),
Y1 = 9+ $;,. As we have already mentioned, ®;, ~ O(I), thus in order
to keep accuracy up to O(I}) in H; we should work on only in the terms
at O(I3), while in those at O(I}) we simply replace ¥ by ;. Indeed, since
|9 — 91| ~ O(I), in the last term in (3.16) the correction is O(I7), beyond
the accuracy we are considering.
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Let denote
_ AW ) fE0)
e R T
py = L0 S0) [i0) _ fi0) | f1(9)]s(9)
576 2520 576 216 180

and expand () up to first order in ¥ around 9, and in P just replace ¥ by
;. Thus we obtain

QW) = Q1)+ Q'(9)|y, (¥ — 1) where
/ Y e
QW) = K9 15

By (3.15) the difference in the phases can be computed,

o [oI? I 9 I
V=i = o [CE @ = =2 [T fhay = - S R), (317
1 8[106f4() 5 ), 1) 5 Fu(9), (3.17)
where Fy(19) is the integral of f4(9), Fy(27) = 0. In the integral (3.17) we can
replace as an upper limit ¢ by 94, since the difference between both phases
is of order O(1;), and therefore the difference

[ = [" e = o)

and after the product by I;/3 in (3.17), the difference is of order O(I?). In
H, since Q(¥) has a factor I} as it is shown in (3.16), the final correction
would be of order O(I7). Therefore we replace ¥ by ¥; as the upper limit of
the integral in order to keep the accuracy up to O(I}).

Therefore, after transforming to the new variables, the Hamiltonian reads,

Hy(I,01) =1 —1—12+Ii— fi — Q) +
ALV =796 T 988 ~ 9216 1OVt
[4
S @ W) F(01) + LP (1), (3.18)

If we now average H; over ¢J; we need to evaluate

(Q(D1)), (Q()Fi(th)), (P(¥)).
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Recalling that (f,,(9)) = 0, we just need to compute

2 o 17 5o 3 33
Vi) = og i) = 520 (AW)f6e(9)) = ot

the last average can be computed by

RO =o [ T F)a=— 1 [T Fi0)a0 =1, () (0)

where the integration is done by parts and using the fact that Fy(0) =
Fy(2m) = 0. Thus averaging (3.18) and arranging all coefficients results
- r sl

Hl(I1> = <H1(Il7’191)>191 =1 — E - % — ﬁ

If we compare (3.19) with (3.11) we observe that both Hamiltonians agree
up to order I? but differ for higher orders and thus the frequency do up to
order . In this particular case we get

OH\(I) D 312 5[}

(fa (D) Fi(9)),

(3.19)

oL, 8 256 2
In order to compare this estimation of the frequency with that obtained
for the pendulum using elliptic functions, let us write (3.20) in terms of the
energy, h, just setting H;(I;) = h and consider I} = h+¢, with £ ~ O(h3) <
1. Introducing this expression for I; in (3.19), up to h® we get

(h+8?* _ (h+¢)°

h=h+¢— - ht
e 16 256 O,

and keeping only the linear terms in ¢ and recalling that O(h%¢) = O(h€?) =
O(h*) (or higher) it reduces to

w(ly) = (3.20)

W2 he  h? h? o 3R
0=¢— — > SR ~ 2
¢ 16 8 256’ ¢ 16 * 256
Therefore, the action, up to O(h?), is
h?  3h3
L~h+—+4+—
R T TT:
and introducing it in (3.20) up to k3 results,
h  5h? 11h3
hyml— o2t 3.21
w(h) § 256 2048’ (3:21)

and we reobtain the very same expression for w(h), up to h?, for the simple
pendulum given in (3.8).
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3.3 Kolmogorov Superconvergence

If we keep H; given in (3.18) without averaging, we could introduce a new

canonical transformation in order to kill those terms in H; that depend on
the phase ¥, at O(I3). Let

G(IQ,ﬁl) = 12191 + \11(12,191) =1Id + ‘;[1(]2, 191),

be the generating function where W(/Iy,4;) is, by now an unknown function.
The relation between old and new variables is

L=Dh+ Wy,  Oy=th+ Uy
Now U (Iy,d;) ~ O(I}) ~ O(I3). Let us rewrite H; given by (3.18) as

[2
Hy(I,01) = I = g+ alf —aolf = i ()1 + Hoa(9),  (3.22)
where the average of the terms involving ¥, in I3 and I} are incorporated in
the numerical constants a;and ay so that (g;(¥91)) = 0. Indeed, as we proceed
before, we separate the average and mean values of all the terms that depend
on ¥y, so a; = —1/256,a, = 5/2. Following the same procedure, we replace

]1 = ]2 + \11191 in (322),

I+ Wy, )?
H2(12,191) - ]2 + \Ijﬁl - (2161’» + al(lg —+ \1’191)3 —

as(Iy + Wy, ) — g1 (01) (L2 + Wy, )* + (I + Wy, ) g2 (01). (3.23)

Since Uy, is O(I3) we can write

Wy, = I3h(y), (h(h)) =0,

where Wy, depends on 1 through the oscillating function h(;). Therefore,
up to O(13), (3.23) reads

2

1
H2<[2,191) = [2 — % -+ Clllf — GQI% -+ [Sh(ﬁl) —
1

glgh(ﬁl) — g1(91) I3 + g2 (h) L. (3.24)

From the above expression if we take h(¢1) = g1(01) we succeed in killing
the terms in the perturbation at O(I3) and Hy reduces to
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Hy(Iy,99) = I — 1[6 +ay I} — apl} — ;1391(192) +g2(92) Iy, (3.25)
where we have replaced ¥; by ¥, since ¥ — ¥y ~ O(IZ), and taken into
account that the difference |g;(92) — gi(91)| ~ O(I3) and after the product
by I3 in (3.25), they lead to terms of O(IS), beyond of the desired accuracy.

Though we have already killed all terms in the angles at O(I3), we observe
from (3.25) that, since (g1) = (g2) = 0, if we average Hy we are eliminating
simultaneously terms in ¥, at order I3 and I3 leading to

I
(Ha)g, = I — 1—2, +ayI? — apI?. (3.26)

If we repeat this procedure, after a new canonical transformation, we should
find that in Hj the perturbation (the terms that depend on the angles) is
O(I3). In general, in the n-th canonical transformation the perturbation is
Vi ~ (’)(Iﬁ"), therefore in the next step, Vi1 ~ O(I3™). Indeed, if we re-
name ® by ®© and ¥ by @ in the first step we obtain V; ~ [;®©) ~ O(I}),
in the second one Vo ~ I20WM) ~ O(I3) ..., thus k, = 2" + 1. This is known
as Kolmogorov superconvergence that allows to construct convergent series.
Indeed, as we have already mentioned, after a canonical transformation, the
perturbation becomes smaller but more complicated. Therefore the remain-
der or n-th perturbation takes the form

Vi(L, 0,) Z Ay(0,) I

where the A4;(¥,) depends on all the ®™ m =0,...,n — 1, while the mean
Hamiltonian, that only depends on the actions, is

kn—l
_ s
o Z as]n’
s=1

where the oy are numerical coefficients, with a; = 1, a0 = —1/16,a3 = a1 =
—1/256,. ...

One should keep in mind that the convergence of the series (which in
a generic N-dimensional problem, N > 1, are divergent) is due to the fact
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that we are dealing with an integrable problem, where any perturbation to
Hy produces a slight change in the action, and therefore its effect is to move
from one torus to another. In other words, we start on a given torus in H,
and the effect of switching on the perturbation is to end in a slightly different
torus. This is not the case if Hy + €V is non-integrable, which is the most
probable case in the real world. However, this approach is very useful in, for
instance, the so—called KAM theory.



Chapter 4

Averaging

4.1 The principle of averaging

Let (I,) be action-angle variables of an integrable Hamiltonian system (un-
perturbed model), Hy(I), then

i-o, ﬂ:w(I):a;I[O.

As a perturbed (close to integrable) system we take

I=cg(I,9), Jd=wd)+cf(l,9), c<1, (4.1)

where g and f are periodic in 9 of period 27. For the time being, let us ignore
that we are dealing with a Hamiltonian system and consider an arbitrary
system of differential equations of the form (4.1), defined in S* x G, from the
k-dimensional torus, S* = {9 = (¢4,...,9;) mod 27} and the region G in
the I-dimensional manifold G = {I = (I}, ..., ;)} C R'. We assume that for
¢ = 0 the motion is quasiperiodic with at least k& frequencies and invariant
tori of dimension k.

The averaging principle for the system (4.1) consists in replacing it by
the the so-called mean or averaged system

. _ _ ]_ 2 27 27
J =cg(J), g(J):(%)k/O doy [ ddy- [ diig(d,9), (42)

in the /-dimensional manifold G = {J = (Jy,...,J;)}.

79
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We affirm that the system (4.2) is a “good approximation” to the system
(4.1). Let us state that this principle is not a theorem, nor an axiom or a defi-
nition. It is a physical proposition, vaguely formulated and, strictly speaking,
false. Such kind of physical affirmations are frequently a rich source of math-
ematical theorems. In fact, the averaging principle could be explicitly found
in the early work of Gauss, however a satisfactory proof of the connections
of the solutions of systems (4.1) and (4.2) is still lacking.

Replacing system (4.1) by (4.2) implies that we are neglecting the term

eg(J,9) = eg(J,9) — eg(J)

in the right hand side in (4.1).
In order to understand the different roles of the terms g and g in g let
us consider the simplest case, k =1 =1,

I=cg(®), DV=w>0, — () =uwt+V,
(4.3)

j=eg  where  g(0) =g+ (),
and we will show that for! 0 <t < 1/e
[I(t) —J(t)] <ce, ¢>0, where J(t)=1(0)+ egt.

Let us compute I(t) — 1(0). From the first of (4.3) we have

t t t
I(t)—I(O):/O ég(wt’+190)dt':/0 5§;dt’+/0 eg(wt' + Vg)dt’,

let ¥ = wt 4+ ¥y, then d¥ = wdt, thus

e Yo+wt e
I(6) = 1(0) = gt + = §(9)d0 = <gi + = h(wr),

W Jg

where )
h(9) = / 5(9)dd’
Yo
is periodic and therefore bounded.
Therefore the variation of I with time consists of two parts, an oscillation
of order ¢ due to § and a secular evolution with a speed eg.

ILater we will discuss this upper bound for the time.
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et

Figure 4.1: Schematic representation of the time evolution of I(t) and J(t).
The solid line corresponds to J(t) while the dotted one to I(t).

Finally,

I(t) — J(t)| = |egt + gh(wt) +1(0) — 1(0) — eqt] = Syh(wm < ce.

Fig.4.1 represents schematically the evolution of I and J with time. The
averaging principle is based on the assertion that, in general, the motion in
the system (4.1) can be splitted in to parts: the evolution (4.2) and small
oscillations. In the general form, this assertion is not true and the principle
is false. However, we will apply it to the Hamiltonian system (4.1),

: 0 . 9
0 = o7 (Ho(I) +eV(1,9)), I =—o5 (Hy(I) +<V(I,9)),
where V(I 9) V(L. 9)
with V(I,19) 2m-periodic in 91,95, ..., J,. For the system (4.2) we get
: _ 1 oV (I,9)
pr— = — 19 pr—
J =¢eg(J) o) /sk 59 d 0

due to the periodicity of V. Therefore, there is no evolution in a (non-
degenerated) Hamiltonian system.
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Let us discuss this point more carefully. Since both g and V' are assumed
to be periodic in all the phases, we can expand them in Fourier series

(I’l9 +ng zm.ﬂ’ V(I’l9 +ZV zm19
m#0 m#0

where m € Z*, and g,, and V,,, are complex coefficients that depend on the
action. Thus in case of a Hamiltonian system, since g and V' are related
accordingly to (4.4), it should be

go(I) =g(I) = 0.

However in the general case of a system of differential equations, where (4.4)
does not apply, go(I) # 0, and therefore a secular change of the action with
time is present.

4.2 Averaging a system of a single frequency
Let us consider £ = 1 and then the [ + 1 system of differential equations
I=cg(I,9), d=wd)+ef(I,¥), eS8, ITeGCR. (4.5)

Assume that both g and f are 27-periodic in ¥; and consider the averaged
system of [ differential equations

L g, 0)a 46
- | 9.0, (4.6)
Let I(t),¥(t) be a given solution of (4.5) with initial condition I(0),9(0) and
J(t) a solution of (4.6) with the same initial condition, J(0) = I(0).

J=cgJ), §J)=

Theorem
Assume that

i) The functions w, f and g are defined for I in a bounded region of G and in
this region they are bounded as well as their derivatives up to second order;
ii) In G, w > ¢ > 0;

For 0 < t < 1/e a vicinity of radius d of the point J(t) belongs to G, then
for £ small enough

I(t) — J(t)| < cie,
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where ¢ is a positive constant independent of ¢.
Proof (non-rigorous)?

Let us introduce a new variable
P=1+¢K(I,9),

where K is 2m-periodic in 1. The function K will be such that, in terms of
the variable P, the corresponding differential equation becomes simpler than
that for I. From its definition, we have

i . . : oK . oK .
P—I+5K<I,19) —I+887II+5%’19,

replacing T and 1 using (4.5), up to O(e), we get

P=c (g(I, 0y +w(I)%I§> + O(g?).

Assuming that the function P(I,4) is invertible® with respect to I such that
I=P+ch(P,9),

with h, 2m-periodic in ¢, then
: 0K 2
P=c g(P+5h,z9)+w(P+5h,19)%(P+5h,19) + O(e7),

which up to O(g) reduces to

P=c (g(P, V) + w(P)aaI;(P, 19)) + R, (4.7)

where the remainder R ~ O(g?). If we choose K such that

0K
g<P719) +w(P)7(P>Q9) =0,
oY
2See Arnold, Mathematical Methods of Classical Mechanics, Springer, 1989.
3 Although this can be proved, recall that it is possible to perform a canonical transfor-
mation where the old action is a function of the new one.
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we should eliminate all the terms of O(¢), and then

0K  g(P,v)
a0 w(P)

(4.8)

This equation does not have solution within the class of periodic functions
K, since for instance, if we average over the angle the above equation we get

that
0K, 1 0K

90! Zor e 0 =0
while in the general case
1 o
(9(P. 1) =g(P) = - [ g(P.9)av #0.

Therefore we cannot choose K such that it kills all the terms of O(g). How-
ever if we separate the mean and oscillating terms of g such that

g(P,v) =g(P,V) - g(P)

with (g) = 0 we can eliminate all the periodic terms at order O(g). So if in
(4.8) we replace g by g and defining K as

K(P,V) = —w(lp) /Oﬁg(P,ﬁ’)dﬁ’,

if we replace in (4.7), it reads

“
P~ (g +aPoo) +up) (LBD)) 4 R(06)
eg(P) + R(0(s)).

Since by (4.6), the average system is J = £g(J) we observe that the difference
between both systems if of order O(g?), and therefore for 0 < ¢ < 1/¢ it is
|P(t) — J(t)] ~ O(e),* and since |I(t) — P(t)| ~ O(e), then |I(t) — J(t)| ~
O(e). The remainder R, contains at O(g?), the values of f,w,g and their
derivatives, thus it is necessary that all of them are bounded, as it was stated
as assumptions of this theorem.

4Clearly if |J — P| ~ O(e?), then for t < 1/e the difference between J and P is of
O(e).
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Summing up we have shown that the averaging principle allow us to
eliminate all terms that depend on the phase up to O(e). However as we
shall show in the next Chapter by means of a simple example, it is not
possible to do this if the system involves more than a single frequency. This
is the reason why this principle, though very useful, it is not true in general.
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Chapter 5

Non-linear resonance

Let us consider a 1D Hamiltonian system acted upon an external perturba-
tion

H(I,9,t) = Ho(I) +eV(1,9,1), e < 1,

where I € G C R,9 € S! are the action-angle variables for H,. We assume
that V(1,9,t) is also periodic in time with period T'

V(I,9,t+T)=V(I,v,1),

so we can introduce the external frequency, €2, and phase, 7, through
Q=— T(t) = Qt + 719

such that, thus defined 7 € S* (or mod 27). Therefore the dependence of
V on t is through Qt + 75. Since V(I,9,t) = V(I,9,7) is periodic in both
phases, it admits a Fourier expansion

VI, 7)= > Vipu(I)emotnm),

m.n#(0,0)

where m,n € Z,V,,(I) are complex functions of the action and we have
assumed that Vpo(7) = 0. Therefore, the Hamiltonian takes the form

H(I,9,7)=Ho(I)+e > Vipu(I)emnm), (5.1)
m,n7#(0,0)

If instead, Voo(I) # 0, we can add this term to Hy(/) and we get H{(/,¢)
and we call it again Hy([).
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It is clear that for e = 0,1 (or the energy Hy(I) = h) is a global integral
of motion. From the Hamilton equations, for ¢ # 0, the variation of [ is
given by

. oOH . .
I = _% = —¢ Z an([)imez(m19+nT) —c Z an(I)ez(mﬁ—i-nT)’

m,n#0 m,n##(0,0)

after introducing Vi (1) = —Viun(I)im. Let us assume that for a given initial
condition and particular values of m,n = mq, ng it happens that

mod + nT = Yy ~ constant,

nearly independent of the time. Therefore, we separate this term from the
sum and we write

[' _ gvmono (I)eiwoo +e Z an<1>ei(mﬁ+n7)_
independent of ¥ and T mLNFMO, M0

As we have already seen when discussing averaging, the first term that is
nearly independent of the angles, would lead to a secular growth of I(¢) (it is
similar to the average system), and therefore there is evolution in the average
system. Thus, the dominant term in the above Fourier series would be that
satisfying ' .

[Vmn| = ImI + n7| < 1. (5.2)

Clearly, if this condition holds for some pair m, n, then the term with km, kn,
k € 7 also satisfies this condition. However, since the coefficients of the
Fourier series decay very fast, |Vigm)n)| < |Vinnl, k| > 1, in this first ap-
proximation we shall consider only the smallest m,n such that |2/Jmn\ < 1.
In the limit when %, = md + ni = 0, (5.2) leads to the resonance
condition
mi 4+ ni =0 = mwo(I) +nf2 =0, (5.3)

where we take for ¥ = dH, /OI = wy the unperturbed frequency. The above
relation (5.3) is the resonance condition for the frequency of the unperturbed
motion, wy(I), with the external frequency 2 for m, n # 0. Let us denote this
frequency value wg,. Alternatively, this is a condition on the unperturbed
resonant action [, that corresponds to the action value that satisfies (5.3),
with wy(l) = wo,. Moreover, since Hy(I) = h, we can also refer to the res-
onant energy h,, defined as Hy(I,) = h,. Note that since we are considering
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non-linear systems, the resonance condition is local in action or energy space.
Indeed, in a linear system, since the frequency is independent of the action
or the energy, if the system is in resonance, it will be resonant for any value
of the action or the energy.

For example, consider an harmonic oscillator, Hy(I) = w;l, where wj
is the (constant) linear frequency. Thus the resonance condition for wy =
0Hy /01 = wy, reads mw;, + nQ2 = 0, independent of the action or energy
value, and also of the initial conditions.

Instead, let us take a quartic oscillator, Ho(I) = AI*/3, where A is a
numerical constant. The frequency for this nonlinear oscillator is wy(l) =
(4/3)AI'3 ) and thus the resonance condition becomes 4mAI'? + 3nQ = 0.
This leads to a single value of the resonant action and therefore for the energy,
h, (for a given pair of m,n), at which the non-linear oscillator is in resonance
with the external perturbation. This fact is of major relevance, as we shall
see along this chapter.

In general, for all pairs of integers (m,n) € Z?/{0}, the set wy, =
—n/mf2 is dense in phase space, since wy,,/S? € @, the latter being dense in
RR. Therefore, for a given perturbation of frequency €2, there exists an infinite
(but numerable) set of resonant values of the frequency, action or energy that
satisfy the resonance condition.

5.1 An illustrative example

Let us consider (5.1), take just the real part of the Fourier series and instead
of a infinite set or harmonics, assume that only two are present, such that

H(I,9,7) = Hy(I)+eVi(I) cos(md — n7) + eVa(L) cos(rd + s7),  (5.4)

where m,n,r, s are positive integer numbers, V; are real functions of the
action and assume that the external frequency 2 > 0. Take for instance
some energy level, h = h,, for the unperturbed system within the interval
(hay hp), then Ho(1.) = h, for I, € (I,,1;). The energy level fix the initial
condition for the action value, which for the unperturbed motion is constant,
I(t) = I.,Vt. Assume that for I, € (I, I,), wo(I.) = (0Hy/0I);, > 0.

The time evolution of the phases is then, ¥(t) = wo (L)t + Jg and 7(t) =
Qt + 79 and let us take the rest of initial conditions such that J¢ = 7 =
0. It is clear then that argument of the second term of the perturbation
or = (rd(t) + s7(t)) = (rwo(Ls) + sQ)t is always positive and fast, since its
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cos(m 6 -n 1)
cos(ro+st) e

t

Figure 5.1: Schematic representation of the evolution of the slow and fast
phases over a given time span.

frequency rwg(1,) + s is larger than wy(Z,) or €. On the other hand, the
argument of the other term ¢; = (m(t) — s7(t)) = (mwo(l.) —n)t could be
positive or negative for a given pair of integers m,n > 0 and then it is slow,
its frequency mwy(I,) — nf) could be zero for a given value of I, € (1,, I).

Fig. 5.1 represents schematically this situation for both phases. After a
given time span, the fast phase presents several oscillations with zero av-
erage while in the same time interval, the slow phase does not exhibit any
oscillation.

Therefore for |mwoy(I,) —nQ)| < 1 for I, € (1o, Iy), rwo(l.) + s is large
and we can average (5.4) over the fast phase ¢, and we get

(H(I,9,7))¢, = Ho(I)+eV1(I) cos(mi)—nT), |mwo (L) —nf| < 1. (5.5)

Now let us follow the technique developed in the previous chapters: perform
a canonical transformation (I,9) — (I;,9;) in order to kill the terms of O(¢)
in the Hamiltonian (5.5), assuming I, I; € (1,, {;). To this end, we introduce
the generating function

F(I,9,7) = LY+ e®(1;) sin(md — nr),

where ®(I;) is by now an unknown function of the action. Recalling the
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relation between old and new variables

F
I = or = I, + em®(1;) cos(mvy — nt),
v
= or _ ¥+ ®'(I) sin(my — nr), (5.6)

oL

~ oF oF dr

H = (H)o; + 5o = Ho, + 5 4

o

= Ho(I)+eVi(I) cos(mi — nt) — enQP (1) cos(mi) — nr),

where @ denotes derivative with respect to I; and we have used (5.5) to
replace (H)g,. If we introduce the first of (5.6) in the Hamiltonian H and
expand Ho(I; +¢...) and eVi(I; +¢...) around I; up to O(g) we get!

wo(I1)
H = Hy(L) + (@) em®(I;) cos(mv — nr)+
eVi(Ih) cos(my — nt) — 5n1(12<1>([1) cos(md —n7)+ O(?) . (5.7)
Thus terms of O(e) in (5.7) can be killed if we choose ®(1;) such that

Vi(lh)

mwo(l)®(L) + Vi(l) — nQ®() =0, — &)= —ma

but we start assuming |mwo(I) — nQ| = |mwo(l;) — nQ| + O(e) <« 1!!

This small denominator, due to resonances prevents the above technique
and averaging. In the general case (5.1), maybe in the first canonical transfor-
mation we could avoid any resonance, but since resonance are dense in phase
space, in some of the sequence of canonical transformations the system could
fall in some resonance, the small denominators would appear and therefore
the series discussed in the previous chapters would become divergent.

Let us show how this happens using the real formulation of (5.1) and take
—n instead of n just to emphasize the resonant character,

H(I,9,7)=Ho(I)+e > Vpall)cos(md —nt). (5.8)
m,n#(0,0)

n V4 (I) we just replace I by I since the correction is of O(g?).
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Perform a canonical transformation (I,9) — (I;,19) by introducing the gen-

erating function
F(Il, 19, 7') = 11’19 + 5@(11, 197 7'),

where, as before, )
I=11+4+¢0y, H=H+:00,,

©(11,9,7) will be chosen in such a way so as to kill the terms of O(e), but
we will keep also terms up to O(g?). The subscripts in © denotes derivative
with respect to the corresponding variable. Let us work first with Hy,

2
€ !
Hy(I = I, + €0y) = Ho(I,) + ewo(I;)Oy + 5%(11)(@19)2 + O(?),

where w((I1) = (dwo/dl),. Now, let us take eV, (1),
V(1) = eV (1) + 2V (11)Og + O(£%).
Finally, H up to O(¢?) reads

H = Hy()+e¢ ((A)(](Il>@ﬁ + Z Vinn (I1) cos(mi) — nt) + Q@T) +
m,n#(0,0)

1
+ £ (2006([1)(@19)2 + Y Vi (1)Oy cos(md — ”T)> +0(e).
m,n#(0,0)

In order to kill the terms of O(e) we set

wo(l1)Og+ > Viu(l1) cos(md — n7) + Q0. = 0.
m,n#(0,0)

Take
O([1,9,7) = Y. Bpu(li)sin(md — nr),
m,n7#(0,0)

and just look for the coefficients B,,,(11). Indeed, since

Oy = Z m By (1) cos(mi — nt),
m,n#(0,0)

O, =— Y nBu(li)cos(md —nr),

m,n#(0,0)
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then

an(ll)
By () = ———————,
(1) mwo(I1) — nQ
and finally
I
O([,0,7) = — an—msin(mﬁ—nﬂ.
m,n(0,0) mwo(h) —nf

The above expression is only valid if [mwo(I;) — n| > d > 02, this means
far from the first order resonances, that are dense in I € G C R. Moreover,
at O(g?), terms like

(09’ = > mBun(I1)m By (1) cos(md — nt) cos(m'd — n'r)

m,n,m’ n'#0

appear, which after a simple trigonometric manipulation can be written as

; S B (1) By (1) cos((m £ m)9 — (n = n)7).

m,n,m/ n'#0

Since m +m’,n + n’ € Z we conclude that at O(g) as well as at O(g?), the
first order and second order resonances, as well as at any order in ¢, they are
just linear combinations of the form

pr(Il)_qQ:07 p7q€ Z7 (59)

that are everywhere dense in any open set G € R. Even if we perform the
transformation ¥ — ), it is clear that this only applies to the terms of
O(e) in the Hamiltonian H, to the term cos(md — nr), that following the
procedure used when we discussed perturbations to integrable systems, leads
to cos(md — nt) &~ cos(mid; — nt) — sin(mdy; — n7)(I — Y1) =~ cos(miy —
n7)+O(g). In the terms of O(g?) we just replace ¥ by ¥;. So this extra term
does not provide any new harmonic or resonance in H besides that defined
in (5.9).

For instance, let us consider as unperturbed Hamiltonian a quartic oscilla-
tor, Ho(I) = AI*/3 then, wo(I) = (4/3)AI'/3 and therefore, all the above for-
mulation is not applicable when, accordingly to (5.9), I € (I,—0, I.+0),6 > 0

2Later we will briefly discuss this condition in the framework of the so-called KAM
theory.
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with I, € R, where

3¢S s
R:{[pqER:[pq:<4Ap> ,p,qGZ/{O}}.

It becomes clear then that to find initial condition “far away” from a reso-
nance is not an easy task.

5.2 General description of a non-linear reso-
nance

We have already seen that we cannot apply the perturbation techniques de-
scribed above and averaging when the system is close to a resonance. There-
fore, since in this case it is not possible to kill the terms of O(e) in the
perturbation, let us seek for a different, local approach. We star with the
original Hamiltonian

H(I,9,7)=Ho(I)+e > V(1)) (5.10)
m,n7#(0,0)

and assume we are restricted to a small domain D = (I, — 6,1, +0) C R
with |I,| > ¢ > 0 some resonant action and § “small”, and for any I € D
only a single pair m,n leads to [md + n7| < 1. Again we neglect harmonics
of the form |kmd + knt|, k € Z, k > 1. As we did before, let us take the real
Fourier expansion of (5.10) and change n — —n. Therefore, since only one
term corresponds to a slow phase, we can average over all fast phases and we
get?

H(I,9,7) = Ho(I) + eVpn(I) cos(mi) — nr). (5.11)

Let us denote with 1 = m1d — n7 the slow phase. Since we assume that for
IeD Y= \m19+n7'| < 1, let us call ¢ the resonant phase. Now, perform a
local canonical transformation, (I,19) — (p, ) through a generating function
depending on the old action and the new phase,

v+ nT

m
——
9

F<va77—) = _(I_Ir)

3By an abuse of notation we denote the average Hamiltonian as H (1,4, ) instead of
(H)g, where ¢ denotes all fast phases.



5.2. GENERAL DESCRIPTION OF A NON-LINEAR RESONANCE 95

Therefore, the transformation equations are

oF I—-1,
P = o - p=— 2 I =1, +mp, |mp|<9;
OF Y+ nT
v 8I—>19m,—>¢m19n7, (5.12)
OF

where the subscript r stands for the “resonant Hamiltonian” that should
describe the motion in D. Thus,

H,(p,v) = Ho(I, + mp) + eVyn (L. + mp) cos b — np§Q. (5.13)

Now we Taylor expand Hy(I, + mp) and V,,,,,(I, + mp) up to the minimum
possible order in mp. This minimum order is (mp)? as we shall see. Since
O(m?*p?) ~ O(6?) we take then O(5) ~ O(y/€). Thus all this formulation is
valid within a domain of size /¢ around I,.. Let us then expand (5.13),

O0H, 1/ 0%H,
Hr(pa 7/)) = HO(IT> + (8[0> mp + 2( 6120>m2p2 + €an(]7~) COS%U - an,
I I

where in V,,, we just take the zero order in the expansion since emp ~
O(e3/?). Neglecting constant terms and recalling that 0H, /0l = w, we get

H,.(p,v) = (mwo(I,) —nf)p+ ;(%?) m?p® 4 Vi (1) cosp;  (5.14)
I

since I, is the exact resonant value, the linear term in p vanishes and denoting
the constant factor (Qwo/0I), m* = M~' we obtain the final expression for
the resonant Hamiltonian,

2

H,(p, %) = 5 + V(1) cos . (5.15)
Therefore the resonant Hamiltonian that describe the resonant dynamics in
D is a pendulum Hamiltonian. Notice that the original Hamiltonian (5.10)
depends on time and therefore, in general, non-integrable. The averaged
Hamiltonian (5.11) is also time-dependent, but it is clear that it is integrable,

since it reduces to the pendulum Hamiltonian (5.15) after a suitable canonical
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non-resonant tori

non-resonant tori

)

Figure 5.2: TIllustration of the phase space structure near a non-linear res-
onance. In this example, m = 3. In D = (I,, ;) ~ O(y/e) the system is
trapped in the resonance, ¥(t) ~ wo(I,)t + 1 (t)/m, the topology changes,
while if I ¢ D, 9(t) ~ wo(I)t and the tori structure of Hy is preserved.

transformation. Notice that the “mass” M thus defined, measures the non—
linear character of the oscillations (or rotations). Indeed, M ! o (Owy/dI)
and thus it becomes clear that (5.15) is not applicable when Hj is nearly
linear. In the new variables (p, 1), we know completely the solution of (5.15),
each trajectory is labeled by the local integral H,.(p,?) = h,. Let us assume
that M > 0, V(L) > 0, then for h, < £V,,,([,) the system oscillates
around p = 0 (I,),v = =, while for h, > €V,,,(I,) it rotates. Moreover,
for h, small, we have the small oscillation regime with a small oscillation
frequency given by

2y Vemlr) 2 (Owo
Qw(E) =& Wi = Evmn(Ir)m oI . )

after replacing M ~—!. Therefore, we get for the small oscillation frequency of
the phase ¥

Q) = my/eVoun (L)L), (5.16)

where the prime denotes derivative with respect to I. Fig. 5.2 illustrates how
the resonant dynamics looks like. If € = 0, the tori structure, as represented
in this figure, corresponds to horizontal lines and ¥(t) = wo(1)t + 1. For ¢ #
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0, the tori structure is preserved for I away from D (by means of averaging
we can eliminate the perturbation and the average Hamiltonian is Hy), but
for I € D = (I,,1,) ~ O(y/e), the perturbation cannot be killed due to
the presence of a resonance and the topology of the phase space changes,
I(t) = nt/m+ Y /m ~ wy(I,)t + ¥(t)/m, where we have replaced n{)/m by
wo(Z,) due to the resonance condition. Therefore the motion is a composition
of a rotation and a pendulum. Thus, near the resonance, the frequency, ¢
reads

p_

mM’

where we have used (5.15) to replace ¢ using the Hamilton equations, and
recalling the definition of M we finally get

Wy = Wor + — = W +
m

wo(I,t) = wo(I,) + mwy(1)p(t). (5.17)

Clearly wg(I,t) is not constant, it changes with time with the pendulum
momentum p. The same happens to the unperturbed action I, accordingly
to the first in (5.12), [ = I, + mp.

5.2.1 Resonance half-width

As we have already seen, the change of topology in phase space near a reso-
nance occurs within the oscillation regime of the pendulum, as it is observed
in Fig. 5.2. Therefore, from the resonant Hamiltonian (5.15), the energy
label h, = &V,,, (1) corresponds to the separatrix, then from

p?
oM

P2
2]\‘} = 26V (I,,) sin® =2

2 ?

+€an<[r) COS’QDS = Ean([r), —

after a simple trigonometric relation. Therefore the separatrix equation reads

ps = Eprsin %, pr = 2/ eV (L) M ~ O(V/e). (5.18)

2

In the original variables (I,9, 1), we have I = I, + mp, thus I, = I, + mp;
therefore

= Il = (AD), = mp, ~ O(5), (5.19)

(AI), is called the half-width of the resonance in action space. As a difference
from the non-resonant case, where the change in the unperturbed action is of
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|
|
energy space h h

action space

®
frequency space ©,

Figure 5.3: Sketch of the half-width of a non-linear resonance in action,
frequency and energy spaces.

O(e), the effect of a resonant perturbation is O(/¢), larger than the former
since € < 1.

In the very same way we can define the half-width in frequency space.
Indeed, from (5.17) we set p = ps and thus

Evmn(Ir)

|w(Is) — W) max = (Aw), = mwq (I )pr = 2 M

~O0(Ve) (5.20)
where (Aw), is the half-width of the resonance in frequency space. In a
similar fashion we can define the half-width of the resonance in energy space
from Hy(I, + mps) as (Ah), = mwo(l)p, ~ O(y/e), after linearizing H,
around [, and Hy(I,) = h,.

To end this section, let us focus on the resonant Hamiltonian (5.15). Since
we have assumed that M > 0 and £V},,,(1,) > 0, from the pendulum dynam-
ics, it is clear that for h, = —eV,,, (1) p = 0,1 = 7 is the stable equilibrium
point, while for h, = €V,,,(I.) p = 0,9 = 0 corresponds to the unstable
equilibrium point or whiskered torus. The stable point, that corresponds to
the minimum h,, leads to the elliptic resonant tori of dimension 1

p=0 — I=1, V=m —>19:1+£T, ¥, 7 mod 2;
m m

while the whiskered (or hyperbolic) torus, that appears for the maximum #,
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Figure 5.4: Whiskers and the whiskered torus for m = 3,n = 2 for a 3-D
phase space. The whiskers I*®* are shown at the left. They intersect leading
to the whiskered torus plotted at the right.

within the oscillation regime, in the original variables is,

v=0, — mid—-nr=0 — 19227', ¥, 7 mod 2;
m

which is a whiskered torus of dimension 1 and the whiskers, of dimension 2,
9 —
1° = 1.+ mp, sin <m2n7>

are fastened to it.

To illustrate this, in Fig. (5.4) we plot at the left the two whiskers I** =
I, £ mp, sin (mY/2 — n1/2) for m = 3, n = 2. The arriving whisker or stable
manifold 7® and the unstable manifold or departing whisker I* intersect each
other at I, leading to the whiskered torus, which is represented in Fig. (5.4)
at the right. The motion in the whiskered (resonant) tori, I = I, is given
by ¥ = n7/m, and therefore the orbit close itself, it is not dense on the
torus. Clearly the same happens with the motion on the elliptic resonant
tori, ¥ = m/m + n7t/m.



100 CHAPTER 5. NON-LINEAR RESONANCE

5.3 Non-linear stabilization

Let us briefly discuss the differences between a linear and non-linear res-
onance. We have already seen that in a non-linear oscillator in resonance
with an external periodic perturbation of strength ¢, the unperturbed action
change by an amount ~ 4/z.

Now, consider the following example of a linear oscillator under the effect
of a linear periodic perturbation,

H(1,9,7) = Ho(I) + eBI cos(md — nt), Ho(I) = wl,

where 7 = Qt + 79, w; the constant frequency of the linear oscillator and B a
numerical constant. The resonant condition is then

mw; — n§2 = 0.

Assume that in frequency space w; = n{)/m, then m — nt = 9 is the reso-
nant phase. Following the same approach than for the non-linear resonance,
let us introduce a canonical transformation through the generating function

P 7) = 1257,

m

where now, since the resonance condition is global in action space, there is
no resonant action I,. Therefore the transformation equations are

oF I
p = _%a — p:%a — ]:mpa
9 = _?5 SN ﬁ:w+n77 — Y =md —nr;
m
or
H\(pw) = H(I(p),0(6),7() + 0,

where H', denotes the linear resonant Hamiltonian. Since both Hy(I) and the
perturbation are linear in I there is no need to perform any Taylor expansion
and we get

H', (p, ) = (mw; — nQ)p + emBp cos ).

Again we get an integrable Hamiltonian, each solution depends on the energy
levels H'(p,1) = h,. However, while in the non-linear case H, is a local
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integral around I, (or h,), H! is global for any I (or p). Since we assumed
that |mw; — nQ| = A < 1, for any energy level we have

P(A 4+ emB cost) = h,.

For w; close enough to n{)/m, the condition A < emB holds, and then, for
any finite value of h,, the amplitude of the oscillations, p, grows unboundedly
when the term between brackets goes to zero. Therefore the linear oscillations
become highly unstable.

The main difference between a non-linear and linear resonance is the fact
that for a non-linear oscillator the frequency depends on the action or the
energy. Therefore a periodic time dependent perturbation slightly changes
the energy of the system, and as (5.17) shows, it does the frequency. The
perturbation periodically moves the system away from the exact resonance
value and this leads to a kind of non-linear stabilization in contrast to what
happens in the linear case.

Physically speaking, a resonance means an exchange of energy between
the oscillator and the perturbation. When the oscillator and the external
perturbation are in resonance, the oscillator takes energy from the external
periodic force. Therefore if the oscillator is linear and in resonance, it will
gain energy in each period of the perturbation, while in the case of a non-
linear one, the system is periodically driven out and in the resonance and
therefore the energy exchange is finite.

5.4 Ranges of application of the pendulum
model

To close this chapter, let us discuss some restrictions to the pendulum model
to model a non-linear resonance. To this aim let us use the non-linear pa-
rameter introduced in a previous chapter,

where prime denotes derivative with respect to I. Thus, we will rewrite
relevant parameters derived above in terms of a.
Recall the small oscillation frequency defined in (5.16)

Qy(e) = my/eVin (L) wiy(1).
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Rescale € such that

= Tl

which is possible since all the involved quantities are finite, so O(e) = O(e).
Therefore

Qu(e) = my/eLwo(L)wh(L,), —  Qule) = mwo(L)/ealL,).
On the other hand, the half-width of the resonance in action space given

by (5.19)
’[ - Ir‘max =Mpy, pPr= 2\/ evmn([T)Ma

introducing the rescaled perturbation parameter €, using o and the definition
of M it is straightforward to get

2 €
m\ a(l,)

pr:]r

i) The pendulum approximation rests on the smallness of mp in such a way
that we can neglect terms higher than p?. Therefore it is required that

[ €
mp <mp, <1 — 2I, ﬁ<<1 - e a(l).

Thus, nonlinearity should be not too small.

ii) The frequency of the resonant phase should be slow enough such that
we could average out the rest of the phases we assumed as fast. Since the
oscillation frequency of the pendulum is bounded from above by €, we
require that

Qu(e) < mw(l) —n'Q = wir, m',n' €7,

thus,

2
1 Wm/n! 1
mwo (L) ea(l,) K wpy  —  a(l) <K . <mwO(IT)> ~

Therefore, the non-linearity should be not too large.
Thus we can say that the pendulum model is a good formulation of a
non-linear resonance in the case of moderate nonlinearity.



Chapter 6

Multidimensional non-linear
resonance

Let us consider the N-D Hamiltonian Ho(P, X ) where P, X € F C RY. As-
sume we know the canonical transformation to action-angle variables (P, X) —
(I,9) such that Ho(P,X) — Hy(I). Let now be

Ho(P, X) +eV(X),

where ¢ < 1 and V(X)) is a well behaved function of the coordinates. Then,
since we know the transformation (P, X) — (I,9), the perturbation can be
written in terms of the action-angle variables, V(X) — V(I,4). The latter
admits a Fourier expansion in the angles and therefore the Hamiltonian takes
the form

H(I,9) = Hy(I) +¢ Y Viu(D)e™?, e<1, (6.1)

m#0

I defined in the N-dimensional manifold G = {I = (I,...,Iy)} C RY,
9 in the N-dimensional torus S = {9 = (V1,...,9x) mod 27}. Besides,
m € 7" /{0} and V,,, are complex coefficients that depend on the action and
we have assumed that the mean value Vg = 0 without any loss of generality.

6.1 Integrable systems

Let us briefly summarize the dynamics when ¢ = 0. Thus H = Hy(I) and
the system is completely integrable with N global integrals (in involution)

103
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Iy, I, ..., In. The motion is in general quasiperiodic with N fundamental
frequencies
0H,
w=—€G"
o1
or

(wl,wg,...,wN) =

0H, 0H, 0H,
oL’ oL’ oIy )

In this case of “independent” N frequencies, the motion fills densely and
uniformly an N-dimensional torus. We assume that the determinant

&,ui (?QHO
det(a[j> det <8lj8[i> # 0, 1, AR

in order w(I) to be a one-to-one application and therefore invertible. This
condition, in fact, determines the nonlinearity of the oscillations, for instance
N =1 implies dw/dI # 0 which is the nonlinear condition assumed in the
previous chapter. Therefore, as we did before, we can look the dynamics
either on the action or frequency spaces. Thus an N-torus is completely
specified by the initial conditions that fix the set of the N values of the
actions I; or the frequencies w;. In other words, the coordinates that define
a N-torus are the actions or the frequencies. The phase space G' x SV is
completely foliated by N-dimensional invariant tori.
A resonance condition in Hy takes the form

mw(I) :mlwl(I)—l—mng(I)—I—---—I—meN(I) :O, (62)
in action space, while
m-w:m1w1+m2w2+---+meN:0, (63)

in frequency space. The resonance condition (6.2) or (6.3) defines the res-
onant torus, the latter is completely specified by the value of I or w that
satisfies the resonance equation. Therefore, in general, on a single resonant
torus, the motion is not dense on the N-torus but it is on an (N — 1)-
dimensional one. In terms of the frequency, (6.3) implies that one of the N
components of the frequency vector can be expressed in terms of the rest of
them, so we have N — 1 “independent” frequencies.
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This kind of coupling resonance in a multidimensional system takes into
account the exchange of energy among the different degrees of freedom. Ge-
ometrically, in action space, the relation Hy(I) = h defines the N — 1 dimen-
sional manifold, called energy surface

M, ={I €G: HyI)=h}, (6.4)

while the resonance condition (6.3) defines another N — 1 dimensional man-
ifold, called resonant surface

Yr={IeG:m-w()=0}. (6.5)

Similarly, in frequency space, since w(I) is one-to-one, I'(w) does exist and
we can define the N — 1 surfaces

M, ={w e G*: H\(w) = h}, Yt ={weG@ :m-w=0}, (6.6)

where H)(w) = Ho(I(w)). They are the energy and resonant surfaces in
frequency space. The latter is just a N — 1 dimensional plane whose normal
is the resonant vector m. Fig. 6.1 shows these two surfaces in both spaces
for N = 3, corresponding to three uncoupled quartic oscillators. In any of
these spaces the energy and resonant surfaces intersect each other, in this
particular case leading to a curve, but in general this intersection is some
manifold
mw=AL I € MNX"},

where dimY}* = N — 2. Thus all the vectors that belong to Y7* are the
resonant actions I, and those that belong to Y} = M;NY""" are the resonant
frequencies w, for a given energy label h.

Since the frequency vector is the gradient of Hy, w(I) is normal to M}, at
any point in action space. From the resonant condition (6.3), m is normal

to w(I), and then tangent to the energy surface at I,.. Besides, the normal
to X7 is defined by

e ' 0wy 0w Ows Own
_ﬁ(m-W(I>), (nr>z—m]87]i—mlaiji—|—m2 aIZ +...+mNTIi,

n,

where the last expression corresponds to the i—component of n,.. In general
n, at I, is not normal to w and therefore n, and m are not collinear. Fig. 6.2
represents these vectors at a given resonant action I, € T7*.
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Figure 6.1: Energy and resonant surfaces in action and frequency space for
a three dimensional quartic oscillator. Every point in these spaces represent
a torus.

6.2 Resonant perturbation

Let us take the Hamiltonian (6.1) fore #0,let D ={I: |[I — I.|| <0} C G
where I, € T}" is a fixed resonant action vector and ¢ is “small”. Assume that
within D, only one term in the Fourier expansion is slow, say that involving
the harmonic m, so we can average out the remainder terms and considering
the real part of the series, we get for I € D,

H(I,9) = Ho(I) + Vi (I) cos(m - ). (6.7)

The variation of the unperturbed integral I due to the presence of the

perturbation to Hy is
I= —gg =emV,,,(I)sin(m - 9).

The above expression tell us that in case of a single resonant perturbation
the change of the unperturbed action, AI, has a fixed direction along the
resonant vector m. Therefore the motion is confined to a one-dimensional
manifold. Indeed, since at I, w, L M, and m L w,, then AI || m and
lies in II,, the tangent plane to M}, at I.. Thus, we can say that a resonant
perturbation preserves the unperturbed energy.

Let us introduce a canonical transformation (I,4) — (p, 1)) and instead
of defining this transformation by means of a generating function, let us do



107

6.2. RESONANT PERTURBATION

f

i
\s‘ /

/
/
i
"

0
)
0

X

/I
A
i

f‘

i

4

e

i

i
‘

X

)

i

)
e
g
o

s\t

0
i
"

y
i
o
s
o

Figure 6.2: Schematic representation of the vectors w, m and n, on a given

I, € T7* where n, is not normal to w.

it by a local change of basis'. Let

’U,N}

°

B ={u,uy,..

be the basis in which the action vector has components

sum over ¢

Y

Iiuia

I =

and therefore

7.

u

i)

(Iz - Ir

I-1,

I,

Let

L UN}

{11, o, -

be a new basis in which I; denoted by p, has components

Dilbi.

p=

I,

Later we will need the generating function that leads to the full canonical transfor-

mation.
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Clearly p and I; are the very same vector, since any vector is independent
of the basis, but they have different components when they are expanded
in different basis. Let us construct then the new basis B accordingly to the
geometry of the dynamics discussed above.

Since I || m then p || m, thus we take gy = m. As we have already
seen, m L w,, then we take py = @, = w,/||w,||. The remainder vectors
of the basis are defined as pu, = e, € Y3* C II,,k = 3,--- , N, being the
vectors e orthonormal to each other and to ps. One of the ey, say ey is
taken orthonormal to m,, the normal to ¥7*. Thus, in general, all the vectors
e; will be also orthogonal to p;, except e;. Geometrically, for N = 3, we
have the following picture: the resonant vector m € Il,., while the frequency
vector is normal to II,.. Then the third vector, just one of the e, e; = e is
tangent to T}* C II,, that is, tangent to the intersection of M), and ¥ and
therefore it belongs to I, at I,.. Fig 6.3 illustrate this local change of basis
in an action space of dimension 3.

As discussed above, in general e, and m are not orthogonal so we are
dealing with a non-orthogonal basis. Therefore the N-linear-independent
vectors of B are

B={p=m, py=,, p, =ep,k=3,...N}.

Let us proceed with the local change of basis,
in basis B: I; = 1;u;, 1y =1; — I,

while
in basis B : D = Difbi-
Let us expand the vectors p; in the basis B,
i = [ijWy,

{t;; are then the components of the vectors p; in B. As we said, since a vector
is independent of the basis, we have

Tyu; = pip; = DiftijWj,

where 7, 7 in the third term are dummy indexes of sum and we can exchange
them and write

Igw; = pjpjiug, — (La; — pj,uji)ui =0,
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Figure 6.3: Schematic representation of the local basis B = {p1 =m,pus =
@,, w3 = e} on II,, the tangent plane to the energy surface M), at I.; and
the (global) basis B = {u;,us, u3}. The vector w, L II, while m,e € II,.
The vector e is defined such that e L n, (n, ¢ M;) and e L w,, then e is
tangent to Y7 (T7* represents in the figure the projection of Y}* € M), on
I1,). In general, m is not orthogonal to e.

and since the wu; are linear-independent, it should be
Lai = piti,
and then we get for the transformation of the actions
I = I + pjpgi-

Since we impose that (I,9) — (p, 1) is a canonical transformation, it should
exist a generation function, for instance F'(p, ) such that

OF OF

L= =
l 819[’ wk apk
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Thus if we replace in the first of above

oF
I + Dit = 87191

and we integrate respect to 9; we get
F(p,9) = (I + pjp)0 + G(p, 91,92 ..., 011, V141, .. ., UN),

where G needs to be determined and for the time being, no sum over the
repeated index [ should be considered. But, for any other component of the
action I, s # [ it is

oF  0G
Irs +pjps = 99. 0.

Therefore, since 0,/09s = d;5, the generating function F' is then
F(p,9) = (I + pjp)d + G1(p),

where now the sum over both repeated indexes 7, should be considered and
the new function G; might depends only on p. The latter is fixed by the

condition 5F 50
T = 9 1
r = = ﬂ]ll]k+ak
and thus we take F' as simple as possible by setting G; = cte and then
VY = pds.
Therefore, the complete set of transformations are
Ii:Iri—i_ij’jia wk ,ukz is iajak:LQv"'?N; (68)
where
P = My, i = Wri, Pki = €ksy, k> 2. (6.9)

In terms of all components, for N = 3, the explicit transformation is

I = I+ pipar + papror + Dafisi,
Iy = I+ pipr + papioe + pspisa,
Is = I3+ pipig + paflos + papiss,

V1 = 1191 + pie¥s + pa3s,
Yy = po1Uy + poals + piosVs,
s = ps101 + pgals + pssvs.



6.2. RESONANT PERTURBATION 111

Thus, it is clear that the phases transform through the matrix IM = {u;;},
such that ¥ = M® and the actions do so as I = I + M”p. From (6.8) and
(6.9) it turns out that

P = pt; = mid; =m -9,

and therefore the Hamiltonian (6.7) depends on only one phase, ¢;. Indeed,
if we perform the transformation (I,9) — (p, %) in (6.7) we have

H,(p,v) = Hy(I, + M"p) + eV, (I, + M"p) cos 1y, (6.10)

and the resonant Hamiltonian is cyclic in vy, ..., 1y and therefore the new
actions pi, kK = 2,..., N are local integrals of motion. Recalling that we
have assumed that ||[I — I.|| = |[M?p|] < §, with § “small”, we Taylor
expand Hy in powers of i pr up to the minimum order such that we keep the
nonlinearity of the unperturbed Hamiltonian, that is up to O(u3,p3). Since
O(uz,pi) ~ O(6?%) we take O(6?) ~ O(e). Therefore, again this formulation
is valid within a domain of O(y/¢) around I,. Thus,

0H, 1 ( 9%°H,
H ]r ~ H Ir T a sHsgy
o(Lr; + Prperr) o(L) + ( a1, )1 Pk + 5 (é?flé?lj . DkkiDsthsj
N N
wi(Ir) 57 (I)

defining the tensor

1 o &ul
]\4]{:S - /’Lkl an IT /’sz7
and neglecting the constant term, we obtain

]-pkps
Ho(I) ~ w(I, — )
o(I) ~ wi(L,) prapr + 5 M.

The linear term in py is
i - wr
WrtaPr = P1 (H11wry + fioWre + -+ -+ piNwy ) +
P2 (p21Wry + foowps + - -+ + ponwy ) +

PN (n1wry + finowrg + -+ + UNNWrN) -

MN - Wr
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Since u; = m, py - w, = 0, and thus defined the py, it is ps - w, = 0 for
s # 2, while py = w,., then the linear term reduces to

Wri ki Pr = p2||wr||-

Therefore, Hy(I) takes the form

Hy(I) ~ , — )

o() = paflw. || + 5 M,
Now we should consider in (6.10) the other term that depends on the actions,
eV (I, +MTp) cos1p;. As we did in the 1.5 dimensional case, since gy ~
O(e6) ~ O(£%?) we just take the zero order expansion and we get for the
resonant Hamiltonian

1 PrPs
H,(p, ) = pallw, || + 55— + Vi (1) cos ¢y (6.11)

2 My
It is important to keep in mind that the resonant Hamiltonian, only valid
in D, is N-dimensional since it depends on py, pa,...,py and ¥y, 19, ..., Yy.
However as we have already mention (6.11) is cyclic in 19,93, ..., %¥x and

therefore po, po ..., pn are N — 1 local integrals of motion in D. Thus the N-
dimensional Hamiltonian (6.11) reduces to a one-dimensional one. Moreover
since H, is autonomous, H, = h, is another local integral. Therefore H,
given in (6.11) is an integrable Hamiltonian in D since it posses N-local
integrals.

Now let us discus the numerical values of the local integrals py, k > 2. If
we impose that I, would be a point of a given trajectory of (6.11), it should
be pp = 0,k = 2,...,N. Indeed, if we look at (6.8) and bellow (for the
3D example) if pp = cte # 0,k > 2, I, could not be a point visited by I,
since the motion is along the one-dimensional manifold defined by p; = m.
Therefore if we set pp = 0,k > 2 in (6.11) we arrive to the following resonant
Hamiltonian )

H,(p1,¢1) = 2%1/[ + eVin(I,) cos iy, (6.12)
where

1 1 &ui
—=—=m; | = | m,.
M My 0I; I !
Therefore, the resonant Hamiltonian is a pendulum Hamiltonian for p;
and v; where the values of the local integral H, = h, would lead to oscilla-

tions or rotations of ;. Clearly within the oscillation regime p; will cross
the value p; = 0 in each period of oscillation.
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In the one-dimensional autonomous Hamiltonian (6.12) the energy levels
h, parameterizes each solution. The rest of the N — 1 local integrals of
(6.11) are, after inverting the first of (6.8), just linear combinations of the
unperturbed global integrals,

[L;fpjfj = cte, 1 # 1,

where /15 is the inverse of M’ ﬂg,;mk = ;.

Let us assume that M > 0 and €V,,(I.) > 0, then p; = 0,91 = 7 is
the stable equilibrium point, therefore for h, < eV,,,(I,) the system oscillates
around this point. For h, > eV,,(I,) the rotation regime arises and the
system is not longer trapped in resonance. The separatrix corresponds to
h, = eVin(I,.), thus setting this level in the Hamiltonian (6.12), the equation
for the separatrix is

2
Hr(p137 zpls) = ;9]1\2— + gvm(Ir> COs wls = 5Vm<Ir)7
2
5}\2 = V(L) (1 — costbr) = 26Vim(I,) sin? 215,
ps = +2\/eMV(I,)sin 1/’215.
Defining
pr = 24/eMVp, (1)
then
p1s = £p, sin 1/1215’ pr ~ O(Ve). (6.13)
The small oscillation frequency of v, is
eVin (1)
Q= —2 6.14
o (6.14)

Therefore close to the exact resonance point, p; oscillates around it with an
amplitude of O(y/¢) with a slow frequency wy, < Q ~ O(y/¢), thus, in terms
of 2, p, takes the form

pr = 2MSQ.

Take for instance N = 2 (later we will discuss this case where just two
basis vectors are needed), then Fig. 5.2 is representative of the phase space
structure of the resonance if we take I = I, I, = I,1,9 = ¥, m = m; after
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a section through I, = cte. Recall that in 2D, since the phase space of Hy is
foliated by two-dimensional invariant tori (S* x S1), I; should be thought as a
“radial” coordinate and then the pendulum like structure should be observed
for instance in a surface of section, along a circle instead of a straight line.

6.3 Resonance half-width

Let us go back to the original variables. From (6.8) and recalling that p, =
ps=---=py = 0and p; = m, then

I:Ir+mp1

thus the difference || I — I,.|| within the oscillation regime takes its maximum
value when p; = py,, the latter bounded by p,. Therefore

I — I} || max = [[m||p;-

Denoting (AI), = |[I — I,||max, the half-width of the resonance in action

space is
(AD), = 2]lmll\/=MVin(I,).

after replacing p, by (6.13). Therefore, as a difference from the non-resonant
case, where the change in the unperturbed action is of order ¢, the effect of
a resonant perturbation is of order /e, larger than the former.

In frequency space, take the resonant phase m -9 = ¢, so m - 9 = ¢1 =
p1/M. Tt is not as easy as we did in the 1.5-D system to get an explicit
expression for the change of the unperturbed frequency w = 9. Thus we
proceed in another way?. Let us Taylor expand w(I) around I, up to first
order,

w(I) ~ w(l,) + (Z‘}’) (1~ 1),

with I; — I,; = m;p1, so

Ow 0
w(I) — w(I,) = pim; (a[l) . =D (m : 8I> . w, (6.15)

2See however next Section.
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and the maximum departure of w from w, = w(I,) occurs for p; = p,, then
defining the vector (Aw) = (W — Wy )max,

0

(Aw) = p, (m : 8I>IT w.
It is clear that (Aw) thus defined in general would not have the same di-
rection than the vector m, the latter being normal to the resonant plane in
frequency space. In Fig. 6.4 we represent the resonant surface /™. The res-
onant frequency w, € ¥™ while m L ™. The vector (Aw) in general does
not lie in /™ and is not collinear with m. Then, it is natural to define the
resonance-half width as the projection of (Aw) in the normal direction to the
resonant surface. Therefore we define the resonance-half width in frequency
space as

m Ow; m;
(Aw), = (Aw)- ™ = pm, ( ) i
|| ol ), |lm||

and recalling the definition of M given in (6.12), (Aw), reduces to

pr Q [€
(Aw), = =2 X 4] =—.
[m|M flm| VM

From the above expression for (Aw), we conclude that if 1/M = 0 then
(Aw), = 0. This means that (Aw) lies on the resonant plane and therefore
the system does not leave the resonant surface. Thus the pendulum approx-
imation does not hold and the system keeps in the exact resonance as an
isochronous oscillator. Therefore the condition 1/M # 0 leads to

1 &,ul-
7 (3Ij>h " 70,

which is different from the former assumption

80.1,'
(alj > I. 70

which ensures that w(I) is a one-to-one application. In fact 1/M # 0 is
a more restricted condition than the later. The above condition for the
applicability of the pendulum model can be stated in another way. Indeed,

1 &ui
M:mi<a[j>jrmj:m'nr7é0>
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W3

The resonant

Figure 6.4: Vectors m and (Aw) at the resonant point w,.

, the resonant plane, w, € '™ while (Aw) is not normal
to X™ and should be (Aw) ¢ 3™ in order to the pendulum model for the

non-linear resonance works.

m
r

vector m L X

-m, = 0, then the

that is, since the vector e, € II, is defined such that e,
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this occurs B is not a well defined basis since m and e, are no longer linearly

independent.

condition m - n, # 0 means that m &€ II, should not be collinear to e,.
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let us look for the variation of the new phases, ;. From (6.11)

I

where p; is the pendulum momentum that changes with time accordingly to

(6.12). Now

As we have already seen, the original action changes as (6.8)
we get

6.4 Motion in the orig

Pk

2Mkl ’

Ps

2Ms

[ (|02 +

2 M

DiOsi

DOkl

2 M

= [lw (|02 +

0H,
Opy

W =
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since k, s are dummy indexes of sum we can write

Ps Ds
2]\4ls * 2Msl’

Lo (%),
Mls_,uh 8[] Irﬂs]a

V= w182 +

and by definition

is symmetric?, it results

Ps

b = ||lw, |6 .
Y1 = [|w, || Q“LMIS

Since the actions p, are such that for s > 2,p, = 0 then the sum over s
reduces to only one term just for s = 1 and then

Y41
— llw, |16
Uy = ||w, ||0n + A
From (6.12),
f—
P = ap1 M’ b1 My

and then we get for %,
. M .
V= llwrlloa + 374

From the above equation we note that although the p;, [ > 2 are local integrals
of motion, the frequencies ¢, do change with time through ¢; and are not
local integrals. The above expression can be immediately integrated to get

() = [l ||t + A]lext) L,

showing that the oscillations in v; influence the time evolution of all the new
phases.
Let us go back to the original angles. From (6.8)

P = M9, or Ui, = pp;.

3M;, = M, since the constant factor (Gwi/alj)b is multiplied by p; and usj, so
exchanging [ by s we get the very same sum over i and j.
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If we introduce M~ = {3} the inverse of M :

[k fles = Prifis = Oks,

then if we multiply from the left ¢, by fis we get

fosk Wk = fisk el V1, — fosk . = Vs,
5
sl

therefore introducing the solution for ¥ (t) given above,

N M _ .M .
0, = i (ol 8ot + 500 (8) + ) = [l i i ()it
M —_— My ——
bs — 99

as

Let us compute then the vector components a, and b, recalling that

1 &,ui N
- = i - i . =m i P wr .
My Mk oI, . 1 M1 J H2; J

then

M Ow; Ow; ow
s — ~s w5 Ns 7 — M = 551’ — M = — M.
o TN, T (a[j>b H (alj)b " (afj )L "

For b, we have
bs = ||w, || fisk Ok = [|wr || fis2,

and compute f;sbs,

:uisbs - ||wT||/’LiSﬂ82 - ”er(szQ — ,U/Zsbs - ||er — (Drsbs - ||wr||a
and since Ops = wys/||w,|| we obtain

I& — bs = Wys-

wrsbs = ||wr

Thus we finally get for 9,

Owy

ol

Vg = Wrl + ( ) m My (t) + 92, (6.16)
Ir
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where () is the solution of the resonant Hamiltonian (6.12). If ¢ = 0,
H,.(p1,%1) = p3/2M and then all the p;,i = 1,...,N are constant with
p1 = 0 (H,. = 0) since I = I, and then we set 1y = 0*. Therefore (6.16)
reduces to

Vs = Wyt + 102, e =0,

which is in fact the solution for Hy(I).
From (6.16) we can easily compute how the frequency changes due to the
resonant perturbation, just taking the time-derivative of (6.16) leading to

Owg

Ws = Wrs + (a]j>lr ijqu‘)l(t)

where from (6.12) ¢, = py/M, then

which in its vector form reads

B 0
w=w, + p(t) (m : 8I>I w,
which completely agree with (6.15).

In Fig. 6.5 we illustrate the dynamics for N = 2 in action space. This
case, though eloquent, is not the best one since only two vectors are needed
to define the new basis 8, just m and w,.. However it is instructive to see how
the motion proceeds along m measured by the local action p;. The figure
clearly shows that under a resonant perturbation, the resonance become in
fact a resonance layer of width (A7),

As we have already mentioned, the non-linear stabilization due to a reso-
nant perturbation depends on M. As a deference from the 1.5 degree of free-
dom model, in a multidimensional system it could be 1/M = 0. In such case
(Aw) lies on the resonant plane, the non-linear system keeps in resonance
for ever as a linear one. We can say then that if this occurs the non-linear
stabilization does not work any longer. Note that 1/M depends only on the

‘More generally, ¢; = 9 = cte so taking ¢ # 0 just implies a shift in 90 —
90 + (88%)1 m; M9 that though it has no any consequence in the dynamics implies
J

an artificial change of the initial conditions in Hy.
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Figure 6.5: Ilustration of the resonant motion for 2D in action space. The
resonant action corresponds to the intersection of M, and X", the energy
and resonant curves respectively. The motion, py, is along m, tangent to M,
at I,.. The frequency vector w, 1 Mj,.

unperturbed Hamiltonian, thus the non-linear stabilization strongly depends
on Hy. However, to be precise, the condition 1/M = 0 is a necessary but not
sufficient condition for the so-called quasi-isochronism, since the stabilization
could be due to higher order terms in py of the expansion of Hj.

Finally, let us mention that we have always drawn convex energy surfaces,
in which every point in M}, has a single point of tangency with the tangent
plane at the very same point. If M} is not convex the tangent plane could
intersect the latter in some submanifold. The convexity of M), is in fact a
requirement to the pendulum model of a non-linear resonance works, however
this discussion is, by now, out of the scope of the present chapter.



Chapter 7

Resonance interaction 1

The example discussed in the last chapter is quite restricted, since only one
resonant term is retained in the perturbation. In order to describe a more
realistic situation, it seems reasonable to include some other harmonics of the
perturbation (i.e., several vectors m). Depending on the initial conditions,
these additional terms may be killed by the application of the averaging
method, but in this chapter we will consider the opposite case, when the
system is moving within a region of the phase space where two or more res-
onances are present. Any attempt to describe the resonance interaction in
a rigorous way is out of the scope of the present discussion. Nevertheless,
Chirikov developed a qualitative criterion called overlap of non—linear reso-
nances, that may help us to understand the motion under the influence of
several resonances.

7.1 The motion under the presence of two
resonances

Let us consider the Hamiltonian (6.1) and a given open set D C RV of size
¢ small, such that for two independent harmonics m! and m? it is

lm!' - w()| < 1, lm? - w()| < 1. (7.1)

The above condition means that the system is close to two different reso-
nances,

m' - w(I') =0, m? - w(I?) =0, I' 1? € D, I} — I < €.

roor
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We wonder how the motion looks like under the effect of more than a single
non-linear resonance when N > 2. Assume that in D, only the harmonics
m! and m? in the Fourier expansion are slow, thus we can average out the

remainder terms and considering the real part of the series, we get for I € D,
H(I,¥) = Ho(I) + Vi1 (I) cos(m! - 9) + Vppo (I) cos(m? - 9).  (7.2)

The variation of the unperturbed integral I due to the presence of the
perturbation is now

B e 00t (1) sinfm - 9) + em?Ve (1) sin(m? - 9).

Then under the effect of two resonant perturbing terms the change of the un-
perturbed action, AT, is confined to a two-dimensional manifold. Indeed AT
has two components, one in the direction of m?! and other in m? direction.
It is clear then that we cannot apply all the geometrical arguments used in
the previous chapter (for a single resonance) to construct a new basis, since
now there are two resonance conditions. However it is clear that the motion
would be confined to the two dimensional manifold expanded by m?! and
m?2.

Thus we should try another way. Let us briefly discuss how to proceed.
Imagine we could still define a new basis at I, ~ I' ~ I? B = {m =
m', pwy = m? ps, ..., ux} such that py, ps are the components of the action
p in the direction of m! and m?2, respectively. Clearly this assumption is not
true in general because p is not well defined since it should locally describe
the motion in some neighborhood around the exact resonant point, I' or
I, and therefore it becomes ambiguous where B is defined!. Anyway, let
us go on and suppose that a canonical transformation similar to the one
introduced in (6.8), can be performed so ¥y = pd;, where ug = ()
Then ¢, = m! - 9,9, = m? -9 and therefore the Hamiltonian becomes
cyclic in 13, ..., 1y, thus the actions ps, ..., py are local integrals of motion
and the N-dimensional Hamiltonian (7.2) reduces to a 2-dimensional one,
H,.(p1,p2, 1, 19). Being the latter autonomous we know that H,., = h,, is a
local integral. But in general, it would not be possible to find any additional
(local) integral, so H,.(p1,ps,11,12) is by rule non-integrable since it has
two degrees of freedom and only one integral exists. Therefore, we should
deal with another approach to the problem.

!This new basis would be well defined when I' = I2, that is when the system is in an
exact double resonance.
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7.2 The overlap criterion

Let us left aside any attempt to give a mathematical formulation of the
motion under the influence of two resonances and just provide heuristic ar-
guments about the nature of the motion in D.

Each resonance will determine its own domain in the phase space, but
the motion in the vicinity of one resonance will be affected by the presence
of the other. If the resonances are located “far enough”to each other, we
may expect the motion to be confined to the neighborhood of one resonance
or the other, depending on the initial conditions. The picture of a slight
distortion of the pendulum model is then a fair approximation to the actual
motion, and to give a qualitative criterion, we can neglect the effect of the
perturbing resonance. Thus, each resonance has its own pendulum model,
with small oscillations, separatrix and rotation about the resonant value I'!
and I? as Fig. 7.1 illustrates.

Figure 7.1: Sketch of the resonance interaction when just two resonances are
considered in D. Fach resonance is described by a simple pendulum model
around I' and I?.

On the other hand, if the two resonances are “close enough” to each
other, then it is reasonable to expect the motion not to be confined within
one domain, and the trajectory may jump from one resonance domain to the
other; i.e., the action could range from some neighborhood of I'! to some
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other neighborhood of I?. This kind of motion seems to have nothing to
do with any significant instability (large variation of the unperturbed action
I) since I' ~ I?. But, as shown in many numerical experiments (see next
Chapter), the motion becomes irregular as if the system were dominated
by a stochastic force. Nevertheless the Hamiltonian (7.2) does not include
any stochastic interaction like, for example, the Brownian motion. This is
the reason why the motion in question was called stochastic instability or
nowadays chaotic.

From these intuitive considerations we may infer that a plausible condi-
tion for the stochastic instability is that the separation between the reso-
nances (in action or frequency space), is of the order of the resonance width;
i.e., an overlap of resonances. Let us put it in another way, the overlap of
resonances takes place when the unperturbed separatrix of one resonance
touches the other. Mathematically speaking, when the unperturbed separa-
trix of two different resonances intersect each other, this intersection is called
heteroclinic intersection?.

Let us consider, for instance, the frequency space. Since m! - w ~ 0 and
m? - w =~ 0; i.e., the initial conditions are chosen in such a way that w is
close to any of the two fixed vectors w! and w?, each of them belonging to its
own resonance plane. Let [|w! — w?| = A. The resonances have a frequency
width (Aw)! and (Aw)? respectively. Thus, the condition for the overlap of
resonances may be formulated as

I(Aw); + (Aw);]| = A,

where || - || denotes the “length” measured over the energy surface (see Fig. 7.2
for a given example). As (Aw): ~ /e, then the latter condition gives an
estimate of the so—called stability border. This means that if e, is the value
of the perturbation parameter that satisfies the overlap condition, then for
€ < €. we may expect the system to be confined within the domain of one
resonance. That is, the motion is stable, as described in the previous chapter.
On the other hand, if ¢ 2 &., then the stochastic instability arises; the
resonances are connected and the motion proceeds over both domains.

Let us take N = 2. The resonance condition leads, in the frequency
space, to lines with different slopes (given by m! and m?) passing through

2An homoclinic intersection takes place when both separatrix correspond to the very
same resonance, as for instance in the pendulum where the unstable and stable manifolds
match exactly, but under a rather small perturbation, they split and the intersection angle
between them is different from zero.
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,

;

Figure 7.2: Sketch of the condition for the overlap of resonances. Each
resonance is defined by the vectors w! and w? at the point of intersection
of the energy surface M; and the resonant surfaces (lines in this case). The
resonant vectors m! and m? are orthogonal to w! and w? respectively. Each
resonance has its own width (Aw)’ o y/z. Here it is represented the situation
in which (Aw)! + (Aw)? = A = ||w! — w?||, the overlap condition.

the origin. The energy surfaces are certain convex curves. Then, fixing the
energy, the system is confined to that curve. The resonant (fixed) values w}!
and w? are the intersection points of the latter curve with the resonant lines.
Fig. 7.2 represents this geometry for a particular case of overlap resonances
(see below). By assumption, the initial conditions are such that w! ~ w? ~
w,. Then, the separation between the two resonances is

Y

which is a function of the energy through ||w”||. The above derivation rests
on the fact that the angle between w! and w? is equal to the angle between
their normals, m! and m?. On the other hand, the frequency width may be
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put in the form

2 ||V

lml\

(Aw), = d(m')ve,  d(m)

Then the stability border is given by:
(§(m!) + §(m?))Ve, =~ A, or

AZ[lm |12 m?|?

(212 Vo AT 4 |y Vo A2)

Therefore, for ¢ < . we can ensure the stability of the motion since, for
very small perturbations, the size of each resonance is rather small and their
domains do not overlap?. But as the perturbation increases, the domains be-
come larger and they may overlap, leading to a connected region of stochastic
motion.

€c

If we consider more than two resonances, the qualitative picture is similar.
In such a case, since the overlap includes several resonances, the connected
region for the motion becomes larger and the unperturbed integrals may
experience large variations, i.e., we have a gross instability.

From the beginning we have not considered the case of intersection of
resonance surfaces or multiple resonances which is not a simple problem but
we may infer that a stochastic, chaotic domain appears in the neighborhood
of the intersection of both surfaces, due to the overlapping of resonance
domains.

As we shall see in a forthcoming chapter, for ¢ < ¢, the main effect
of the interaction of two resonances is to produce a qualitative change in
the separatrix of the unperturbed resonance. This smooth curve becomes a
layer, the so—called stochastic layer, since a stochastic behavior appears in the
vicinity of the separatrix. All the invariant curves in a neighborhood of the
separatrix disappear and, instead, a stochastic motion proceeds across the
layer (i.e. in the direction of py, following the notation of the single resonance
description) of finite width. This kind of motion is quite different from that of

3This statement is only true for the first order resonances. If we consider resonances
at all orders in € many higher order resonances appear. Therefore, the overlap criterion
for the first order resonances is qualitatively sufficient but not necessary condition for the
stability of the motion.
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an isolated resonance since, in the latter case, the motion follows a smooth
curve in the (p1,11) space. The stochastic layer is located at the edge of
the resonant layer, then oscillations and rotations for the pendulum model
are actually separated by a region of irregular, chaotic motion. Though
the overlap criterion misses this fact as well as many other aspects, the
results given by this simple and intuitive approach are in good agreement
with several numerical simulations. In fact it can be shown that, in general,
the overlap criterion provides a stability border that is of the same order
as that obtained using a rigorous mathematical approach by the so-called
KAM theory, that we will outline later. As we shall discuss at the end of this
notes, the existence of a stochastic layer and the intersection of resonance
surfaces when N > 2 (see Fig. 7.3) is the key point in the discussion of a
distinctive property of multidimensional Hamiltonian systems, the so-called
(controversial) Arnold diffusion.

The example considered above to derive ¢, is for a two-dimensional au-
tonomous Hamiltonian system. For these systems, the resonance lines do
not intersect (except at the origin). Therefore, the unique way to obtain a
connected domain of stochastic motion is through an overlap of resonances.
In other words, the motion becomes unstable, stochastic, for certain values
of the perturbation parameter. This is just a consequence of the topology of
the phase space for N = 2. Indeed, we may say that the 2-dimensional tori
divide the 3-dimensional energy surface. This fact implies that any transi-
tion from one torus to another is only possible through all the intermediate
tori between them. If ¢ < ., most of the torus structure survives, leading
to a picture similar to that for an integrable Hamiltonian. The tori act as
a barrier for the stochastic motion and confine it to the stochastic layers.
If we project the motion in question onto the action or frequency space we
have, as we mentioned above, an energy surface which is a curve where every
point on it represents a different ratio for the components of the frequency
vector (see for instance Figs. 6.5 and 7.2). A rational ratio corresponds to
a resonance while an irrational one corresponds to a non-resonant orbit. If
the system is confined within a resonance, it will move then along the energy
curve and away from the resonant value by a distance which is about the am-
plitude of oscillation around this point (p, ~ /). Although an instability
is always present close to the separatrix (the stochastic layer), this region of
stochastic motion is rather small, its width being exponentially small with
the separation between interacting resonances (see next chapters). Therefore
we conclude that, for N = 2 and ¢ < &, the stability of the motion, in a
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broad sense, is preserved.

The story is quite different for N > 2. It is not possible to guarantee
the confinement of the system to a neighborhood of the resonant value. The
tori no longer divide the energy surface; the resonant surfaces do intersect
everywhere on the energy surface, leading to a network over it. Thus, an
instability may occur, even for very small values of the perturbation. This
peculiar instability, discovered by Arnold in 1964 in a purely mathematical
paper, seems to be a universal one, since it is always present despite the
smallness of the perturbation if N > 2. In order to give a picture of this
geometry, let us consider the unperturbed Hamiltonian Hy = ||I|*/2, where
I is a 3—dimensional vector, and a perturbation given by the full Fourier
expansion with ¢ < e.. In this case w(I) = I and the action and frequency
spaces are the same. The energy surfaces are concentric spheres. Since
the resonant surfaces are planes passing through the origin, we see that the
intersection of any resonant plane with a given energy surface is a great
circle. It is clear that these great circles intersect over the whole surface of
the sphere leading to the so—called Arnold Web. In Fig 7.3 we illustrate all
this but just for the unperturbed Hamiltonian Hy. Under the effect of the
perturbation each great circle becomes a layer of width ~ /2. Moreover, at
the edges of this layers, a small domain of chaotic motion would appear (the
stochastic layer—see next chapter).

The existence of this web does not depend on the strength of the per-
turbation. Let us fix the energy and consider initial conditions very close
to a given resonance, where the motion is confined. Just to distinguish the
actual resonance from the rest of the perturbing (non-resonant) terms, let
us call it guiding resonance. Certainly, for other initial conditions, one of
the perturbing terms may become the guiding resonance, while the former
resonance will then play the same role as the rest of the perturbing terms.
The guiding resonance surface leads, on the energy surface, to a certain great
circle (in fact, to a resonant layer). The conservation of energy confines the
motion to the sphere and, the resonance condition, restricts it to the reso-
nant layer of the guiding resonance. Without perturbation (i.e, keeping only
Hj and the resonant term) the motion proceeds then over the tangent plane
to the energy surface (at the resonant value) in the direction of the guiding
resonant vector, the latter being normal to the resonance plane. Therefore,
if the initial conditions are chosen near the separatrix of the resonance, then
the presence of perturbing terms (besides the guiding resonant one) gives rise
to a motion across the resonant layer of the guiding resonance (“transversal
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Figure 7.3: Sketch of the Arnold web for Hy = I*/2 and several different
intersections of the resonant surfaces with the energy surface. Motion along
the “guiding” resonance means along the layers of the great circles. The bold
curves may represent the motion along the different guiding resonances. In
fact this motion may occur along the stochastic layer at the edges of the
resonance layer instead of the center of the resonance. Note the difference
between the two dimensional case illustrated in Fig. 7.2 for the frequency
space. Figure taken from the web.

to the great circle”) and modifies the edges of the latter leading to the ap-
pearance of the stochastic layer. It follows then that close to the resonant
value, the great circle looks like a spherical layer where the motion within
its edges is stochastic. However, the energy and resonance constraints also
allow for a motion in the remainder direction (“along the great circle”, the
direction of the basis vector e). We expect that the perturbation may also
drive the stochastic motion along the stochastic layer of the guiding reso-
nance. Following the notation of the previous chapter by motion along the
stochastic layer we essentially mean that the components of the action, py,
k # 1, will change with time, since now they are not exact integrals due to
the dependence of the perturbation on several phases. During some time the
stochastic motion may proceed along the stochastic layer of the guiding reso-
nance. When the motion along this layer reaches a point of intersection with
some other great circle (other resonant surface), a stochastic domain around
the latter also appears, due to the overlap of both resonances. Although it
has not been mathematically proved, it might be possible that the motion
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proceed now along this second layer: a new guiding resonance. Since the set
of resonances do intersect over the whole energy surface, we conclude then
that the Arnold web is actually a network of layers where the motion within
it is stochastic. On the other hand, the motion outside the web is regular
and stable. If the initial conditions are chosen within any stochastic layer,
then the stochastic motion might spread over the whole web through the
intersecting points. From these qualitative considerations we then infer that
it could be possible the connection of all regions on the energy surface where
the motion is chaotic. Therefore the properties of the stochastic component
could be the same over the whole phase space accessible to the system.

As we have already said, for N = 2 and if the perturbation is small
enough, the variation of the unperturbed integrals is rather small, just con-
fined to the stochastic layer. Motion “along” the layer does not exist due to
the dimensionality (two) of the action or frequency space. But, for N > 2, we
have at least one more degree of freedom where the motion may proceed. In
the latter case, large variations of the unperturbed integrals might occur. As
it is assumed that the stochastic motion admits a diffusion-like description
(which is not always the case) this instability was called Arnold diffusion
(though Arnold had never used this word in his celebrated paper). These
questions will be addressed in the forthcoming chapters.

7.3 A simple example

Though we have presented the overlap criterion for two coupling resonances,
the latter clearly could be applied in case of an external perturbation. Thus,
in order to illustrate this other case, let us consider a one dimensional quartic
oscillator and a periodic external perturbation that depends on two indepen-
dent frequencies €2, and €y;

I4

2
H(p,x,t) = % +t + ex(ficosm + facosTy),

(7.3)
71291t+7{), ngQgt+T§

where f; and f; are constant amplitudes and e small. The unperturbed

Hamiltonian is then

2
Hy=2 4+

o
2 4’
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the quartic oscillator, while
eV = ex(ficosm + facosTs)

is the perturbation.
We perform a canonical transformation (p,z) — (I,9) in Hy such that
(see Section 2.3)
Ho(I) = A3,

where A = (33/2v/2)%3. Moreover, in Section 2.3 we have already found
that
x(1,9) = a(l) cos, a(l) = CI'?,

is a fair approximate solution for the motion, with C' &~ 1 a numerical constant
and ¢ = wt, where the nonlinear frequency is

4A
w = fBa = V280" = ?11/3‘

In terms of action-angle variables the perturbation reads,
eV = ea(I) cos¥(f1 cosm + facosT),

using the trigonometric identity

cos(a + b) + cos(a — b)
2 )

cosacosb =

it reduces to

I
eV =~ 5a<2) {fi(cos(¥ + 1) + cos(V — 71)) + fa(cos(P + 73) + cos(V¥ — 1)) }.
Assume that all initial conditions (for instance 1, Qs > 0,w(h) > 0) are
such that (¢ —71) and (¢ — 12) are slow with respect to (¢4 71) and (J + 7).
Then we can average out the fast phases keeping in the perturbation only
the slow ones. Thus

eV~ 5a(21) {ficos(¥ — 1)+ facos(¥ —7)}.

Therefore the full Hamiltonian (7.3) in action-angle variables and keeping
only the slow phases is

H(I,9,7,1) = AI*Y? + 561(2[) {ficos(¥ — 1) + focos(d —m)}. (7.4)
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Depending on the energy level Hy(I) = h and the difference |Q; — Q5], each
term of the perturbation would be resonant within a domain of O(4/¢) around
the resonant value h,; of I,;, for which w(l,1) = w(h.) = U, w(le) =
w(hpe) = Qq, with |I,; — La| ~ |hy1 — hya| > /e. For instance, if one of the
amplitudes f1, fo is equal to zero, (7.4) becomes integrable close to I.; or
1,5 since the Hamiltonian includes only one resonant term. In that case, the
motion is stable and we can reduce it to the resonant Hamiltonian H,.,

2
H,(p, ) = 5 + €V cos, (7.5)

where

p:[_jm (man:1)7 w:ﬁ_Tia Mﬁlzw%[ri)a

and thus (see Section 2.3 for details of the equations)

o ey (deda) fde any g
dr' = \dadr da), \da), — a(L:)

Recalling that the frequency W1dth is (5.20)

gvmn(lm) 6 2Efl
VA
Assume that both resonant domains are “far enough , this means that

(Aw), =2

1 — Qo] = |wr1 — wya| > Ve,

then it is plausible to assume that due to the smallness of the perturbation
the motion would be confined to the domain of each resonance, depending
on the initial conditions (k). Indeed, since

W = \/56;1”4,

then from the resonance condition

o\
w = Ql — hm' s <\/§B>

and thus, if for instance ©; < Q9 then (8 ~ 1)
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frequency space

(A‘D)n (Am)r2
| { 1 \ { 1 \
| T . 1)
quasiperiodic
Qq = 04 Qp = 0
stable resonant stable resonant
h =~ hr1 h =~ hr2

Figure 7.4: Frequency space for the situation in which [©; — Q3] > /¢ and
1 < Qy. The stable resonant motion will be confined either to a neighbor-
hood of w,; or w,o depending on the energy level h. For |h — h,;| > /e the
motion is non-resonant or quasiperiodic.

4 4
h, ~ S}, h,o =~ (312
so h,1 < h,s. This situation is schematically represented in Fig. 7.4. For
instance, if h = h,; the motion will be resonant around this energy value and
the term in the perturbation involving cos(? —73) becomes non-resonant and
could be averaged out. Clearly the opposite situation occurs when h ~ h,.
The scenario is quite different when [©; — | ~ /2, that is when both
resonance domains are close enough. Therefore the motion could not be con-
fined to any of these domains and the motion could jump from one resonance
to the other. As we have already mentioned, since §2; ~ €25 this new domain
of chaotic motion is small. The limit case when the resonances overlap is

then (see Fig. 7.5)

Wit + (Aw)p = wre — (Aw)rs = (Aw)p + (Aw)re = wWro — wyy = Qp — €.

Since (Aw),; = B4/2¢fi/a(l;), then the overlap criterion provides the (theo-

retical) critical value €. :
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frequency space

Figure 7.5: Frequency space in case of |23 — Q| < y/e. The resonance do-
mains “touch” each other and therefore they overlap. The resulting (chaotic)
domain for the motion is indicated in red.

IV W Tk V a&)) T h=an

Take for instance f; = fo = f and since ) ~ Qy — Wy R wy — [ = [5 =
1., then the above condition for €. reduces to

2e.f a(I,)AQ?
a(ly) 8fB%

and since w = fa and w ~ w,; ~ (); we finally get for the theoretical critical
size of the perturbation

=AQ — & =

20

N wAQ?
Ee R 75

Then if € > ¢, the motion will not be confined to the domain of a given
resonance and an orbit could visit the whole overlapped domain. However,
as we have already said, the latter is generally small since we have only
considered two resonances. In the next Chapter we will consider the case
when many resonance are involved.




Chapter 8

Resonance interaction 11

As mentioned, in this chapter we discuss qualitatively the motion under the
influence of many resonances. A very convenient way to do this is to consider
a system with discrete time described by finite difference equations. This kind
of representation of a dynamical system is called a mapping or simply a map.

8.1 The standard map

Let us consider, for instance, a 2D map
(I,9) — (I',9), I.,I'e GCR, 9,0 e S,

defined by

I' = I+Kf@),

(8.1)

¥ o= 9+I'=09+1+K[fW),
where K is a constant parameter and f(J) is some well behaved periodic
function.

In general, a map describes the evolution of a dynamical system providing
the values of the phase space variables at multiples of a given time. Indeed,
let T be this time, then if I = I(t), ¥ = 9(t), then I' = I(t+T),9" = 9(t+T).

An alternative notation then could be

In+1 = In =+ Kf<79n)7
ﬁnJrl = 1971 + [n+17

135
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where I, = I(tg +nT),9, = 0ty +nT),n = 0,1,...,N — oo and t; an
arbitrary initial time that we set t{; = 0 in what follows. Anyway, we will
keep the notation introduced in (8.1). Fig. 8.1 schematically represents the
values of the action provided by the map and the continuous evolution of the
action as the solution of its given differential equation (see below).

The map (8.1) thus defined could be thought as a sequence of canonical
transformations, with the generating function

F(I',9) = I'0 + ;['2 + KV(9), —g(ﬁ) — ().
Recalling that
oF v
I'=g=1T5x5"
OF
/ — — [/
L A

we reobtain the map. Therefore it preserves the volume (area in this case)
of phase space. Two dimensional canonical maps are usually called area
preserving maps and as we shall see, they represent the motion in some low
dimensional Hamiltonian system.

Let us note that (8.1) for K = 0 represents the motion on a 1D torus in
an integrable system. From the equation for the action we get I(tg + nT) =
I(ty) = I and thus I is constant. From the second equation we get

Vto+T) = (o) +I(to+T)=19(to) + 1,
Wto+27) = I(to+T)+ I(to+27) =V(to) +21
Yty +nT) : Wto+ (n— 1)T) + I(to + nT) = V(to) + nl.

Therefore we get I = const and ¥(t) = nl + ¥(ty) which are the equations
of motion (for the integer time n) on a given torus with frequency w(/l) = I.
Clearly this is the corresponding equation for the angle in the 1D (integrable)
Hamiltonian Hy = I?/2.

Let us try now to derive the differential equations or Hamiltonian that
lead to the above finite difference equations or map (8.1) for an arbitrary
value of K. Certainly, if we find explicit expressions like I = v and ¥ = w
then the map should be thought as an integration of the latter differential
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I(t) ——
I(nT) -+

t

Figure 8.1: Schematic representation of the values provided by the map for
the action (dots) and the continuous time evolution of I (solid line). The
doted line represents the time evolution of the action in case of K = 0.

equations over a time interval At = T such that, for instance ftt+T Idt = I(t+
T)—1t)=I'-1=U(t+T)—U(t), where U is the primitive of u evaluated
at the values of the phase space variables at t +7 and t respectively. Fig. 8.1
represents the continuous and discrete time evolution of I as a solution of the
differential equation and as the iteration of the map, respectively. Clearly in
a similar fashion we get for the phase ¢/ — 9 =W (t +7T) — W ().

At first sight we could approximate for K and 7' small

I'—1

K . K
=) o IxZfw),
V-9 T .
= — ﬁ%ij
T T T

arriving then to an autonomous 1D system. However let us proceed in a
more “rigorous” way.

Let us take a time interval (1,%2) such that |t — #;] < T and assume
that after the (n — 1)-th iteration (that is after a motion time (n — 1)7"), it
happens that nT € (t1,t3) as Fig. 8.2 illustrates. Thus if

tl <nT<t2, — I(tg) :I(t1)+Kf(191)
And it is easy to see that if
i1 <1y < nT, — [(tg) = I(tl)
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Figure 8.2: Continuous time evolution of I(¢) and the discrete one given by
the map. In this figure it is assumed that nT" € (t1,t3) so that the jump in
I occurs within this time interval (see text).

Therefore we can put the above conditions as

) =0 if T ¢ (t,ts),
/ttQj(t):Kf(ﬁl) it 0T € (t, ).

Thus from the above relations, for £, — ¢; and since t; is an arbitrary point,
we can write

I(t) = Kf(9(t))6(t — nT), (8:2)
where 0 is the o-function. Now since 7' is the period of iteration of the map,
we can introduce the frequency Q2 = 27 /T and the phase 7 = Qt + 19,7 € S*,
with 79 a constant. Therefore we can take 7 as a time-like variable instead
of t, and recalling that the d-function is a distribution

d(t—nT)=46(r — 27rn)i7t_ = Q0(7),
therefore (8.2) becomes
I =KQf()o(r), (8.3)

which is only valid for one period of iteration of the map (for instance as it
is shown in Fig. 8.2) or just on a given time interval. Since our aim is to
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find the differential equation for any time and due to the periodicity of the
iterations (7" in ¢ or 27 in 7) we write (8.3) as

I = KQf (1002, (7), (8.4)

where do,(7) is the 27 periodic d-function defined through its Fourier expan-
sion coefficients,

ap = 227T/_T; dor(T)dT = 71T,
a, = 227T /_7; 0o, (T) cos(nT)dr = 71r7
b, = 0.
Therefore
dor(T) = % + i ay, cos(nt) = 217r + = i cos(nt). (8.5)
n=1 n=1

Let us now look for the differential equation for ©). We have already found
that if nT ¢ (t1,ty) then I(ty) = I(t1) and thus

D(ta) = O(t1) + I(t1).
Introducing an integer partition of (¢, %)
@:{[tl} =k <k <---<k,= [tg]},

in any cell (k;, k;+1) the action takes the very same value I(k;) = I(t1), so
when m — oo

I(ta) = 9(t1) + Y I(k;) = 9(t1) + 1(t:1)(t2 — t1),

ki€a

where t1,ty are adimensional times. Introducing then the dimensional time
s = tT the above equation reads

](81) 19(82) — 19(81) o I(Sl>
T (s2—51) — Sy — 51 =7

9(s2) = 9(s1) +
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then taking lim,, s, and since s; is arbitrary we get

) = T (8.6)

Now let us consider the opposite case, when nT" € (t1,13). Thus for
t e (tl,tQ) it is
I(t):I<t1) if t1<t<nT<t2,
I(t):I(tQ) if th <nd <t<t,.

By means of the very same arguments considered above we write

or denoting AV = ¥(t3) — ¥(t1),

AV = I(t1)(nT —t1) + I(t2)(t2 — nT).
Setting t, = nT — €/2, ts = nT + ¢/2 with € > 0, then At = ¢ leading to

I(nT —€/2) + I(nT + €/2)
2
and using again the dimensional time s = t7T, As = T At, we get

A = At,

AV I(nT —€/2) +1(nT +€/2)
As 2T
Then when € — 0% we get

I(nT~)+ I(nTT)

2T ’
where t = nT is the point of discontinuity of I(t). Recalling that I is given
by a Fourier expansion, it does I(¢) and, from the Dirichlet condition, at the

points of discontinuity the Fourier series converges to the semi-sum of the
function at that point. Thus we finally obtain

19:

gL

which is the very same expression than (8.6).
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Introducing the non-canonical change of variable J = I/T,' from (8.4)-
(8.6), the differential equations become (1" = 27/€)

J o= SO )n(r),
(8.7)
Vo=

We observe then from (8.7) that the exact differential equations for I (or
J) and ¢ differ from the approximate ones since the former correspond to
a non-autonomous system or a 1.5 degree of freedom Hamiltonian. Indeed,
equations (8.7) derive from the Hamiltonian

J? K dVv I
H(J,’l9,7—) = ? + gQ V(l?)(;gﬂ-(T), —@ = f(ﬁ), J = T7 (88)
since
. OH . oH
=% U= ar

lead to the exact differential equations for J and 9.

The equations of motion (8.7) are completely equivalent to the original
map (8.1) and thus we note that the map describes the evolution of 1(t),J(t)
under the effect of a periodic perturbation of period 7. The latter being
a sequence of small kicks and should lead to an infinite set of resonances.
Indeed, let us see this with a particular example of f(19).

Let f(¥) = sind,Q2 = 1 (T = 27), then 7 = ¢ + ¢, and without loss
of generality take ¢y = 0. This selection of f(¢) leads to V(J) = cosd.
Therefore we arrive to the so-called standard map (SM)

I' = I+ Ksin9,
(8.9)
Vo= 94T,

IThis change of variables though preserve the Hamilton equations is not canonical
since the Jacobian d(I,9)/d(J,9) = T~! and thus the area is not preserved, it shrinks by
a factor 1/T, but this does not impose any limitation to the introduction of the variable
J.
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whose corresponding Hamiltonian, with the help of (8.5) and (8.8), takes the
form

2 00
H(J,ﬁ,r):é—i-fcosq?{;+1Zcos(nt)}. (8.10)
T T

n=1

Using again the trigonometric identity

cosacosb = COS(a + b) + COS(CL — b)

2 )
the Hamiltonian (8.10) can be written as
J K K &
o =2y = —nt)]. (811
(J,0,71) 5 T 1 cos v + 1 nz::l[cos(ﬁ + nt) 4+ cos(¥ — nt)]. (8.11)

Introducing the parameter k = K/4m? and letting n € Z/0 we finally obtain

2 oo
H(J9,7)= é+kcos¢9+k¢ > cos(d — nt). (8.12)
Y0

Therefore the Hamiltonian that describes the SM is, for k relatively small,
a pendulum plus a periodic time dependent perturbation. Note that all the
Fourier harmonics have the same coefficient, k, which in fact is identical to
the one corresponding to the pendulum model.

Let us take as the unperturbed Hamiltonian Hy = J2/2, then the unper-
turbed frequency is ¥ = w = dHy/d.J = J. Then from (8.12), for k not too
large, the resonances of the systems are

J, —n=0, J, =n, n € 7, (8.13)

where we have included n = 0 that corresponds to the resonant term cos.
Therefore we see that the full set of first order resonances is

Ry={J,:JW=nneZ} oo R;={I:I"™ =2mn, neZ}

All first order resonances have the very same amplitude so their half width
is identical in both frequency and action space (w = J), being the latter

(AN = (Aw)™ = 2VE, (8.14)
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—_ =
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Figure 8.3: Schematic representation of the integer resonances in the SM
considering only n = —1,0,1,2. Each resonance has a half width (AJ)%) =
2v/k, which is the same for all resonances. In this figure it is assumed that
no overlap of integer resonances occurs.

since M =1,¢eV,,, = k.

The above set of resonances can be also derived from the map. Indeed,
a resonance should be thought in the map as when the phase return to the
very same point after one iteration. If we impose this condition also for the
action, we get the fixed points of the map. Recalling that the SM (8.9) is
also invariant under the translation I — I & 27, then from the second line
in (8.9)? setting I’ = I we obtain

I,=0 mod 2,

and thus the resonance set is the same as that derived above: I(") = 27n, n €
Z.. Thus any integer resonance could be modelled by the same pendulum
Hamiltonian since the map is invariant under the shift I — I — I, (or J —
J—=J.).

Fig. 8.3 represent this set of resonances and their corresponding half
widths. Note that if we let J, I € R the phase space is a cylinder and

2The first equation in (8.9) tells us then the location of the fixed point in the coordinate
9, in the present case, K sind = 0 implies ¥ = 0, 7, mod 27.
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the resonances range is J™ = —o0,...,0,...,00, while if J, I € S*, then for
J €(0,1) or I € (0,27) only one resonance is present J = 0%, 1~ (see below),
since the “sides” J = 0,1 (I = 0,2m) should be identified.

From Fig. 8.3 we can easily see that the condition for the overlap of first
order or integer resonances is

1
(AN + (ANY =1, - k=1 — kp= o

and since k = K /4n?,
2

m
KT: Z %25,

where the subscript T refers to the theoretical estimation of the critical value
of the perturbation parameter, above which the stochastic instability arises.
As we shall see this value for K largely overestimates the real critical one,
since numerical experiments reveal an empirical value of Kg ~ 1.

Anyway, since in the SM all resonances are identical, if two of them
overlap (K > Kg), then the full set of resonances R; does, as it is evident
from Fig. 8.3. Therefore, if we consider J € R then we should expect a large
variation of the unperturbed action, since it could range, for instance from
J =~ 0toJ~mn>1 On the other hand for K < Kpg, the perturbation is
small enough such that first order resonances do not overlap and therefore
the variation of J is just confined to the width of a given resonance, |[AJ| <
2vk < 1.

The gross instability due to the overlap of first order resonances is caused
by to heteroclinic intersections between the stable and unstable manifolds
of two nearby resonances. As we have already mentioned, the resulting mo-
tion looks like “random” as if the system were dominated by a stochastic
interaction.

In order to observe this behavior, let us proceed with numerical experi-
ments. Let us consider the SM (8.9) and take J € S! such that only one first
order integer resonance is present, J = 0" and J = 17. We iterate the map
up to N = 2000 for 300 initial conditions very close to the J-axis (J ~ 0)
and for four different values of K, such that K < K and K > Kg.

Fig. 8.4 shows the (J,4) space for K = 0.2,0.7,1.0 and 2.5. From the
figure for K = 0.2 we clearly see the resonance corresponding to n = 0, that
shows up around J = 0 and J = 1, since this two sides of the unit square
should be identified. The resonance in fact look like a pendulum model

where oscillations are confined to a small domain of size 2k = 2,/ K/4Am? =
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Phase space of SM for K < Ky and K > K, restricted to J € S!
iteration of 300 initial conditions taken almost along the J-axis.
integer resonance appears around J = 0,1 where these two sides

of the unit square should be identified (see text).

\/?/ﬁ ~ 0.14 for K = 0.2 around J = 0, 1, in good agreement with exper-
imental value. Therefore a given orbit with initial conditions J ~ 0,1 and
0 < ¥ < 27 will describe a smooth curve within the oscillation regime. For
initial conditions such that J > 2v/k the orbit is no longer trapped in the

resonance

and it moves also in a smooth curve but in the rotation regime,
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like the numerical experiments show for K = 0.2.

For K = 0.7 the integer resonance looks distorted and the separatrix
shows as a narrow layer where the motion resembles “scattered points”. In-
deed, being the separatrix of the pendulum a rather unstable trajectory, it is
expected that the motion close to the separatrix would be largely affected.
More precisely, all the invariant curves (tori) close to this asymptotic orbit
are destroyed by the perturbation. The motion does not proceed any longer
over a given torus (smooth curve in this case); it does not exist any local
integral near the separatrix and the dynamics in this thin region of the phase
plane seems not well represented by a pendulum Hamiltonian for J as it
is, for instance, close to the center of the resonance. Therefore due to the
perturbation we say that the unperturbed separatrix becomes a thin layer of
stochastic or chaotic motion of finite width (in next chapter we shall discuss
this effect in detail).

Besides, for K = 0.7 we observe at J ~ 0.5 two “islands” or pendulum
models, but of smaller size than for J ~ 0(1). In fact these islands at J = 0.5
are also present (even smaller) in the plot for K = 0.2. Moreover, another
set of distinguishable islands appear at J ~ 1/3,2/3 as well as many smaller
ones (see next section). Most of all these chains of islands seem to be also
confined by a thiner layer of chaotic motion.

When K increases, we note, for instance for K = 1, that both sides of the
integer resonances seem to be connected, no significant barriers to the chaotic
motion are present, so J could exhibit a variation AJ & 1, which is large in
comparison with the case of K = 0.7, where at most AJ ~ \/f/ﬂ ~ 0.27
within the integer resonance. Indeed most tori are destroyed due to the
overlap of resonances and the motion is no longer confined to the domain of
one resonance (except close to the center of any of them). This is much more
evident for K = 2.5 where the motion is stable just within small domains
close to the centers of few islands.

In Fig. 8.4 only one integer resonance is included. If, for instance we
would like to consider ¢ of them a simple modification of the map (8.9) needs
to be introduced. It is also simpler to take both, the action and the angle in
the unit interval (0, 1), defining new variables (z,p) such that

¥ = 2mx, I =2nqp, q€N;
which after substituting in the SM (8.9) leads to

K
p’:p+%sin2ﬂx, *=x+qp, p,x e S
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0 01 02 03 04 05 06 07 0.8 09 1
X

Figure 8.5: Phase space of the SM for ¢ = 2 using p,x mod 1 as variables
for K = 0.9, a large set of initial conditions and N > 1 iterates (higher
resolution than Fig. 8.4).

To see that ¢ integer resonances are present, note that Al = 2wgAp, and
since resonances are separated Al = 2w, then Ap, = 1/q. The resonances
appear then at p™ = n/q. For example, taking ¢ = 2 we get twice the picture
given by Fig. 8.4 as it is shown in Fig. 8.5.

8.2 High-order resonances

We have already found that the SM has an associated Hamiltonian (8.12)
which can be rewritten as

K
H(J,90,7) = ——i—k Z cos(v — nt), J=—, k:r. (8.15)

n=—oo

Assuming again k small, Hy(J) = J?/2 is the unperturbed Hamiltonian and
introducing a canonical transformation (.J,9) — (Ji,%;) in order to kill all
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terms of O(k) in the perturbation, the latter becomes of O(k?). Accord-
ingly to results of previous chapters, this transformation could only exist
“far away” from the first order resonances defined in (8.13): J. =n, n € Z.
Let F(Ji,7) be the generating function defined in the usual way

F(Jl,lg, t) - J179 —|— ]{(I)(Jl,lg,t),

where @ should be determined. The corresponding transformation equation
are then

oF or or
o ke, 9, =Y ke, H—H+ 2 —Hyw,
J 8’[9 J1+ 3 1 aJl + Jio 1 + 8t + t

Replacing J in (8.15), Hy reads

J? 1 >
H, = ?1 + kJ @y + 5I<:2<I>129 +k® +k D> cos(V—nt),

n=—oo

or in terms order in k,

J? S
Hy =" +k (Jl% + &+ Y, cos(d - nt)) +O(K),

n=—oo

where the term at O(k?) is k*®2%/2. Thus to kill all terms of order k in the
perturbation, the expression between brackets should vanish,

Ji@g + D, + Y cos(d —nt) = 0. (8.16)
Let take
O(J1,9,t) = > an(Ji)sin(d — nt),
then
Py = > an(Si)cos(¥—nt), D, =— > na,(Ji)cos(¥—nt).

Replacing in (8.16) we get



8.2. HIGH-ORDER RESONANCES 149

i {(J1 —n)a,(J1) + 1} cos(¥ — nt) = 0,

and therefore
(1) = — hAneZ
AplJ1) = n— J17 1 n .
Then ® takes the final form
© 1
O(J,0,t) = > sin(d — nt), (8.17)
ne—eo =1
thus, Hy; = J?/2 + k*®2/2 is
H, = iy + i i ! cos(v — nt) cos(¥ —mt), (8.18)
b 2 2 m,n=—o0 (TL - Jl)(m - ‘]1) ’ '

only valid for J; # m,n € Z. Using the trigonometric identity

cos(a + b) + cos(a — b)
2 )

the sum (8.18) involves then the harmonics

cosacosb =

1 1
5 cos(20 — (n 4+ m)t) + 5 cos((n —m)t),
| ——
free oscillations

thus averaging out the oscillations, H; reduces to

H, = i + e i ! cos(29 — (n 4+ m)t) (8.19)
b 2 4 m,n=—o00 (n - J1)<m - Jl) . .

Since ¥, = ¥ + O(k) in (8.19) replacing ¢ — ¥; the correction is then of
O(k?) that we can neglect in H;. Therefore a new set of resonances appears

at O(k?),

20, — (n+m) =0, — Jlr:an’
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Figure 8.6: Representation of the location and widths of resonances in the
SM up to O(K?).

but the canonical transformation requires that J; not to be an integer as for
instance (8.18) shows, so we write m +n = 2p+ 1, p € Z, and therefore we
obtain the semi-integer set of resonances

1
K =p+ g (D), ~O(K).

Therefore, since we assumed that k£ < 1 these resonances are smaller than
the integer ones for which (AJ), ~ O(VK). Thus for J; € (0,1) only one
semi-integer resonance should appear J; = 1/2 of width O(K).

If we retain the neglected term of O(k?) after the substitution ¥ — 9,
we would find a new set of resonances corresponding to harmonics of the
form cos(3¥; — It), | € Z. Therefore in order to avoid small denominators
[ = 3g + 1 and then these new set has the form

1
T =qtg (AT~ O(K),

Thus in the interval (0, 1) two new resonances appear, J; = 1/3,2/3, of even
smaller size than the semi-integer ones.

These new sets are clearly present in Fig. 8.4. Certainly we could go
further to get resonances of even higher order in £ with smaller size. Fig. 8.6
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schematically represents, for J € (0,1) all resonances up to O(K?) in the SM
with their corresponding widths up to O(K?). Now if we apply the overlap
criterion but considering all resonances up to this order, it is possible to
improve the value 2.5 for the critical K-value, obtaining K1 =~ 1.35.

From the discussions given in the last two chapters it turns clear that
resonances interaction determines the dynamics of a non-linear system. One
may think all resonances of a given system as many pendulum models, whose
widths depend on the strength of the perturbation and any of them is “acti-
vated” after the selection of the initial conditions. For a very small perturba-
tion, the size of all these pendula or resonances are negligible, even for the first
order ones, the resonance interaction is so weak that in general the motion
proceeds on slightly distorted unperturbed non-resonant tori. As the pertur-
bation increases, the resonances become wider, the interaction between them
begins to play a role, mostly around the separatrices of the pendula leading
to narrow layers of chaotic motion. Therefore at this level of perturbation the
picture corresponds to a large set of small pendula each of them surrounded
by a thin chaotic layer, certainly with some other small chaotic regions due
to the overlap of high-order resonances. For a perturbation strength larger
than certain critical value, a major overlap of resonance takes place and the
motion in phase space is mostly chaotic. Almost all pendulum models and
invariant non-resonant tori are destroyed leading to a full connected region
of strong chaotic motion. However in next section more arguments in this
direction will be provided.

The above description is appropriate for low dimensional systems, like
(8.15) or a system of two degrees of freedom. For multidimensional systems,
the latter is a rough picture because as we discussed in the previous chapter,
a stochastic instability may exist even for exponentially small perturbations.
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Chapter 9

The Stochastic Layer

In previous chapters we have described in a qualitative way how resonance
interaction for ¢ (or K) small, produces a modification of the separatrix of
the resonances leading to a narrow layer of chaotic motion. Here we derive
a quantitative estimate of the effect of such an interaction.

9.1 The whisker mapping

Let us consider the full Hamiltonian (6.1) in its real form

H(I,9)=Ho(I)+¢e > Vp(I)cos(m-9), ek 1. (9.1)
m#0

Assume that only one term in (9.1) has V,;,, # 0, so that the full Hamil-
tonian reduces to the resonant Hamiltonian H, given in (6.12), take initial
conditions such that H, < hy = eV, (I,), i.e. the system oscillates near the
separatrix of the resonance. When switching on some other term V,,,/, slight
(periodic) variations of H, may cause the system to change drastically its
motion, from oscillations to rotations and so on. Thus it is evident that the
motion in the vicinity of the separatrix is extremely unstable.

Let us recall that measuring the distance from the separatrix by the
relative energy w = (H, — hg)/hs, we found that that the frequency, in a
neighborhood of the separatrix, is

w<w) _ TTWo

N ——— 2
(32 [w]) —0 as w—0, (9.2)

153
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with wy o /¢ the small oscillation frequency already defined in (6.14), de-
noted by €2 in that case.

Following Chirikov’s approach, let us see now how the motion looks near
the separatrix when a perturbation is introduced. The simplest way to rep-
resent this is by means of a pendulum Hamiltonian acted upon by a periodic,
time-dependent perturbation,

H(p, ¥, 1) = Hy(p, ) + iV (¢, 7), p<1, (9.3)

where: )

o= ey, = eVl <1, (94

is the resonant Hamiltonian (6.12) with M = 1,p = py,¢ = 11, and

1V = pwi coshcos T = 'u;dg[cos(gb —7) + cos(¢ + 7)]. (9.5)

The perturbation V' depends on the perturbing phase 7(t) = Qt + 19 € S*,
2 > 0 being the perturbing frequency and 7y = it initial value. Let us take
To as the value of 7 when the pendulum crosses the equilibrium point, so 7
is the value of the phase of the perturbation each time 1 crosses ) = 0.

Let us now compute the change in the unperturbed energy of the pen-
dulum, H, ~ hy = w?(e), over a half-period of oscillation or a period of
rotation

T ww)  w

To this end, we first calculate the time variation of H,, to later integrate it
over a whole period T'. From the Hamiltonian (9.3)-(9.5), one readily finds

: 0H ov
H, = “+[H., H|=[H,, H, + uV] = plH,, V] = —up(t)—
5 T H] =] V= plHe V= =) 50
(9.6)
% : ~
= B p(0)fsin (61) — 7) + sim ((1) + 7))
where [-] denotes the Poisson bracket operator and the latter has to be

integrated over —T/2 < t < T/2. Let us notice that, though there are
explicit formulae for the unperturbed values of p(t) and (t), they involve
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elliptic functions or, eventually, Fourier series, so that such expressions are
not convenient for our purpose. However, since the motion in the vicinity
of the separatrix is nearly the same as that on the separatrix itself (except
T — 00), we can write p(t) = ps(t), ¥(t) = ¥s(t) and —oco < t < 00; ps and
s given by (2.14) and (2.15):

ps = +2wq cos (%) , s(t) = 4arctan (ewot) — . (9.7)
Therefore, taking one branch of the separatrix, for instance the plus sign

in the first of (9.7) and assuming that the slow phase is (¢p — 7), we can
average over the fast phase (1) + 7) to obtain:

AH, ~ o / At sin(e — 7) cos(is/2). (9.8)

Using the trigonometric relation,

1
sinacosb = i(sin(a +b) + sin(a — b)),

AH, can be recast as
3 1
AH, ~ %/_ dt {sm (Qws —7') + sin (21/)5 — T)} .
Further, replacing 7(t) = Qt + 79 and expanding
sin(nys — Qt — 1)) = sin(nys — Q) cos 19 — cos(ns — Q) sin 7,

for n = 3/2,1/2 and taking into account that sin(niys — ) is odd and the
odd term does not contribute to the integral, we obtain:

AHr%—smTo{/ dtcos( ) / dtcos( Qt>}

introducing
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the above expression can be rewritten as

2 SN 1 N oo R
AH, ~ —% sin 7 {/ dt cos <2@/)5 — )\t) +/ dt cos (Zv,bs — /\t>} .

Defining

An(N) = /_O:O ds cos (ngp(s) — /\s> :
(9.9)

p(s) = 4darctane’® — 7

with m integer, the change in the unperturbed integral can be written as

1 Q Q
AH, ~ —iuwg sin 7y [Al <> + As <>1 ) (9.10)

Wo Wo

The integral in (9.9) is known as the Melnikov-Arnold Integral (MAI,
hereafter) and its evaluation may be found in the Appendix of Chirikov
review (1979), however a detailed computation of the MAI is included in the
last section of this chapter. Actually, A,,()) is defined as the “mean value”
of the improper integral (9.9), which in fact does not converge. A detailed
computation of the MAI in the complex plane (see next section), shows that
the integral

t
An(\ 1) = / ~dscos (ZL (4arctane® — ) — )\s)
—t

oscillates with an amplitude of the order of 1/\ ~ /¢ for > 1 and, there-
fore, the limit for £ — oo does not exist. But these periodic oscillations play
no role in the problem of the stability of the motion so we can neglect them
and retain only the aperiodic part. Being wy ~ /€ small and m # 0, we can
use the asymptotic value of the MAT for large positive A = Q /wy:

4r(2A)™
An(N) = We A/Q,

where the factorial should be replaced by the Gamma function, I'(m), for
non-integer m.
Moreover, for negative A it is

A > m, (9.11)

Ap(N) = (=)™ A (JA)e™™ . X<, (9.12)
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which shows that, for large ||,
An(=[A) < An(|A)-

The largest contribution to the MAI comes when m@AsA > (. Indeed, in
order to be

¢ = %1/13(@ — M

a slow enough phase, it is required that b= mw's /2 — A = 0, and thus m@b's
and A should have the same sign.

Also a recurrence relationship for different m values can be derived,
namely

2\ 2\
Am—l—l = 7Am — Am—l ~ 7Am7 (913)
m m
where the approximation holds for large A.

Therefore, for the upper branch of the separatrix (ps > 0) and using
(9.10), (9.11) and (9.13), since

As(A) + A1(A) = Az (N),

and a
As(\) = 8mhe ™2 A=

Wo

we obtain then that the variation of the unperturbed energy is,

Q _m
Ay () sin 1o~ —4m e %o sin 0. (9.14)

Wo

Lwo§2

AH, ~—
2

For the lower branch of the separatrix (ps; < 0), since ¥y <0, it is enough
to take A = Q/wy with opposite sign in the first equality in (9.14), so (9.12)
shows that its contribution to AH, is negligible (since mi,A < 0). Thus,
actually (9.14) is the total change of H, for a complete period of oscillation,
i.e. over 2T'. But, since the perturbation is symmetric, it depends on (¢ £ 7)
both with the same amplitude, see (9.5), then the upper and lower branches
of the separatrix contribute in the same way to the MAI in each half period
of oscillation. In other words, for p, > 0 the fast angle is (¢ + 7) while,
(1 — 7) is the one for p, < 0.

Following the above discussion, we readily conclude that (9.14) is the
variation of H, in each period of motion. This variation depends on 7, the
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Figure 9.1: Representation of w, 7y evolution. The pendulum energy before
crossing the point (1) is w and thus the perturbation phase has the value
7o. After the pendulum reaches (p, 1) = (0, 7) the energy changes to w’ and
after crossing the line ¢ = 0 it does 79 — 7. The energy changes again at
(2), when (p,v) = (0, —7), so w’ — w while the perturbing phase keeps the
value 7 up to the next crossing with ¢ = 0 when 7} — 7.

value of the perturbing phase when ¢ = 0. After a period of motion T', 7
changes to

T/ET(t+T):Qt—FQE—FTOEQt—l—TO/,
w

where,

and

is the relative energy of the pendulum after crossing the surface 1) = £, as
Fig. 9.1 illustrates. Indeed, since the energy changes were computed along
both branches of the separatrix and thus ¢(s) — +m when s — 400, while
the phase changes at ) = 0 (the map is said asynchronous).

Therefore, in the variables (w, 79), from (9.14)

T

H' = H, — 47pQ%e” 20 sin 79,

and after rescaling H, — (H, — w?)/w?, the canonical mapping
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w = w4+ WsinT,
(9.15)
32
T, = To+ Aln ] mod(27),
Q 1
W = —drnp\ie ™2 A=—n~—=>1,

Wy \/E

describes the motion in the vicinity of the separatrix.

The mapping (9.15) is known as the separatrix mapping or whisker map-
ping (WM) in the terminology introduced by Arnold, calling whiskers the
different branches of the separatrix, and whiskered torus the unstable points.
Actually, the unstable (stable) point may be considered as a separate orbit,
since for initial conditions py = 0,%9 = £7 (po = 0,19 = 0), the system
remains there for an infinite time. In the pendulum model, we have two
whiskers (technically, the stable and unstable manifolds), arriving to and de-
parting from the whiskered torus. Therefore, the whiskers are asymptotic
trajectories that, for ¢ — 400, approach towards the unstable point (the
whiskered torus). However, as we have already discussed, this picture is
better seen in higher dimensions.

It is easy to show that the WM is canonical since if we write it as

w' =w+ f(7), 70 = To + h(w")

then the generating function of the map (w, ) — (W', 7)) is

dr’ dw!”

F H
O(w', 1) = w'rg + F(m) + H(w'), f:—d h d

The WM describes the whiskers under a periodic perturbation. In absence
of perturbation (V' = 0) the first of (9.15) reduces to w’ = w, giving a fixed
value for the energy. Depending on the value of w (Jw| < 1), the system
will rotate, oscillate or move along the separatrix. Therefore, for V' = 0, the
stochastic layer does not exist. The energy w is an integral and the motion on
phase space, (p, ), proceeds along a smooth curve of constant energy. But
for V' # 0, w changes with time. The arriving whisker (w # 0,w’ = 0) and
the departing whisker (w = 0,w’ # 0) no longer coincide. Indeed, while for
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V = 0and w’ = w = 0, the whiskers coincide, they split under a perturbation,
the scale of this splitting being of the order of |2W|. The resulting motion in
phase space becomes chaotic in a neighborhood of the separatrix, giving rise
to the stochastic layer (see Fig. 9.2). The chaotic behavior of p(t) is what we
have called, in the previous chapters, motion across the layer. That motion,
however, is better described by w(t).

Fig. 9.2 displays an orbit in the WM using the variable § = w/W instead
of w, for A = 8 and p ~ 3.5 x 1078, This figure shows that the variation of
5 is bounded, the width of the stochastic layer seems to be of the order of
|3|max ~ 10. We can also distinguish two regions; a central one, very close
to the separatrix (w = 0), that looks like ergodic': [5] < 2, and a external
one: 2 S |5] < 10, where the phase space is shared between stochastic
and regular motion. It is important to remark that the stability domains
are due to resonances between the resonant phase (¢) and the phase of the
perturbation (7) in a neighborhood of the separatrix. This type of resonances
are, in some sense, different from that discussed above. Indeed, the first level
resonances, in this formulation are those of the form m - w ~ 0 in (9.1), for
some m where m -9 is the resonant phase, while the second level resonances,
are those between the oscillations of the resonant phase, 1» = m -9 (in a
vicinity of the separatrix in this case), with the phase m/ - 9 of some other
perturbing term V,,,». These second level resonances can also be seen (in a
different space) in, for instance Fig. 8.5.

Let us discuss in detail these second level resonances. We can either take
the WM (9.15) or simply impose commensurability between the two involved
frequencies, w(w) and 2. In the map, for some fixed value of w,, 7y returns
to the same point after one iteration of the map (7} = 7). Therefore from
the second equation in (9.15) we get

32

|w|

To— To = 2nmw, — Aln( >:2n7r, nezt,

and therefore the set of resonances is

2nm

wi = £32¢7 %", w™ < wmY, (9.16)

Some of these resonances can be clearly seen in Fig. 9.2. In order to find
out the location of the stable centers (if any) and the unstable points of this

'Roughly speaking, by ergodic we mean that the motion fills densely and uniformly
some region of the phase space.
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Figure 9.2: A sketch of the stochastic layer for the WM (9.15) in the (7, §)
plane, for A = 8 and p &~ 3.5 x 1078 (W = 10719), and ¢ = 4 x 10° iterations.
The unperturbed separatrix in these variables lies in § = 0, while § < 0 and
5 > 0 corresponds to oscillations and rotations, respectively.

resonance set, with the help of the first in (9.15) and since w’ = w = w™,

Wsintg =0, — 719=kmn, k=0,+1.

Thus the fixed points in the WM are {(w,7) : (w,7) = (w™, kr)}. By
inspecting Fig. 9.2 it is possible to identify the stable and unstable fixed
points for those resonant values |w,| away from w = 0.

On the other hand, looking for resonances between the two involved fre-
quencies, w(w) and €2, we should write

m$ — 2nw(w,) =0, m,n € Z,

where the factor 2 appears due to the fact that, as defined, w(w) = /T,
with 7" the half-period of oscillation. Recalling the expression for w(w) given
in (9.2), the above condition implies

_ 2nm

m) = 2mn — ™ = 32e

W
In (32/|w,|)’
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which comparing with (9.16) m = 1 should be taken in w{™" since w{™
was derived for the situation in which 7 returns to its initial value after one
iteration of the map, being € its frequency.

These resonant values will help to understand the structure of the stochas-
tic layer as shown in Fig. 9.2. Let us take any w,ﬂ”) which for simplicity we
denote it by w, and since |IW| < 1 (because A > 1), we can linearize the WM
in w around this resonant value w,. Then the second term in the right-hand

side in the equation for 7y-see (9.15), takes the form

2
In (,3/|> =In32—Injw|~In32—In|w,| — | ’(w wy),
w T
thus
2 2 A
Aln (3/> ~ A\n <3> - — (W —w,),
jw'| [ | |w, |

2nm A

where we have used the resonance condition (9.16) and introduced a rescaled
“energy” —Z. Then after this linearization the equation for 7y given in (9.15)

takes the form
=1+7Z,

after neglecting the term 2nm since 7y is mod 27. The equation for w
w' = w + W sin 1
after replacing w = w, — Z|w,|/\ reads

AW

||

7' =7-— sin 7o,

and defining

> 0, (9.17)

the linearized map reduces to
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7' = T+ ksinTy,
(9.18)
7 = 1+7T

Therefore a SM represents the dynamics in a neighborhood of any reso-
nance wﬁ”), with a parameter x that depends on the global parameters of the
WM but also on the local value w, = w™, forn =0,1,2,....

We know from our study of the SM that if x 2 1 the motion is mostly
chaotic or instable. Therefore if x < 1 the the dynamics results essentially
stable, several invariant tori bound stable motion and then for |w| =~ |w(™| >
AW the map (9.18) would not lead to any strong chaotic motion; far away
from the unperturbed separatrix (w = 0) the stochastic layer looks regular,
therefore it is possible to define a rough size of the chaotic layer, wg, by

setting k ~ 1 and then
w] S ws = AW,

where wy is half-width of the layer. If we compare this estimate with the
numerical example given in Fig. 9.2, where instead of w it is plotted w/|W|
and for the given parameters of the WM, |w|/|W| < A is an acceptable first
approximation?.

Let us go further and consider the full resonance set (9.16). The separa-
tion between the (n — 1) and (n)-resonances is

Ay = |w" —w{M| = 32 (e””ﬂ” - ex) = 3275 (¥ — 1),

—_———
2w/
64w
Bn N3
where o
_ w _2n
W =——=¢ » <1.

32
Therefore since resonances accumulate towards w = 0 (see (9.16)), and
their separation decreases as n increases, we may infer that close to the center
of the layer (around the unperturbed separatrix) the motion should be ex-
tremely chaotic, like ergodic, due to the massive overlap of resonances. This

2This estimate could be improved leading to A < |w|/|[W| S A+ 2.
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can also be derived from (9.17) and (9.18). Indeed, since K = A|W|/|w,| =~
ws/|wy|, then if w ~ |w,| < ws the parameter of the local SM (k) that de-
scribes the WM close to w = 0 becomes very large, and therefore the motion
in the central part of the stochastic layer should be rather chaotic.

Recall that in Fig. 8.5 only some numerical experiments regarding the
SM are shown, the largest K value considered was K = 2.5, where the
phase space looks like ergodic with the exception of few domains of stability
corresponding to the centers of the integer resonances. It is not difficult to
show (see next chapter) that the stable fixed point of the SM corresponding
to the integer resonances becomes unstable for K = 4, and it is easy to check
this by a simple numerical experiment. Thus for K > 4 the motion in the
SM could be considered as nearly ergodic.

From the above discussion it is expected that the motion around reso-
nances in the stochastic layer with x = 4 seems to be ergodic, this implies
lw, | S ws/4.

All the above discussion and estimates allow us to explain the general
structure of the stochastic layer, as for instance, the example given in Fig. 9.2.
It is important to remark that we have derived the WM to understand the
motion near the separatrix of a non-linear resonance. The latter is well
represented by a SM with some “global” parameter K. And the motion close
to any resonance of the WM could be modelled by a local SM defined by the
parameter k. Clearly, these two parameters are completely different, since
as we discussed above, the original SM (K) describes a resonance whose
resonant phase is ¢ = m - 19, while the local SM (k) represents a resonance
with a slow phase like (1) — m/ - 1) near the separatrix of, for instance, an
integer resonance of the SM (K). It turns out that in the SM (k), the motion
close to the separatrix of any resonance like Z,. = 2nm, could also be studied
by means of a new WM with a parameter V. It becomes clear that this
sequence would be repeated again and again to reach any level of resonances.

To end this section let us recall that (9.14) provides the change of the
unperturbed integral H, under the effect of a small perturbation uV'. The
latter local integral is just the pendulum model for a given resonance of
the Hamiltonian (9.1) of amplitude £V,,, and thus we adopted for the small
oscillation frequency wg ~ /. If we set uV — &V, being m’ another
harmonic of (9.1) with a slow phase (but not resonant as the harmonic m)
(9.14) takes the form

AH, x ,ue’l/‘ﬁ ~ e VVE,
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showing that the variation of H, is exponentially small. This order is un-
reachable by means of the asymptotic series technique. Indeed, exp (—1/4/2)
is not analytic and it does not admit any power expansion in the perturbation
parameter €.

9.2 The evaluation of the Melnikov-Arnold
Integral

Let us recall that the Melnikov-Arnold Integral (MAI) given by (9.9) is

An(N) = / cos (Qm arctan e’ — % — At) dt  meZ, (9.19)

—00

that could be written as

An(N) = /OO exp i <2m arctan e’ — % — )\t) dt, (9.20)

—00
since
oo m
/ sin <2m arctane’ — nr_ /\t> dt =0,
oo 2

due to the odd character of the argument of the sinus. Now let us express
(9.20) as

An(N) = /oO exp im (2 arctan e’ — g) e~ Mdt, (9.21)

—0o0

and rewrite the argument of the first exponential in (9.21) in a different way.
Notice that

s s
expim (2 arctan e’ — ) = |expi [ 2arctane’ —= ,
2 —_— 2

z

so if

z = 2arctane’,

it results
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t— an sin z/2 e”—1
e = tan - = = : )
2 cosz/2 i(e*+1)

and solving for %
et 1
S 1 —et

The above expression is almost the desired argument, but we need

iz

Al
z=m/2) _ _ieiz — e’ + 1
el +1

ei(

Finally, (9.21) takes the form

Apn(\) = [ o™ (ﬁ;) dt. (9.22)

This integral has infinite poles:
t

d=—i o = —@'g +onir, neN. (9.23)

The factor e=™ in (9.22) has a major role in the “convergence” of the
MAL Let t = x+1y, so —iAt = —iAx+ Ay, then if A > 0 we should take y < 0
in order to R(:At) < 0. Thus to compute the integral (9.22) we consider a
path over the negative imaginary part of t. Fig. 9.3 shows that path over
which the MAI will be computed. The full path is defined as in Fig. 9.3, the
one over AB where t = x + iy ranges from (—77,0) to (7, 0) and after taking
the limit when 7" — oo, corresponds the value of the MAI (9.22) that we

want to compute
lim e (H_) dt.
T

T—o0 J_— et 49
Over the path CD it is t = x — T so
=T i 1+idet]™
/ = / dz e~ A=) [ + , ] — 0
cD T — et +1

e~ A2e=AT 50 when T—o0

whenever the path does not pass through any pole. Indeed, in this case

1 + de%e™ T
eTe il 4 g
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¢11m/2
*77/2

*3n/2

A *-1/2 B X

t=-T+y t=T+iy
$-5m/2

D *-97/2 C
t=xiT T
¢-13m/2

Figure 9.3: Path over the complex plane of ¢ where the integration is done.
The contour over the real axis x after T — oo is the range of interest for the
MAI Some of the poles given by (9.25) are indicated along the y axis.

with |e™| = 1 is finite and then the limit when 7' — oo leads to [, = 0.
If the path includes a pole, the limit does not exists but since the poles are
isolated (the set {¢{™} has zero measure for in R) it is always possible to take
a path that enclose them.

Over the path BC', t =T + 1y and then

/ = / Ty e | LE e )™
Bc Jo e+ 4 | 7

. 14 e+ _ael
lim |[———| = lim — =1,

where

T—oo | €T+ 44 T—oo el

thus

—/\T_l

-1 '
T o0T)

-7
. . i . . _iaT €
/ ~ " lim e Z)‘T/ eMdy =i™ lim e
BC T—o0 0 T—o0
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where O(A\T) are oscillatory terms of frequency A. Therefore

Joe

does not have any limit when 7" — oo since it presents oscillations with
amplitudes of the order of 1/\ that are small if A is large.
The integral over the path DA is similar to that over the BC' path,

therefore
p=/

where |§] < 1/X is assumed to be small for large A and thus we neglect all
oscillatory terms and therefore

A, () = f ~ /_O:O ~ —QWi;Res(t](D”)),

where the minus sign is introduced since the path is taken clockwise (negative
direction) and t;”) = —in/2 —=2nim, n=0,1,2,....
Thus, we need to compute the residues on the poles. From (9.22), let

iet +1\™
et +14

=

and

g(t) = (t =) f(2).

Clearly ¢(t) is analytic and thus its Taylor expansion around any pole t:g”) is

n n n > 1dkg n)\ k
g(t) = g(ty") + g (t5) (¢ — ¢5V) + - -- :;ﬁ@ t:t;m(t—t,ﬁ N

and then the Laurent series for f(t) results

.- 1dkg n)\k—m
f(t) = ]gy@ t:tém(t — gy

The residues are the coefficients of the Laurent series at order (t — tI(J"))’1
thus £ = m — 1 and the residues are
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1 dmflg
(m — 1)1 dgm=1 l=e{®”

Res(t;")) =

Introducing v =t — tj(D") or t =u —im/2 — 2nim, then g reads

, 14+e* \™
— M= iAU —AT /2 —2nAT 9.24
g(u) =ume e e <i(1—e")> ; (9.24)
SO
1 1 dmt , 14e"\™
R 2f(n) — —Aw/2 —2nAw [ —iAu, m ( ) :| ]
eslly”) (m — 1)!e ¢ et [© " T - e u=0
The sum over all residues is
oo 1 dm—l ) 1 + el m o)
R t(n) _ —Am/2 { —idu, m < > ] —2’rL/\7r7
ngo es( p ) (m — 1)!e duym—1 e 1 —eu uzongoe
and since
o~ _—onAr — [ —2xr\"
Do =30 ()
n=0 n=0
then if [e=2*"| < 1 the above series converges to
1 e

oo
Z e—2n)\7r — — .
= 1 —e 2 2sinh(An)

Therefore,

; AT m—1 u\ m
A, () ~ —2m1 o A/2 e d {e_i’\“um (1 +e > } ’
u=0

(m—1)! 2i™ sinh (A7) dum—1 1 —et
or
_7re)\7r/2 dm—l ) 1 4 eu\™
Ap(N) ~ I —ihu ( ) } A > 0.
) (m — 1)lim=tsinh(\r) a0 dym—1 {e T e ’ >0

(9.25)

For instance
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e /2 , 1+e*
M) == e (1)
) =~ G < e e T )

and since the value of above limit is —2 we finally get

2mer/2
A(N) = ———.
1) sinh ()

The computation of As(A) though tedious is straightforward and depends
on

d . 1 u~ 2
L = lim — [e_”‘” (que> 1 ,

u—0 d 1 —ev
SO
7 e)\ﬂ‘/?
Ay(N)~ ———— x L.
2(N) i sinh(Am) %

After performing the derivative and some algebra, L reads

u?(1 + e¥) 2u
1— 2u 2ue?
G-y " oeptmC T2t

L = lim e (1 + %) | =i\
u—0

and it is enough to take e* = 1 +u + O(u?) when u — 0, so keeping only the
linear terms in v and taking the limit it results L = —4¢\, and thus

There is a recurrence relation for A,,(\) derived by Zhirov,

Api1(N) = Qﬂi\Am(A) — A1 (). (9.26)
Now, if we consider A < 0, the path to compute the MAI should be taken
over the positive imaginary plane anti-clockwise such that Ay < 0. Let us
evaluate A,,(—)\) with A > 0, taking now the poles on the positive imaginary
axis: " =37 /2 + 2nim,n =0,1,2,....
Changing A — —\ > 0 and v — —u in (9.24)

—1\™ ‘ 1 —u\m
g = () umefz)\uef/\ﬂ-ef/\ﬂ'/Qean)\ﬂ- < +e > :
t 1 —ev
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or, since

1+ew\™ (1™
) e (=)
1—e 1—e

g(—u, =) = e Mg(u, \).

Changing the sign of the derivative with respect to u in (9.25), a factor
(—1)™~! should be included, and since the path is taken in the positive
sense, an additional factor —1 in front of (9.25) is required, leading to

it results

Ap(=X) = (=)™ A, (N)e™, A > 0. (9.27)

Thus we note that |A,,(—\)| < |A,(N)] if A is large. Moreover for A > 1
sinh(A) ~ e*/2 so, for instance,

A1(>\) = 47T€_)\7r/2,

and in particular for A > m the recurrence relation (9.26) yields

Am+1 (/\) ~ RAm<)\)7

or
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Chapter 10

Chaotic motion

We have already discussed that any perturbation to a resonance (or pen-
dulum model) leads to chaotic motion. Depending on the strength of the
perturbation the corresponding instability would be large (overlap of reso-
nance) or small (confined to the stochastic layer of resonances). We wonder
which is the signature of this type of irregular, stochastic dynamics. In order
to discuss this, let us recall that the dynamics of a non-linear system is un-
derstood as resonances interaction. Thus as we have mentioned, a simplified
but illustrative picture of phase space when the perturbation is not too small
would be for instance, that presented in Fig. 8.5. In general, any non-linear
system exhibits a divided phase space, one where the motion is stable, or-
dered or regular and another where the motion is unstable, chaotic. Let us
then take again the SM

I' = I+ Ksin?,
(10.1)
Vo= v+T,
and consider two nearby initial conditions (ly,?y) and (I3, 9,), where |I; —

Iy| < 1,]|Y1 — Y| < 1. Each set of initial conditions leads to two different
orbits of the SM, say

(1) I'=1+ Ksind, V=941 for (Iy, ),
(2) I = I+ K sin9*, P =9+ T for (I,9).

173
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The difference of this two initially nearby orbits (2) — (1) :

E=9"—0, n=I-1

evolves according to
' = n+ K(sind* —sind),

¢ = ¢+0.

Since |I; — Iy| < 1, | — ¥o| < 1, we focus on the evolution of the difference
orbit while |£| < 1,|n| < 1. Then

sind* = sin ¥ + (9* — ) cos + - - - = sin¥ + £ cos ¥ + O(€?),

and taking only the linear part, we arrive to the so-called tangent map

n = n+ (Kcosv),
(10.2)
§ = &+

This linear map (in &, 7) is local and describes the motion of a small section
of the phase space around the SM orbit (1). Indeed, its local character is
clear since to compute (10.2) it is necessary to know the solution of the SM to
get ¥(t) for the initial condition of the orbit (1) in order to evaluate the time
dependent coefficient (K cos¥(t)) in the first of (10.2). And due to this fact it
is not easy to analytically deal with both the SM and its tangent map. Thus
let us consider a simpler one, that will help to understand (qualitatively)
the general behavior of the SM. Consider the canonical map (p,z) — (p/, 2)
defined through

/

p = p+kx,
(10.3)

¥ = z+9p, 2 mod 1,

where k is a constant parameter. This map is not linear since x being mod 1
has a discontinuity at x = 0. It is very simple to derive the corresponding
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tangent map to (10.3), thus, taking the first variation of each equation and
setting op = n and dx = &, then

n = n+kE,
(10.4)

¢ = &+,

which in fact is linear in both £ and n and its coefficients are constant. Note
that this map is global since it does not depend on any particular solution
to (10.3). We rewrite (10.4) as

¢ = (F+1)E+n,

/

no= k{4,

where introducing the deviation vector I and the matrix A as
RS ([ k+1 1

the map (10.4) takes the simple form

U = Al (10.5)

where det(A) = 1. The stability of the motion in the original map (10.3) is
determined by the eigenvalues of A, A, defined by

det (A —\I) =0,
or
E+1-X 1 _0
k I—=X| 7

that leads to'

M —(E+2)A+1=0.

!The well known result A2 — Tr(A)A+det(A) = 0, where Tr(A) and det(A) are invariant
under a change of basis.
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The two different eigenvalues are then

)\i:1+§i.k<1+i>, M =det(A) =1, Ay +A_ = Tr(A).

(10.6)
The corresponding eigenvectors e, and e_ for Ay and A_ respectively, have
as components in the original basis B = {n,n»}

e+:<§i>, e:<§:>, (10.7)

Aei = /\iei.

and satisfy

Then from (10.5) and the eigenvector equation we get for the components
gia T+

ne_ K
&x A —1
Now if we introduce a (local) change of basis from B = {n;,n,} — B=
{e;,e_}, the matrix A in B takes the form

A= ( A0+ AO_ > | (10.8)

In basis B,

Il =&n, +nno,
and let

l =ue; +ve_

in basis 5 From (10.5), I’ = Al, is independent of the election of the basis,
thus in B it reads

(TN A N u = Au
<v’><0 )\_><v> ~ v = A\_v. (10.9)
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Taking an initial condition 1y = uge, + voe_ after t iterations of the map
(10.4) or (10.5), it is
Uy = )\+U0, Uy = >\+'LL1 = )\iUO, ey, Up = )\iUo,

and similarly for v. Thus

u(t) = Ny ug

v(t) = A w.
As expected the time evolution of I strongly depends on the eigenvalues ..
From (10.6), it is simple to see that

(10.10)

if —4<k<0 Ar € C, Ay =A%,
and since A\, A\_ =1, it follows that |[A+| = 1. Then we have
Ay = €™, A=e @, we S,
and therefore

u(t) = ug e

v(t) = vge "t (10.11)

From the above relations it turns clear that for —4 < k < 0, the motion is
stable; for any t nearby orbits remain close to the initial condition in the
tangent map, u(t),v(t) are just a small oscillations around the origin (v =
0,v = 0), where ug, vy are the corresponding small amplitudes. Therefore,
since u, v are the components of the deviation vector I, we ensure the stability
of the motion in the original map (10.3), being u, v the evolution of a bundle
of nearby orbits around a given orbit of the latter. Indeed, for any orbit ()
in (10.3), nearby orbits to the latter evolve with time oscillating around it,
since ||l|| measures the time evolution of a small neighborhood around ~(t).
Now, in (10.6),

if k< —4 or k>0, A+ € R,
with Ay A= = 1. Assume that |A_| < 1 < |A;], so defining
o, =oc=In|A|>0, o-=In|A_|=Inl/|A\{|=—-0<0,

we write
|>‘+‘ = 607 ‘)\7’ = 6707
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Figure 10.1: A sketch of the locally unstable motion. Nearby orbits diverge
exponentially. The deviation vector I tends to the e, direction when t — oo.
The solid curve corresponds to the solution of the tangent map.

and therefore

u(t) = upe”

o(0) = ", (10.12)

The solution (10.12) shows that the motion is doubly asymptotic, that
means

|u(t)] = oo when t— oo and |u(t)] -0 when t— —o0,
lv(t)] -0 when t— o0 and lv(t)] = oo when t— —oo.
Thus the motion of the original map (10.3) is unstable and nearby orbits in
it diverge exponentially, as Fig. 10.1 shows. The rate at which they diverge

is 0 = In|A;|. Indeed, for ¢ large enough, the deviation vector I becomes
almost parallel to ey and thus I ~ u(t)e and then

12| = loe”, t — o0, (10.13)
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where ly = ug. This exponential rate o > 0 at which nearby orbits diverge
is usually known as Lyapunov exponent, that in this particular case coin-
cides with the so-called Krylov-Kolmogorov-Sinai Entropy. The motion in
the original map is said hyperbolic when this exponential divergence occurs.
It is easy to check from (10.12) that uv = ugvy, which is the equation of an
hyperbola in the u — v or £ — 7 plane. Clearly ¢ has dimension of time, thus
its inverse

T, == (10.14)

is called Lyapunov time and provides a time-scale for the manifestation of
the exponential instability.

The very signature of chaotic motion is the local exponential divergence
of nearby orbits. Though in the example here discussed, the map (10.3),
this behavior is global (provided that k lies outside the stability domain
—4 < k < 0), since its tangent map (10.5) does not depend on any particular
solution of (10.3). However, if we go back to the SM (10.1) and its tangent
map (10.2), the latter not only depends on the parameter K but also on
the initial conditions in the SM that lead to the orbit I(¢),d(¢). This is the
general situation in most non-linear systems and thus we speak about the
local instability of the motion around a given orbit of the system. On the
other hand, if for a given initial condition the motion proceeds on a torus, we
speak about the local stability of the motion and no exponential divergence
takes place, as we see from (10.11). In this direction we say that unstable
chaotic motion is sensitive to initial conditions while stable regular motion
has a rather weak dependence with them.

To illustrate this local character of the instability (or stability), let us con-
sider some fixed points of the SM (10.1). We have already seen in Chapter 7
that for an integer resonance, J, = n, the fixed points appear at ¥y = 0, 7.
To investigate the stability of these fixed points, let us consider the tangent
map (10.4) or (10.5) with k = K cos vy, where we assume K > 0. This map
(10.4) with such parameter value is identical to the tangent map (10.2) of
the SM for two different orbits (fixed points in this case). For 9y = 0 the
parameter k = K > 0 and thus the fixed point J, = n,9y = 0 is alway un-
stable for positive K (it lies on the separatrix of the integer resonance). On
the other hand, for ¥y = 7, it is k = —K < 0 and the point J, = n, ¥y ==
is stable when 0 < K < 4 but it becomes unstable for K > 42.

2This result justifies the assertion that the centers of integer resonances of the SM
become unstable for K > 4.
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Figure 10.2: Illustration of the exponential divergence of two nearby orbits,
~ and 7.

The exponential divergence of nearby orbits given by (10.13) is schemat-
ically represented in Fig. 10.2, where initially (¢) and +/(t) are very close to
each other, ||7/(to) — v(to)|| = do < 1. After a motion time ¢t > t,

0(t) = 7' (t) = v()]l = doe™, (10.15)

where o, is the Lyapunov exponent for v. Why does this smooth, regular
exponential rate of separation, lead to unstable, chaotic motion? The key
point is that the motion in phase space is always bounded, thus two nearby
chaotic orbits could diverge at most up to the size of the allowed region. For
instance, as we have already discussed, the chaotic layer has a finite width
because invariant curves of regular motion confine the chaotic motion to a
narrow region around the separatrix. Thus the motion in the chaotic layer
is bounded and therefore two nearby orbits could diverge at most up to its
width wg. The same occurs to the SM. The phase space is bounded since ¥ is
restricted to a bounded interval, (0,27). Thus the chaotic motion is always
“oscillatory” in a broad sense. Therefore two nearby orbits would diverge up
to the order of the size of the bounded region of chaotic motion. Then, since
d(t) could not increase any longer, initially nearby orbits (or fully correlated
initial orbits) start to mix, they lose their correlations, and for ¢ large enough,
the motion looses forever its memory, that is, forgets the initial conditions.
When the exponential divergence sets up, the motion seems to be completely
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uncorrelated, “random”, the time-scale for mixing being the Lyapunov time.
This is the very physical meaning of the Lyapunov exponent or its inverse
TL-

Also stable orbits do diverge, but in a linear way. This fact is due to
the frequency difference of nearby tori. To illustrate this let us consider an
orbit on a given torus defined by the action I, where the frequency is w(I).
Taking on this torus an initial condition ¢, then the orbit is

I(t) = w(I)t + 9y. (10.16)
Consider a nearby tori defined by I’ such that || I’ — I|| < 1. The motion
proceeds in this torus with frequency w(I’), and assuming initial condition
¥, the motion in this nearby tori is

Y (t) = w(I')t + 95, (10.17)
setting

oI =1-1, |61 < 1,
the change in the frequency is therefore

. 8wi

wI')=w(I+6I)=w()+ dw, dw; = —
a1,

5L,

where in the second equality the sum over j is understood, then (10.17) can
be recast as

Y (t) = (w(I) + dw)t + Iy = Y(t) + dwt + I — Yy,
and defining 619 = 9 — ¥ we write

89 = dwt + 50, (10.18)

This result is usually called phase mixing®, since the phase difference of
orbits laying in nearby tori grows linearly with time. For instance, assume
that ¥ = ¥, both orbits start at the very same initial phase value but their
difference grows with time and when t — oo, ¥ and 9 become completely

3Tt should not be confused with the mixing process discussed above, that take place
over some region of the phase space.
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uncorrelated. This is a typical situation in a non-linear system. Note that in
a linear one dw = 0 and therefore the phases evolve in a synchronous way:.
Let us consider now a Hamiltonian of the form

2

Hiq.p)=5+V(@). apeGCRY, (10.19)
and assume that in some open domain D C G, a canonical transformation
(g,p) — (I,9) exists, such that H(q,p) — H(I). In other words, within
D, the motion lies on invariant tori, and in any torus an orbit is given by
(10.16). For an initial condition (go,po), the Hamiltonian flow induced by
(10.19) leads to an orbit v(t) = {q(t),p(t) : q(0) = qo,p(0) = po}, over the
energy surface. Any coordinate ¢; = ¢ of v admits a Fourier expansion that

we assume to depend only on the frequency w;(I) = w(I),
Z qn(I) cos(nw(I)t),
and since p;(t) = p(t) = ¢(t)
=—w Z ngn,(I) sin(nw(I)t).

Let us take a slightly different initial condition on a nearby torus defined by
I' = I+ 461, such that ||0I|| < 1, then the coordinate ¢; = ¢’ for the nearby
orbit 7/(¢) has the Fourier expansion

an ) cos(nw(I')t) an (I + 6I) cos(nw(I + dI)t).

Now, at first order in ||61||

W(I + 61) = w(I) + dw(I) = w(I) + g;"(sfj,
J
04
oI,

where the sum over j is understood. Assuming ||6I||t < 1

Oow

Sy
o1,° "

cos ( w(I)t + ngf ol; t) = cos(nw(I)t) — sin(nw(I)t)n
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then at first order for ¢

q(t) = )+ 01; Z —7 cos(nw(I)t) — tg;éfj > ng,(I) sin(nw(I)t)

—p(t)/w
= q(t)+0I; {wt Z —Cos nw( )t)} :

Evaluating at t = 0

¢(0) — q(0) = Z ol —01; = 6q(0),

where dq(0) is the slight difference in the initial condition for the coordinate
q. Then the sum

61 Z g[ cos(nw(I)t) = )+ 01; 27;0 —= cos(nw(I)t) = dq(0) + O(wt),

where O(wt) is an oscillating term of small amplitude (of order 0; < 1) and
zero average. Neglecting then the small oscillations we get

ow
"(t) —q(t) =~ dq(0) |1+t t
(0= al0) = 5000) (14 ¢ 25000
introducing the linear rate of divergence

B ow
~ |wdq(0)

where p,, is the amplitude of oscillation of p(t), and denoting by dq(t) =
¢'(t) — q(t)| and dgo = |g(0)], we finally get

Pm > 0,

5q(t) = dqo(1 + Mt). (10.20)

Clearly the very same linear divergence would show up for any coordinate
or momentum, and thus (10.20) applies for the norm of the full phase space
vector, with a linear rate that could be taken as the maximum among all
phase coordinates.
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This different rate of divergence between stable, regular orbits and unsta-
ble chaotic ones turns out to be an efficient way to detect chaos. Indeed, let
us consider again the Hamiltonian (10.19), in which for simplicity we take
N = 2. The equations of motion are then

g1 = pr1, p1=—%EV1,

(10.21)
oV

g2 = Do, P2 = =54 = V2,
and the first variational equations (equivalent to the tangent map) are the
linear set

5@11 = 0p1, op1 = —Viidqy — Viadgo,
_ ‘ (10.22)
0qy = Op2, dpy = —Va10q1 — Vardgo,

where the derivatives V;; depend on (¢i(¢), ¢2(t)) and V;; = Vj;. It is clear
then that we need to solve simultaneously both set of equations, (10.21) and
(10.22), since the variational ones include coefficients that depend on time
through the coordinates. Take an initial condition (py, go) for (10.21), and
(6po,dqo) for (10.22). Let ~(t) be the orbit (solution of the equations of
motion) for the given initial condition. The integration of the variational
equations for the selected initial condition and where the coefficients V;;
should be evaluated at 7(¢), leads to the deviation vector

4(t) = (8q(t), 6p(t)),
which characterizes the dynamics around ~(t). Now let us compute the
following magnitude

L 6@l

o*(t) =-In :
t [lo(0)]

If v(t) is a regular, stable orbit, ||d(t)|| grows linearly with ¢ as (10.20) and

(10.23)

Int
O'*<t)%L—>O, t — o0,
t

while if y(¢) is chaotic, ||d(t)| increases exponentially with time as (10.15),
and then

o*(t) — o, t— 00
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Therefore, for a regular orbit, the (maximum) Lyapunov exponent is zero
while for a chaotic one is positive. The magnitude ¢* is usually called the
finite time (maximum) Lyapunov exponent, and its values for different orbits
allow to discriminate between stable and unstable motion.
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Chapter 11

Applications

11.1 Orbits in non—axisymmetric 2D poten-
tials

In any 2D non—axisymmetric potential the main families of orbits are the so—
called loop and box. Which family dominates the orbital structure depends
mainly on the relative value of the rotational kinetic energy with respect to
the degree of flatness of the potential (see below). To describe the problem in
a more general context, let us consider a spatial axisymmetric galaxy, where
we assume that the potential depends on the position through m,(R,z) =
R? + 22/¢%, (R, p, 2) being cylindrical coordinates and ¢ < 1 the semiaxis
ratio of isopotential curves in the Rz—plane. The potential is then ¢(r) =
®(my(R, z)) where & is a smooth function of its argument.

In any case, 3D motion reduces to 2D motion in Cartesian coordinates if
we introduce the effective potential ®(my(R, z))+p2/2R?, where p,, is a global
integral. As the second term is the same for any ®, we focus the attention
on the motion of a star in the 2D potential ¢(x,y) = ®(my(x,y)) where z,y
are coordinates in some meridian plane by setting p, = 0 '. Alternatively,
¢(z,y) could represent the motion in the equatorial plane (z = 0) of a barlike
galaxy, being then x,y coordinates in the latter plane.

LA value Py 7 0 could change the topology of the phase space. The discussion given
here could be slightly different, but the tools to study it are the same presented here. The
main difference, if p, # 0, is that R = 0 is not admissible and box orbits do not exist.

187
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The equations of motion, in these variables, are
px = —2(1),1', py = _2®/y/q27

where p, = &, p, = y and ® = d®/dm, is assumed analytic everywhere.
To be —V ¢ a well defined gravitational field it is necessary to impose the
conditions ® > 0 and ®” < 0. To understand the differences between
both families of orbits one can follow different approaches. The “rigorous”
one as follows. For box orbits, one should restrict the flow to the invariant
planes p, = v =0 or p, = y = 0 and to investigate the 1D Hamiltonians
H, and H,, respectively. Take one of them and consider the other as a
small perturbation. The next step is to analyze the stability of the periodic
orbits in the unperturbed 1D Hamiltonians, at a given energy level, by a
linearization of the equations of motion of the full Hamiltonian around these
orbits. Similar considerations apply to loop orbits: just take values of ¢
very close to 1 so that the field is nearly spherical and can be written as a
near integrable one. The stability of the 1:1 (circular) periodic orbit is then
analyzed. This procedure is followed, for example, for the 2D logarithmic
potential to conclude that, for the energies and values of ¢ studied, the short-
axis periodic orbit (y-axis) is, in general, unstable while the long-axis orbit
(z-axis) is, in general, stable for low-to-moderate energies. The 1:1 periodic
orbit (that bifurcates from the y—axis orbit) turns out to be always stable for
any physical value of q. Therefore, box orbits can be thought as perturbations
to the z-axis periodic orbits while loop orbits arise from perturbations to the
1:1 (circular) periodic orbit in the spherical system.

A physical interpretation is the following. The angular momentum (or the
rotational kinetic energy) plays a crucial role in the existence of both families
of orbits. Indeed, take polar coordinates in the xy-plane: x = rcosf, y =
rsinf, so my, — my =1r%(1 4+ asin®6), where a = (1 — ¢*)/¢*>. Due to the
lack of central symmetry, a test star will be acted by a torque N =—0¢/00 =
—®'Om, /00 = —ar?®' sin20. If ® # 0 then for any r > 0 the torque is null
at 0 = 0, 7/2 (and 7, —7/2), that is, on the = and y axis. Recalling that
pg = N, where py is the angular momentum of the star, we conclude that
an orbit with py = 0 will follow a rectilinear orbit along the z or y axis. A
simple inspection of the expression for N shows that the torque is negative in
the first and third quadrant, being positive in the others. Therefore, we see
why the x-axis periodic orbit is stable while the y-axis one is unstable. The
torque confines near the x-axis and pulls away near the y—axis. On the other
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hand, a simple epicycle approximation shows that the 1:1 (circular) periodic
orbit is naturally stable for o not too large.

Let us recall that this description is true provided that & is a smooth
function of m,. If the potential has a singularity or a cusp at the origin,
then the analysis may be different. Therefore the discussion given above is
suitable for potentials that are not “hard” at the origin, that is, those for
which the deflection angle Af is close to m when pg — 0.

Let us write the full Hamiltonian in polar coordinates

2 2

2z p
H(prap@vrv 9) = 5 + 27:2 + @ (ma(ra 0)) )

where p, = 7, pp = r20. Assume that « is small, that is, 1/\/§ <q<s 1,
so we can expand ® (mg(r,0)) in powers of a and we can separate the part
independent of 6

H(pr7p€77’, 0) :pg/Q +p§/27”2+¢a(7")—%f1(7") cos 26
—%fz(T) (COSQ@—%COSZJW) +..., (11.1)

where

Ga(r) = ®(r2) + § filr) + 55 folr) + -+,

(11.2)
filr) =@ (r?)r? > 0, fa(r) = @"(r*)r* < 0.
From (11.1) and (11.2) the Hamiltonian can be written as
H(py,po.7,0) = Ho(pr,po,7) + aVi + Vot -+ -,
Ho(pr,po,) = 2 + 25 + 6u(r), (11.3)

Vi, 0) = fu(r) Yoy amcos 2ml,  fr(r) =0 (r%)r2".

Hj is an integrable Hamiltonian being Hy = hg itself and py = pj the unper-
turbed integrals and "V}, are small perturbations (see the remark at the end
of this subsection). So, from now on, when we refer to unperturbed motion,
we mean orbits in Hy even though it depends on «.

The unperturbed system is just a central field. So r oscillates between
two boundaries, r,,(ho,pj) < 1°(t) < rar(ho, pj), with frequency w,, while 6°
varies on the circle S*. The frequency in the tangential direction is wy = K w,
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where Kk = Af/21 < 1 is, in general, irrational. The time evolution of 6 can
be written as 0°(t) = wpt+O(t) where © is a 27 /w,-periodic function of time.

Let us focus the attention, in the perturbed system, on the dynamics in
the tangential direction. Keeping terms up to first order in « in (11.3) we
get

, OH oV :
bo= =g N —agy = —afi(r)sin 26. (11.4)

From (11.4) a simple manipulation shows that the latter can be written as

dK : p
E—i—agl(r(t)) sin 26(t) ~ 0, K 5

N

—%g cos 20, (11.5)

where g and g;(r(t)) are the average and oscillating parts of fi(r(t))r?(¢)
respectively:

g="(fi(r)r*) = (2'(r*)r') >0,

q(r(t) = fi (r@) r*@t) — g.
To keep order « in the perturbation, in the second term in the first of
(11.5) we can replace the actual values of r, § by their unperturbed val-

ues 7°(t), 6°(t). Since the unperturbed motion is completely regular, we can
expand g;(r°(t)) sin 26°(¢) in Fourier series, with basic frequencies w, and wy

(11.6)

g1 (r°(t)) sin 20°(t) = %{ i gkei(’““r“we)t} , (11.7)

k=—o00

where g are certain complex coefficients. Assuming quasiperiodicity (which
is the more abundant behavior if « is small), i.e. & irrational, we easily see
from (11.7) that (g, sin26°) ~ 0. Hence if we average the first in (11.5) over
several radial periods we see that (see below)

2

K= % —Q%cos20, Q= %g >0, (11.8)
is an approximate invariant. IC plays the role of the total energy in a simple
pendulum model where €2 is the small oscillation frequency. Therefore two
critical values of K exist: —Q? and Q2. For K = —Q2 (6,pp) = (0,0) is a
stable equilibrium point: the motion is stable along the x axis. On the other



11.1. ORBITS IN NON-AXISYMMETRIC 2D POTENTIALS 191

hand, for K = Q? we have the separatrix and the unstable equilibrium points
are (0,pg) = (£m/2,0): the motion along the y axis is unstable. The domain
of box orbits, that oscillate about the long-axis, corresponds to |K| < Q2
and the domain of loop orbits, that rotate about the origin, to K > Q2.
The separatrix, p; = +2{2cos 6, separates then different kinds of motion:
oscillations and rotations; i.e. box and loop orbits. For K > Q% K =~
p3/2: the kinetic energy in the tangential direction. The largest value of
IC corresponds to the largest py, which appears for the 1:1 periodic orbit.
For Vi # 0 this periodic orbit should not be circular but elliptic with small
eccentricity (see below).

Since () is a measure of the amplitude of the torque, we conclude that the
relevant parameter that defines the orbital family is the relative value of the
rotational energy with respect to the strength of the torque, which in turn
depends on the degree of flatness of the potential.

From the above discussion it turns out that a limit angle, 6;, could exist

K
~ o

cos 20, ~

which is another way to conclude that |[K| < Q2 for boxes. However it is
important to remark that this bound for 6§ appears for r bounded away from
0. When py is small, which is the case for boxes, the analysis of the motion
in a neighborhood R of » = 0 should be done in a different way since the
origin is a singular point in this description. As we assume that the potential
is regular at » = 0, we can approximate ¢(z,y) by a harmonic oscillator in
R. The approximate invariants of motion are then the energy in each degree
of freedom h,, h,. But the Lissajous-like orbits in an harmonic oscillator
with incommensurable frequencies are dense in R whenever h,, h, # 0, so
no bound for # exists while the star is in R.

The frequency €2, depends on the average (fi(r)r?) over the unperturbed
motion (Egs. (11.6) and (11.8)). As defined in (11.2), fi(r) can be put in
terms of the circular speed, v.: fi(r) = v2(r)/2. So from (11.8) follows that

O J02(r?) ~ ol (L4 B+ B2), (11.9)
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where 0< S=r,,/ry <1, and rp > 1, are the two roots of the equation (see
Eq. (11.3))

1
(3)? — 202 (ho — @(r?)) + S0 (%)t =0,
which, for r,;, can be approximated by
1
(05)? = 213y (ho — ®(r3))) + S OEry ~ 0. (11.10)

For the estimate in (11.9), where a factor 2 should be added if § = 0, we
approximate the time-average of 2 by the r—average over the allowed interval.
This is not true in general but it provides a rough estimate of the average
that will help us later.

The invariant K is in some sense local, since unperturbed orbits with
different angular momentum will have different values of the frequency: €2 =
Q(ho,pg). From (11.9) and (11.10) it is not difficult to conclude that the
largest €2 is expected for minimum |p§|; p§ = 0, i.e., for radial orbits, while
the smallest one for maximum [pj|, i.e., for circular orbits.

For the case of the 1:1 periodic orbit we can write,

Q%:l ~—v.an, (1111)

where a is the circular radius defined by

2
®(a2) ~ hy — (1 + ;‘) % (11.12)

Then, the maximum value of IC lies somewhere between

2 2 2
Ca UC

2
(1-0a/2) <Ky S 2

(Y

(1+a/2) (11.13)

(2/a =19, S Ky S (2/a+ 1) 0.

The whole picture given above is true for small « (g close to 1). Indeed,
this approach makes sense when the x-axis periodic orbit is stable. It is
well known, that for large values of o (a« ~ 1, g ~ 0.7) the latter orbit
could become unstable bifurcating to another periodic orbit. A sub-family
associated to this new orbit appears. It is expected also that the z-axis
periodic orbit lies now in a narrow stochastic layer around the separatrix of
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the resonance (see below). Other high-order resonances would occupy some
region of the phase space and many zones of stochastic motion would also
appear. So it is hard to speak then only about box or loop orbits when the
perturbation is large (in fact, the term boxlets is often used in this case).
A global study of the logarithmic potential reveals that this “very chaotic”
panorama does not show up even for large values of h and «. Nevertheless,
in general, bounds to the value of ¢ would appear: 0 < ¢o < g < 1. This
bound comes from the Poisson equation, V2¢ = 47Gp with p > 0.

One should remark that K given by (11.8) was obtained neglecting high
order terms, assuming quasiperiodicity in the unperturbed motion and av-
eraging to zero the oscillating part. Thus the pendulum model is a rough
first approximation to the dynamics and other perturbing terms should be
present. However, the main effect of perturbations to the pendulum is to
distort somehow the invariant curves and to give rise to a stochastic layer
around the separatrix. That is, box and loop should be actually separated
by a stochastic layer instead of a separatrix. The larger the strength of
the perturbation, the larger is the width of the layer (see the forthcoming
chapters).

The derivation given above for K is a justification of the invariant intro-
duced ad-hoc to compute certain models of elliptical galaxies that respect a
third integral. Indeed, if the potential has the form

o(r) = (r) + Xﬁf), (11.14)

with ¢ and x arbitrary functions, then a third integral exists

2
I3 = % — x(0).

The form (11.14) is a particular case of a more general type of potentials
introduced almost one century ago by Eddington to study oblate distributions
where the ellipsoidal velocity law is exactly satisfied (he showed, however,
that the latter condition does not hold if in (11.14) yx # 0). Later on, this
model was adopted, for instance, by Lynden—Bell in his investigations on
statistical mechanics of violent relaxation in rotating elliptical systems. As
was pointed out by Eddington, Lynden—Bell and others, (11.14) is unsuitable
for any galactic potential so, in general, the third integral for a more realistic
model is supposed to be

2
Iy = 2~ &(r.0),
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where £(r,0) is such that I3 should satisfy approximately the collisionless
Boltzmann equation. No other explicit integral can be expected for a general
potential of the form ¢(r,0) = ¥ (r) + Q(r)x(6).

Note, however, that for a bar-like galaxy the multipolar expansion of ¢(r)
has as dominant terms

o(r) = (r) + Q(r)Py(cos ) = 1 (r) + Q1(r) cos 26,

where P,(p) is the Legendre polynomial of degree 2. If ¢ and @) are regular
at r = 0 we recover the Hamiltonian (11.3) taken as a model for the above
discussion.



