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Preface

Mappings constitute a powerful method for studying dynamical systems.
They are fundamentally based on a formulation of dynamical equations gov-
erning them as a system of first-order ordinary differential equations. Accord-
ing to the theorem of Cauchy, the solutions of these dynamical equations are
unique and are completely determined by the initial conditions, i.e., there
exists the unique transformation or mapping of the initial conditions into
the final conditions. The surface-to-surface maps (Poincare return map) and
stroboscopic maps introduced by Poincaré (1892-99) replace the dynamics
of a continuous system by a discrete one. These maps have important ad-
vantages in a study of dynamical systems. First, they reduce dimensions of
the system at least by one. They allow one to visualize the dynamics of the
system at certain sections (Poincaré sections) of phase space and thereby
display the global behavior of the system. Many concepts of continuous sys-
tems become more clear when they are formulated using Poincaré maps. For
instance, the study of stability of periodic orbits can be simply reduced to a
study of stability of fixed points of the mappings.

The Hamiltonian formulation of dynamical equations of physical systems
of different nature had a deep impact on the study of dynamical systems
(Hamilton, 1834; Goldstein, 1980; Arnold, 1989). A system with N degrees
of freedom can be described by 2N ordinary differential equations of first
order in the phase space of the canonical coordinates ¢ = (¢1,...,qn) and
momenta p = (p1,...,pn), and are determined by a single scalar master
function, known as Hamilton function H. One of the features of Hamiltonian
systems is that it conserves certain invariants in phase space, which constitute
phase space as a symplectic space.

Whenever dissipation is negligible, most fundamental models of physics
and mechanics are described by Hamiltonian systems. Hamiltonian systems
have been the subject of numerous studies during the last two centuries in
physics, mechanics, and astronomy, in problems ranging from the dynamics
of elementary particles in accelerators to the dynamics of planetary objects
in a space (Poincaré, 1892-99; Lichtenberg and Lieberman, 1992; MacKay
and Meiss, 1987; Arnold et al., 1988).

Standard numerical methods of integrating systems of ordinary differen-
tial equations are not ideal for the purposes of solving Hamiltonian systems
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because the numerical approximation introduces non-Hamiltonian perturba-
tions that completely change long-term behavior of the solutions. For this
reason, special integration tools, known as symplectic integrators, have been
developed for the numerical study of Hamiltonian systems (see, for exam-
ple, reviews Sanz-Serna (1992); Sanz-Serna and Calvo (1993, 1994); Feng
(1994)). The methods are constructed to preserve the symplectic properties
of Hamiltonian systems by arranging each integration step to be a canonical
transformation. Symplectic integration methods play an important role in
the study of the long-term evolution of Hamiltonian systems.

Mappings are a powerful tool for studying Hamiltonian systems (see, e.g.,
Lichtenberg and Lieberman, 1992; MacKay and Meiss, 1987; Chirikov, 1979;
Zaslavsky, 1985; Sagdeev et al., 1988; Zaslavsky et al., 1991). These maps are
inherently constructed in symplectic from, and thereby preserve properties
of Hamiltonian systems. This approach is most ideal to study the long-term
evolution of a system, especially in cases where the system exhibits chaotic
behavior caused by exponential divergency of orbits with close initial coor-
dinates in phase space. Symplectic maps have been successfully employed
in many problems of astronomy, plasma physics, fluid dynamics, accelerator
physics, and others.

In spite of the extensive use of symplectic maps for many Hamiltonian
problems during the last four decades, the derivation of generic symplectic
maps from given Hamiltonian equations still remains somehow elusive. There
are several approaches to construct symplectic maps from the continuous for-
mulation of systems. One approach is based on the a priori assumption that
the map has a symplectic form and the generating functions associated with
the map are found from the equations of motion (Lichtenberg and Lieber-
man, 1992). Another method to construct symplectic maps is based on the
assumption that a time-periodic perturbation acting on the integrable system
may be replaced by periodic delta functions, which is equivalent to adding
fast oscillating terms to the Hamiltonian (Wisdom, 1982; Zaslavsky, 1985;
Sagdeev et al., 1988; Zaslavsky et al., 1991). Integration of the equations
of motion along delta functions gives symplectic maps with the time-step
equal to the period of perturbation. In particular, this method was used by
Chirikov to derive the celebrated standard map (Chirikov, 1979; Lichtenberg
and Lieberman, 1992). However, these methods have significant shortcomings
and difficulties, and they do not have a good mathematical justification. Par-
ticularly, they do not establish more general forms of the maps, estimate their
accuracy, and establish relations between variables of the original system and
of the mapping.

Recently in Abdullaev (1999, 2002) a mathematically rigorous method to
derive symplectic maps has been developed. Based on the Hamilton—-Jacobi
theory and the classical perturbation theory, it allows one to construct sym-
plectic mappings for generic Hamiltonian systems in a rigorous and consistent
way. It does not encounter the difficulties of more traditional methods.
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The present book is devoted to the systematic theory of symplectic map-
pings for Hamiltonian systems and its application to different Hamiltonian
problems. The method is based on the Hamilton—Jacobi method and pertur-
bation theory of classical mechanics. This book compresses 13 chapters. The
theory of construction of Hamiltonian maps is given in the first five chapters.
Application of mapping methods to study physical problems described by
Hamiltonian systems are given in Chaps. 6-13.

The first chapter contains the essential elements of Hamiltonian dynam-
ics including the different formulations of Hamiltonian equations, constant
of motion, the Hamilton—Jacobi method, and the formalism of action-angle
variables. In the second chapter we have presented the methods of classical
perturbation theory. Time-dependent perturbation theory that constitutes
the basis for the construction of symplectic mappings has been also reiter-
ated in this chapter. The current methods to construct the symplectic maps
for generic Hamiltonian problems are discussed in the third chapter. The
Hamilton—Jacobi method or the method of canonical transformation to con-
struct Hamiltonian mappings is presented in the fourth chapter. There we
also discussed the different forms of symplectic maps, their accuracy, and how
they compare with standard numerical symplectic integration methods. Map-
pings near separatrix of Hamiltonian systems are constructed in Chap. 5 us-
ing canonical transformations of the variables. The construction of mappings
near separatrix is illustrated in Chap. 6 for several Hamiltonian systems. In
Chap. 7 we have applied the mapping methods to analyze some non-standard
issues of Hamiltonian dynamics, namely, regular and chaotic dynamics in non-
twist and non-smooth Hamiltonian systems. The rescaling invariance proper-
ties of Hamiltonian systems near the hyperbolic saddle points are discussed
in Chap. 8. Chaotic transport in a stochastic layer and log e-periodicity (e
is a perturbation amplitude) in lé—degrees of freedom Hamiltonian systems
are studied in Chap. 9. Applications of symplectic mappings to the study
of magnetic field lines in magnetically confinement devices are presented in
the next three chapters. Particularly, in Chap. 10 the Hamiltonian formu-
lation of magnetic field line equations in magnetically confinement devices,
namely in tokamaks. Particularly, we discuss also the mapping methods to
integrate magnetic field line equations, and mapping models of field lines in
toroidal system. Chapters 11 and 12 are devoted to the application of map-
ping methods to study the magnetic structure in special devices of magnetic
confinement, namely, in ergodic and poloidal divertors. In Chap. 13 other ar-
eas of physics, namely, wave propagation problems, accelerator physics and
dynamical astronomy, where mapping methods play an important role, are
discussed.

The book is intended for postgraduate students and researchers, physi-
cists, and astronomers working in the areas of Hamiltonian dynamics and
chaos, and its applications to plasma physics, hydrodynamics, celestial me-
chanics, dynamical astronomy, and accelerator physics. It should also be
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useful for applied mathematicians involved in analytical and numerical stud-
ies of dynamical systems. Readers are supposed to be familiar with the meth-
ods of classical mechanics on the level of Chaps. 1-3 and 7-9 of the book
Mathematical methods of classical mechanics (Springer-Verlag, 1989) by V.I.
Arnold.

Acknowledgments. The participation in the project “Dynamic Ergodic Di-
vertor” for the Jiilich tokamak TEXTOR gave me an opportunity to work
in the area of Hamiltonian dynamics and chaos and their applications to the
plasma physics. For this I indebted to Professor Joachim Treusch, Professor
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and comments for improvements. Fruitful cooperations with Dr. Karl-Heinz
Finken and Professor Karl-Heinz Spatschek were very beneficial for me. I
have greatly benefited from many discussions with Professor Robert Wolf,
Professor Detlev Reiter, Dr. André Rogister, Professor Radu Balescu, Pro-
fessor Dominique Escande, Dr. Marcin Jakubowski, Mr. Armin Kaleck, Dr.
Masahiro Kobayashi, Dr. Michael Lehnen, Dr. Albert Nicolai, Dr. Hartmut
Gerhauser, Dr. Dirk Reiser, Dr. Mikhail Tokar’, Dr. Bernard Unterberg, Dr.
Todd Evans, Dr. Raymond Koch, Professor Niek Lopes Cardozo, Dr. Boris
Weyssow. The work has been partially performed in the frame of the Son-
derforschungsbereich (SFB) 591 of the Deutsche Forschungsgemeinschaft led
by Professor Reinhard Schlickeiser. I am also grateful to Professor George
Zaslavsky with whom I started my first steps into the area of chaos theory
and cooperated with him during a long period time.
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1 Basics of Hamiltonian Mechanics

In this chapter we shall briefly recall the fundamental principles and methods
of Hamiltonian mechanics which will be used throughout the book. This is
for convenience of the reader and to fix notation. For more details, the reader
might consult Arnold (1989). In particular, we shall give different formula-
tions of Hamiltonian equations, and recall the invariants of motion. Special
emphasis will be given to the Hamilton—Jacobi method and the action-angle
formalism to integrate the equations of motion. These methods will be illus-
trated with the example of the pendulum. Finally, we shall shortly discuss
modern methods of numerical symplectic integration of Hamiltonian systems.

1.1 Hamilton Equations

Consider a classical system with N degrees of freedom with ¢; (i = 1,...,N)
being the position coordinates of the particles of the system. In the classi-
cal (Newtonian) formulation the equations governing the time-evolution of
the system are a set of second order ordinary differential equations for the
positions g;.

In the Hamiltonian formulation of classical mechanics the state of the sys-
tem is characterized not only by its positions g;, but also its momenta p;, i.e.,
it is determined by coordinates in the so-called 2N-dimensional phase space
(¢,p): N-coordinates ¢ = (¢1,...,qn) and N— momenta p = (p1,...,pN).
The time-evolution of the system is then governed by a set of 2N ordinary
differential equations of first order in time ¢ Hamilton (1834):

dqi - OH dpi OH

i op o :—8% , (@{=1,...,N) (1.1)

known as Hamilton equations, and determined by only one scalar master
function H = H(q, p,t) known as Hamilton’s function (or Hamiltonian). The
positions ¢; and momenta p; are called canonical variables and time t is an
independent variable.

The Hamilton equations (1.1) with given initial conditions ¢(*) = (q%o)7 R

qg\?)) and p(®) = (pgo), e ,pg\?)) at the moment ¢ = 0 have unique solution
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Lect. Notes Phys. 691, 1-19 (2006)
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2 1 Basics of Hamiltonian Mechanics

ql(t) :ql(taqi())?7q§\?)ap50)a7p§\?))7
pl(t) :pi(t7Q£0)a .. 'aQE\(f))ang)a cee 7p§\?)) 5 (12)

(i=1,...,N) at any arbitrary time instant ¢ > 0 or ¢ < 0.

Geometrically, the trajectories (1.2) may be considered as a flow of a
2N-dimensional fluid in the phase space Lanczos (1962); Guckenheimer and
Holmes (1983). The velocity field v of this fluid flow is v = (¢1,...,4qn,
P1,...,PN). Below we shall see that this flow preserves some invariants of
motion which are important in construction of mappings.

1.1.1 Invariants of Motion

Invariants (or integrals) of motion are most important to study the evolution
of Hamiltonian systems. A function F' = F(q,p,t) is called an integral of
motion if it does not change its initial value during the time evolution of the
system. Using the Hamiltonian equations (1.1) it can be formally written as

%:%HRH}:O, (1.3)
where the notation {F,®} stands for the Poisson bracket
{Fé}i<8F8@8F8<ﬁ> a4
, <~ \0q; Op;  Op; 0q;) '

The first integral of the system is the energy of a conservative sys-
tem if the Hamiltonian H does not explicitly depend on time ¢, i.e., H =
H(qi,...,9n;DP1,---,pN)- It follows from (1.3) that dH/dt = 0 since 0H /9t =
0 and {H, H} = 0, and thus the energy of the conservative system is an in-
tegral of motion, H = E = const.

Another invariant property of Hamiltonian motion (or flow) comes from
its similarity with a “incompressible fluid”, i.e., an arbitrary volume of fluid
element is unchanged during the motion. The condition of incompressibility
for the phase fluid,

N A Op;
V.v= < ‘ot ) =0 1.5
; dq;  Op; ’ (1:3)
is satisfied for the canonical equations (1.1) with an arbitrary Hamiltonian
H = H(g,p,t), for conservative, as well as for non-conservative systems. This

property of the Hamiltonian flow leads to conservation of any closed volume
2(t) of phase space, i.e.,

V= / dqy ...dgndpy ...dpN = const . (1.6)
2(t)
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This constitutes the “Liouville’s theorem” which states that the shape of
{2 may be deformed during the motion but its volume remains unchanged.
From (1.6) it follows that the Jacobian of the transformation from initial

coordinates Py = (q§0)7 ey qj(\(;), pgo)’ . ,pg\?)) to final state coordinates P =

(q1(t), ... qn(t), p1(t), ..., pN(t)) equals one:

_ 6q1(t), e ,qN(t),pl(t), . ,pN(t)

0 0 0 0

J

~1. (1.7)

The property of Hamiltonian systems given by the Liouville’s theorem
(1.6) and (1.7) constitutes one of the invariants of motion. A number of
invariants of motion may be as many as degree of freedom (see for details
Arnold (1989)). The transformation Py — P is called a volume-preserving
map (or a symplectic map) when it conserves the certain symplectic structure
of system along with the property (1.7). Below we consider one of them.

Let C be a closed curve in the (2N + 1)-dimensional extended phase
space (g, p,t) consisting points at the different time instants. Then from the
Hamiltonian equations (1.1) it follows that the integral

N
Jo = 7{ (Zpid(h — Hdt) = const , (1.8)

C i=1

taken along the closed curve C is a constant of motion, i.e., dI-/dt = 0. The
integral (1.8) is known as Poincaré-Cartan’s integral invariant.

1.1.2 Hamiltonian Equations in Extended Phase Space

In some situations it is useful to formulate the Hamiltonian equations in
the extended phase-space (¢,q1,...,qN, Po,P1,---,PN) Which also includes
the time ¢ and a new canonical momentum pg conjugated to it in the new
Hamiltonian function H

H:H(t7q17'"aq]va()vplv"'apN)
:p()+H(qla"'7qN7p17"'apN7t)' (19)

Let 7 be a new independent time-variable. Then from the Hamiltonian equa-
tions for the canonical variables (¢, pg) one obtains:

dt 0 d, 0] OH

a _OH _ e M OH (1.10)

dr  Opg dr ot ot
thus t = 7 and pg = —H. The equations for the other variables (q1,...,qn,
P1,...,pn) are given by the Hamiltonian equations (1.1) with Hamiltonian
H (1.9) instead of H. Such a formulation will be used in Sect. 5 to construct
maps near a separatrix.
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1.1.3 Formulation of Hamiltonian Equations
with One Coordinate as Independent Variable Instead of ¢

For some problems it is convenient to choose one of the coordinates as an
independent time like variable. Suppose, that the coordinate q; obeys the
following condition: ¢; = OH/dp1 # 0 in the some region of the phase-space
(¢,p) of the system. Then defining ¢t and py = —H(q, p,t) as new canonical
variables, coordinate and momentum, supplemented to the rest of canonical
variables (qa,...,qn, P2, .-.,PN), one can obtain Hamilton equations for the
new canonical variables (see, e.g., Arnold (1989))

dt 9K dp 0K

— = = 1.11
dg1  Op; dq ot (L11)
; K ; K
dg _ 0K — dpi 0K (i=2,...,N), (1.12)
dqy Op; dq 9q;
where
K= K(t7QQa o sqdN, PO P2, -3 PN, ql) = —P1- (113)

is a new Hamiltonian function found by inversion of the relation p; =
—H/(q,p,t) with respect to p;. Such an inversion exists since 0H/9p; # 0.

Formulation of Hamiltonian equations with the ¢;-coordinate as an inde-
pendent variable is useful to construct Poincaré maps at sections of phase-
space where ¢ is constant.

1.2 The Hamilton—Jacobi Method

A powerful method to integrate Hamiltonian equations, the Hamilton—Jacobi
method, is based on a change of variables in the Hamilton equations (see
Goldstein (1980); Arnold (1989)). The change of variables (¢,p) — (@, P)
must be a canonical, i.e., it must preserve the invariants of motion and the
Hamiltonian form of equations. The idea of the Hamilton—Jacobi method
consists of finding such a canonical change of variables which reduces the
Hamiltonian function to a form that the Hamiltonian equations can be easily
integrated. It is important that any canonical transformation of variables is
determined by a so called generating function satisfying the Hamilton—Jacobi
partial differential equation. If we succeed to find a complete integral, i.e., the
solutions of this equation depending on N independent constants of motion
(2N is the number of variables), then the time evolution of the system is
completely determined by the generating function.

1.2.1 Canonical Change of Variables

Consider the change of variables (¢1,...,qn,P1,--.,Pn) to new ones (@1,
., QN ,P1,..., Py) given by the 2N functions Q;(¢1,..-,9N ,P1 ,---,DN),
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Pi(q1,...,qN ;P1,---,pn) of the 2N variables (q1,...,qn, p1,-..,Pn). Such
a transformation of variables, if canonical, must preserve the invariants of
the system, in particularly, the Poincaré-Cartan integrals (1.8) and the form
of canonical equations (1.1):

dQ; OH UL
dt 9P’ dt  0Q;’

(1.14)

with the new Hamiltonian H = H(Q1,...,Qn, P1,..., Py,t). From the in-
variance of the Poincaré — Cartan integral invariant (1.8) follows that the
difference

N N
> pidg; — Hdt = P,dQ; + Hdt = d®(q, p,t) (1.15)

i=1 i=1

is a total derivative of some function @. The function @ must depend on
N of the old ¢ = (¢1,..-,9n), p = (p1,...,pn) and N of the new Q =
(Q1,...,Qn), P=(P1,...,Py) variables, and on time ¢.

There are many possible pairs of independent variables of generating func-
tions F'. In many cases one considers four combinations: (¢, @), (¢, P), (p, Q),
and (p, P). Below we specifically consider the second pair (g, P) as inde-
pendent variables, i.e., F = F(q, P) since it allows to obtain the identity
transformation, ¢ = @, p = P choosing F' = ¢ - P. Such generating functions
will be used in the next chapters for perturbation theory and to construct
mappings. In this case (1.15) can be rewritten as

OF alya OF

N
= (H - H)dt + Z (pidq; + Q:dF;) (1.16)

i=1

where the generating function F(q, P, t) is related to #(q, P, t), i.e., F(q, P,t)=
Zf;l PQ;+P(q1,...,qn,P1,..., Pn,t). From (1.16) follows the relation be-
tween old and new variables:

_OF OF OF

where

F:F(ql,...,qN,Pl,...,PN,t).

1.2.2 The Hamilton—Jacobi Equation

Suppose that the canonical change of variables (¢,p) — (Q, P) transforms
the Hamiltonian system (1.1) to the new one such that H depends only on
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the canonical momenta Py, ..., Py, i.e., H = H(Py,..., Py). Then one can
immediately integrate the Hamiltonian equations (1.14) which gives

Qi = Qio +wi(t —to) , P; = const . (1.18)

where w; = wi(Py,...,Py) = OH(Pi,...,PN)/OP; (i = 1,...,n) are
the oscillation frequencies of the system in the new variables (Q1,...,Qn,
Py, ..., Py).

Using (1.17) one obtains the equation for the generating function F' =
F(q1,---,9n , P1,..., Py,t) which implements such a transformation of vari-
ables:

H(ql,...,qN, gi,...,gqi,t) aa—l; =H(Py,...,Pyn) . (1.19)
It is known as the Hamilton—-Jacobi equation. As a partial differential equa-
tion it usually has a large number of solutions. The solution F'(qy,...,qnN, P,
..., Pn,t) of the Hamilton—Jacobi equation (1.19) depending on the N inde-
pendent constants Pi,... Py is called a complete integral of the equation if
the condition:

0?°F

det 73(]1- P,

£0.

is satisfied.

1.2.3 The Jacobi’s Theorem

The Jacobi’s theorem (see, e.g., Arnold (1989)) states that if a solution
F(q, P,t) is a complete integral of the Hamilton—Jacobi equation, then so-
lutions of the canonical equations (1.1) may be presented as

_ 8F(q1,...7qN,P1,...,PN,t)

Pi aql )
6‘F(q1,...,qN,Pl,...,PN,t)
i = . 1.20
Q e (1:20)

It means that the time-evolution of the system is determined completely
by the generating function F(q, P,t). From the implicit algebraic equations
(1.20) one can construct the mapping of the initial conditions (qgo)7 pgo)) (i =
1,...,n) of the system at the time ¢ = ¢y to the final state (g;(t), p;(¢)) at an
arbitrary time instant ¢: the equation (1.20) at time ¢t = ¢y determines the

canonical transformation from the initial conditions (qfo), pgo)) (i=1,...,n)

to the new variables (QEO), Pi(o)) (1 =1,...,n). Since the time-evolution of
these variables is known by (1.18), then the original variables (q(t),p(t)) at
any time ¢ > 0 may be found by the backward canonical transformation
(Q(t),P(t)) — (q(t),p(t)) with (1.20). We shall use this idea of Jacobi’s
theorem in Chap. 4 to construct mappings for generic Hamiltonian systems.
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1.3 Action-Angle Variables

In this section we shortly recall the action-angle variables for the integrable
Hamiltonian systems. The formulation of Hamiltonian equations in action-
angle variable is most convenient to study Hamiltonian systems in the pres-
ence of perturbations and to construct symplectic maps. This formalism will
be used throughout the text.

1.3.1 Integrable Hamiltonian Systems

First we recall the notion of integrability of Hamiltonian systems. The integra-
bility problem was solved by the Liouville theorem (the modern formulation
of this theorem was given by Arnold (1989)).

Suppose a given Hamiltonian system has as many as independent con-
stants (integrals) of motion Fj(q,p) = const (i = 1,...,N) as degrees of
freedom. These integrals are called to be in involution if they have vanishing
Poisson brackets among themselves {F;, F;} = 0 for all 4 and j. Then the
orbits are confined to an N-dimensional surface in 2N phase space. Consider
the surface (manifold) M, determined by given values f; (i = 1,...,N) of
the integrals F;(q,p) = f;. Such a system is called integrable.

Hamiltonian motion in a finite domain of the 2/N-dimensional phase space
(q1,---,9n, D1, ..,pN) defined by a manifold My may be viewed as a flow
on the surface of the N-dimensional torus. This torus is characterized by N
angular variables (¥1,...,9y), modd 2.

For instance, for the one -degree of freedom system with one constant of
motion, energy, H(p,q) = const, the orbits lie on the closed curves C' which
are contour curves on the phase plane (g, p) of constant energy E = H(p, q),
shown in Fig. 1.1. These curves are topologically equivalent to circles. Each
point on the circle is uniquely determined by the angle ¢ (mod 27). The latter
may be viewed as an 1-D torus. From the Liouville theorem immediately
follows that one-dimensional time-independent Hamiltonian systems H =
H(q,p) are always integrable.

=Y

Fig. 1.1. Closed curve C in the phase plane (g, p)
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Consider a two-degree of freedom Hamiltonian system H(q1,q2,p1,p2)
with two integrals of motion Iy, Iy (or E, I1). The trajectories of the system
lie on a 2-D surface determined by two equations I1(q1,q2,p1,p2) = J1 =
const, I2(q1,q2,p1,p2) = Jo = const. This surface is equivalent to the 2-D
torus shown in Fig. 1.2.

Fig. 1.2. Motion on the surface of 2-D torus

1.3.2 Hamiltonian in Action-Angle Variables

In the integrable case the Hamiltonian equations take a most convenient form
if we choose the N independent integrals of motion F; as canonical momenta
conjugated to the angle variables ;. These canonical momenta are called
action variables I; (i = 1,..., N ). The Hamiltonian function H depends on
the action variables only

H=H(, -, Iy) . (1.21)

Then the canonical equations become

dv; dl;  9H _
dt —wi(Il,...,IN), E— 6191 —0, (122)
where SH(I /
wi(Il,...,IN):%, i=1,...,N (1.23)

are the corresponding frequencies of motion along angular variables. Angular
variables ¥; are thus linear functions of time:
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1.3.3 Systems with One Degree of Freedom

First consider the simple case of an integrable system with one degree of
freedom with Hamiltonian H = H(q,p). Since H = H(gq,p) is the only one
integral of motion the action variable I is a function of H, i.e., I = I(H)
or H = H(I). In the (gq,p)-plane a trajectory forms a closed curve C as
shown in Fig. 1.1. The action-angle variables are introduced by a canonical
transformation of the old, (g, p), variables to the new, action-angle variables
(9,1) and given by

OF(I,q)

p(g: H)dq , Y= —" (1.25)

! oI

T oor
C

q

F(I,Q):/p(q;f)dq-

The action I is equal to the area enclosed by the closed curve C' divided by
2.
Consider as an example the harmonic oscillator described Hamiltonian

P ¢

According to (1.25) we have the following generating function,
F(q,I) = I(arcsinm—l—x\/l —xz) ) (1.27)
where x = q(k/2H)'/2. The relation between the energy H and the action T

is given by

H(I)=wI, w=4/ (1.28)

where w is a frequency of harmonic oscillations. The old coordinates (g, p)
are related to the action-angle variables (¢, I):

21 21
g=1/—sind, D=1/ ™ cosd . (1.29)
mw w

1.3.4 Many-Dimensional Systems with Separable Variables

In separable systems with more than one degree of freedom (N > 1) action-
angle variables (¢;,1;), ¢ = 1,..., N are introduced as in systems with one-
degree of system considered above if the variables in the corresponding prob-
lem are separable. In this case the Hamilton—Jacobi equation (1.19), a par-
tial differential equation in N variables, can be replaced by N ordinary
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differential equations in a single variable. This is possible when the pair

of variables (g;,p;), (i = 1,...,N) is entered in the Hamiltonian function
H(qi,...,9n,DP1,.-.,pN) only in a combination f;(g;,p;). Then the solution
F(qi,...,qn,I1,...,In) can be written as a sum of terms F;(q;;[1,...,In)

each depending only on one variable g;, i.e.,

N
Flq,....qn.Dh, . In) =Y Filgis Ih, .. In) - (1.30)
i=1
Then the actions are defined as integrals
1 )
Iz:*%]?qu“ Z:]-a"'vNa
2
C;
OF;
pi = pilgis I N) 4, (1.31)

taken along the closed contours C; of constant f; = fi(q;,p:) in the (g, p;)-
plane. The angle variables, 9J;, are
oL oI ‘

0, (1.32)

i=1

Consider as an example the two-dimensional motion in a polar coordinate
system as an example of a separable Hamiltonian system. Let (r,60) be the
radial and angular variables, and (p.,pg) be conjugated momenta, respec-
tively. Suppose that a particle of mass m = 1 moves in the potential field U
depending only on the radial coordinate r, U = U(r). The Hamiltonian of
the system is given by

p; | Pp

_ T

H(r,pr,po) = 5 + 22 +U(r) . (1.33)
The system has two integrals of motion: the energy E = H(r,p,,pg) and the
polar momentum, py = const. The latter integral is due to independence of the
Hamiltonian H on the polar angle 6. Therefore, the system is an integrable,
and moreover it is thus reduced to two independent systems with one degree
of freedom with Hamiltonians,

2 L 2
DS 4U@) . Hipe) =2 (1.34)

H, yPr) =
(r,pr) 5

Consider the canonical transformation of the variables (r, 6, p,, pg) to the
action-angle variables (9, %y, I, Ip). The corresponding generating function

F = F(r,0,1,.,1p) is time-independent, and according to (1.19), (1.33) it
satisfies the Hamilton—Jacobi equation:
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;(?:)Z ! (§)2+U(T>ZH(IT,IQ) . (1.35)

292

The variables r and € in equation (1.35) are separable, and the solution F' is
presented as sum

F(T76‘7Ir7[9) :/ pr(T/7H7P0)dT/ +p99 ) (136)

where

2
pT(T7Hap9) = \/2 |:H - U(T) - 2p7?2:| :
The action variables (I, Iy) are determined as

1

1
L= fplntpdr . o= fpdd=pa, (137
Cr

Co

where the integrals are taken along the closed contours C, and Cjy in the
(r,pr)— and (0, pp)-planes, respectively (see Fig. 1.3). From (1.37) we obtain
the dependence of the new Hamiltonian H on the action variables I, and
Iy, ie., H = H(I., Ip), and the frequencies of motion w, (I, Iy) = OH/OI,,
wo (I, I9) = OH /01y, along the radial r and the polar angle 6, respectively.
According to (1.32) the angle variables (¢, ¥¢) are defined as

OF (r,0,1,,I,) g _ OF(r,0.1,.1p)

Ur ol, ’ N Iy

(1.38)

These formulas define also the relation between the old (r,8,p,,pg) and
the new action-angle variables (¥.,,%g,I,,1Iy), ie., 7 = (¥, I, 1g), 0 =
9(197‘7199317“3[9>-

@ | (b)

C
c, 6
D
— o
o
0 0.5 1
r 0/21

Fig. 1.3. (a) Closed contour C, of constant H.(r,pr) in the (r,pr)-plane;
(b) Contour Cy of constant Hg(pe) in the (6, pg)-plane
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One should note that, in principle, one can introduce the action-angle
variables also for integrable Hamiltonian systems with non-separable vari-
ables. The details of this procedure is described, e.g., in the book by Arnold
(1989). However, the practical applications of this procedure in real non-
separable systems is rather difficult, particularly, since in the nonseparable
case no practicable test exist to decide if the system is integrable or not.

1.4 Particles in a Wave Field

We study the motion of a charged particle of mass m in a monochromatic
electric wave of frequency {2 and wavelength A = 27 /k. It is governed by the
Newton equation:

mi = —eEy sin(kz — 2t) , (1.39)

where E}, is the amplitude of the wave, and e is the charge of the particle. In a
coordinate system (g, t) moving with phase velocity v, = £2/k and normalized
to the wavelength, i.e., ¢ = k(x — vpt), the equation (1.39) may be written as
4+ wi sing = 0, where wy = \/ekE})/m. Introducing the canonical moment
p = ¢ the equations of motion are the Hamiltonian equations

dq OH dp OH
— =, —_—=——, 1.40
dt dp dt dq ( )
with the Hamiltonian
»?
H= b +U(q), U(q) = —wicosq . (1.41)

The Hamiltonian (1.41) describes the motion of a pendulum. It plays an
important role in the study of general problems of Hamiltonian dynamics
and chaos.

The system (1.40), (1.41) describes the motion of a particle of unity mass
in the potential U(q) = —wé cosq as shown in Fig. 1.4a. The fized points of
the system in the (g, p)-plane defined as

¢g=p=0, p:wgsinq:O,

are p =0, ¢ = km, (k = 0,£1,£2,...). Particularly, the points (¢, = 2k,
pe = 0) where the potential U(q) has local minima, U,,;, = —wg, are called
elliptic fized points since the orbits near them are described by the ellip-
tic closed curves: p? + w3(q — g.)? = const. On the other hand, the points
(gn = (2k + 1)mk, pr, = 0) where U(q) has local maxima, U,q, = w3, are
called hyperbolic fixed points. The orbits are near these points described by
hyperbolic curves, p? — w2(q — ¢.)? = const.



1.4 Particles in a Wave Field 13

'(a)

5 3
N
S 1 2
2
o
o 0 1
At
-1.5 -1 -0.5 0 0.5

q/2mn

-1.5 -1 -0.5 0 0.5

q/2m
Fig. 1.4. (a) Profile of the potential U(z)/wi = — cosq. (b) Phase space orbits of
the pendulum: curves 1 correspond to the oscillatory motion —wg < H < wg, curves

2 and 2’ are separatrices where H = w?, curves 3 and 3’ correspond to rotational
motion H > w?

Three possible orbits of the system in the phase plane (g, p) are displayed
in Fig. 1.4b. For values —w?2 < H < w? the motion of the pendulum is
vibrational, and is described by a closed orbits curve 1. It also corresponds
to the motion of a particle trapped by the wave.

For H > w? the motion is described by the unbounded curves 3 and 3'.
They correspond to the rotational motion of pendulum. They also describe
untrapped motion of a particle in a wave-field. The curves 2 and 2’ separate
the two kinds of motion, oscillatory and rotational, in the phase plane (g, p).
These curves connecting the hyperbolic fixed points are known as separatrices.

On the separatrix we have H = w?.

1.4.1 Trapped Motion of Particles

Consider first the oscillatory motion of the pendulum, when —w? < H < w3.
The action variable I for this motion is determined by the integral

am
1 2
I= > p(q, H)dg = 7/ 2(H + wj cosq)dq , (1.42)
m m
c 0
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where ¢,,, is a turning point of motion determined by the condition p(g,,, H) =
0. The integration in (1.42) gives the relation between I and H:

I(H) = ; [E(k) — (1 - K*)K(k)] , (1.43)

where K (k) and E(k) are the complete elliptic integrals of the first and the
second kind, respectively, with a module k = \/(H + w?)/(2wd):

/2 w/2

K(k) = / d—w, E(k) = / \/1—E2sin® pdyp . (1.44)
" 1—k2sin J

The frequency of motion w(H) is given by

dH(I) 7w
dl - 2K(k)

. (1.45)

Its dependence on H in the interval —w3 < H < w{ is shown in Fig. 1.5. At
the small amplitude oscillations near the point ¢ = 0, i.e., for |H + w3| < w?
(or k — 0), it tends to the frequency of oscillations, wg, near the elliptic fixed
points:

w(H) = wy <1 - %2 + O(k4)> . (1.46)

The asymptotics of w(H) near the separatrix when H — w2 (k — 1) has
the following form

w(H)

TWo

= WJFO(I’%I), h——0. (1.47)

where h = (H — w?)/w? is the energy normalized with respect to the one
H, = w? on the separatrix.

o(H)/o,

0 0.5 1 15 2
2 2
(H+(})0 )/(,00

Fig. 1.5. Frequency of oscillation w(H) versus energy H (—wi < H < wi)
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The trajectory is determined by the relation between the old coordi-
nates (¢,p) and the angle variable ¥,

sin(g/2) = k sn (C:”(Og) ; k) , p = 2kwp cn (w“’(ﬁ) ; k:) . (1.48)

where sn(z; k) and cn(z; k) are the Jacobi elliptic functions with module k.
The coordinates g and p are 27— periodic functions of the angle variable
9, and the relations (1.48) can be presented as Fourier series:

sin(q/2) = Z Gm sin(2m — 1) ,
m=1

pP= Y pmcos2m—1)J, (1.49)
m=1
where
7 qm—1/2 Arw qm—1/2
qm = T o1 Pm = 0 T o1 (1.50)
K(W1—q K(k)T+g

and ¢ = exp (—7K (V1 —k?)/K(k)). For the small amplitude oscillation,
when H — —wg, (k — 0), the harmonics m = 1 gives the main contribution
in (1.49) and the trajectory is similar to the one of harmonic oscillation given
by (1.29).
When a particle approaches the separatrix, i.e., h — 0 the spectrum g¢,,,
pm of the Fourier series (1.49) becomes broader and behave as
m—1/2

Gm ~m 1 (1—7T2/1n(32/\h|) ,
pm ~ (1 — 72/ In(32/|h)" % . (1.51)

It means that in the limit |h| — 0 the variables ¢(¢) and p(¥) become dis-
continuous functions of the angle variable 1.

1.4.2 Untrapped Motion of Particles: H > wg

This corresponds to the rotational regime of pendulum (see curves 3 and
3’ in Fig. 1.4). The motion is not confined along the coordinate ¢. Action-
angle variables (¢, 1) can be introduced using periodic boundary conditions
at values ¢ and q + 27,

q
0 / ,_w(H) (g1
ﬁ—aI/p(q,H)dq = ok Flg)

1 4(,4)0]{ 1
I=— H)dq = El(= 1.52
o p(q, H)dg - <k) , (1.52)
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where w(H) = dH/dI is the frequency of motion,

w(H) = Km . (1.53)

The trajectory is described by

sin(q/2) = sn (:20;) 19) , p= 2\/1 - ;2 sn? (:E(}?) 19) . (1.54)

The asymptotics of the frequency w(H) when an orbit approaches to the
separatrix, H — w3 + 0, is determined by

w(H) = ln?;:7;)/0]1)+O(|h|), h— 40, (1.55)

which is twice larger than the asymptotics (1.47).

The time-dependence of the momentum p(¢) for three types of orbits is
plotted in Fig. 1.6: curve 1 corresponds to the small amplitude oscillations,
curve 2 to the oscillatory regime close the separatrix, and curve 3 describes
a rotational regime of the pendulum.

Fig. 1.6. Time-dependence of momentum p(t) for three kind of motion: curve 1
corresponds to small amplitude oscillations (|H +wd| < wg); curve 2 — oscillations
close to the separatrix (|[H — wd| < wi); curve 3 — rotational regime (H > wg)

1.4.3 Motion on Separatrix

Finally consider the orbits on the separatrix when H = H, = w3. The sepa-
ratrix was shown in Fig. 1.4b by the phase space curves 2 and 2’. Using the
equation dq/dt = p(q, Hs) = wp cos ¢/2 one obtains



1.5 On Symplectic Numerical Integration of Hamiltonian Systems 17

exp(twor) + 1
exp(dwo(t —t9)) — 1"~
P B

cosh(wp(t — tg))

q = 4 arctan

p= (1.56)
where the upper sign (+) corresponds to the motion along the upper branch
of the separatrix (curve 2), and lower sign (-) describes the motion along
the lower brach (curve 2), ¢y is the time instant when the orbit crosses
the coordinate ¢ = 0. The phase space point asymptotically approaches the
saddle point:

q—Fr, p——0, for t — —o0
q—xm, p—+0, for t — oo

The orbits on the separatrix (1.56) will be used in Sect. 6 to obtain the
mapping near the separatrix.

1.5 On Symplectic Numerical Integration
of Hamiltonian Systems

Hamiltonian equations (1.1) as a set of 2N first order ordinary differential
equations could be numerically integrated using well known standard meth-
ods, like Runge —Kutta methods, applied to the system of the first order
differential equations (see, e.g., Press et al. (1992))

dx

— =f(x,t 1.

o = 1), (1.57)
where x = (21, ...,29n) are M variable, and £ = (f1,..., fon) are given 2N

force functions. However, these methods are not at all well suited for inte-
grating Hamiltonian systems, since they do not preserve important invariants
of the motion discussed in Sect. 1.1.1. Particularly, if x(¢t + k) = S(h)x(t) is
the numerical solution with the time step h then the Jacobian of transfor-
mation (1.7) from the coordinates x(t) at time instant ¢ to the ones x(t + h)
at t =t + h will, in general, not be exactly unity as we know it must. This
means that this type of numerical integration does not preserve phase space
area, and the numerically integrated Hamiltonian system becomes a dissi-
pative system. Since the latter has attractors the numerical integration may
lead to an entirely incorrect long time behavior of the solution.

To resolve this problem so called symplectic methods of integration of
Hamiltonian systems have been introduced (see reviews by Sanz-Serna (1992);
Sanz-Serna and Calvo (1993, 1994); Feng (1994) and references therein). The
idea of the symplectic numerical integration is that each step of the inte-
gration is arranged to be a canonical (or symplectic) transformation. In the
last two decades different symplectic methods of integration of Hamiltonian
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systems have been developed. The symplectic methods can be roughly di-
vided into two groups. The first of them includes methods which are based
on the Hamiltonian formalism using generating functions, Lie transforms,
etc. The second group of methods uses well-known methods, for instance,
Runge-Kutta formulas modified such, that their coefficients satisfy certain
conditions. In general, both groups of methods are implicit, i.e., the variable
x+1 after a step of integration is not explicitly expressed through its previ-
ous value xj. For instance, in the simple approximation it is determined by
an equation Xp+1 = X + hf (Xg+1).

FEzxplicit numerical symplectic Runge-Kutta methods have been proposed
for special Hamiltonian systems with separable variables: H(p,q) = T(p) +
V(q). Below we give formulas for the explicit symplectic integrator

(q(t+ h),p(t + h)) = S(a(t), p(?)) , (1.58)
developed by McLachlan and Atela (1992). It is given by the following se-
quence of intermediate values (Q;,P;), j=1,...,s:

P, =p(t) +hY_ bf(Q;-1),

j=1

Qi = q(t) + hZajg(Pj,l) s (159)

with (Qo,Po) = (q(t),p(t)) and (q(t + h),p(t + h) = (Qs, Ps). In (1.59)
g(p) = 0T /0p, f(q) = —0V/0q are the gradients. The symplectic integrator
contains s coefficients a;, b; (i = 1,...,s). They are listed in McLachlan and
Atela (1992).

The accuracy of the symplectic integrators can be measured by the de-
gree of energy conservation. Suppose that the symplectic map (1.58) with
time step h were exact for a time -dependent Hamiltonian K (p,q,t) which
approximates the original Hamiltonian H(p,q). The deviation of H from K
may serve as a good measure of the accuracy of the method. In Sect. 4.2 we
will use this measure to study the accuracy of the symplectic integrator and
the symplectic mappings.

In the following sections we use the the fifth order symplectic integrator
(1.59) (s = 6) for numerical integration of Hamiltonian systems. It will be
also compared with the mapping methods which will be developed later.

1.6 Bibliographic Notes

The methods of classical Hamiltonian dynamics are discussed in many text-
books. Among them one can recommend the classical books by Goldstein
(1980) and by Lanczos (1962). A modern mathematical formulation of classi-
cal mechanics is given in the book by Arnold (1989). Phase space analysis of
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dynamical systems, particularly, Hamiltonian systems can be found in text-
books by Andronov et al. (1981), Arnold (1989), Guckenheimer and Holmes
(1983). The Hamilton-Jacobi method, the action-angle variable formalism
are discussed in Goldstein (1980); Arnold (1989); Lanczos (1962). For more
advanced readers one can recommend also books on the classical and celestial
mechanics by Siegel and Moser (1995); Arnold et al. (1988).

The symplectic numerical integration methods of Hamiltonian systems are
reviewed in Sanz-Serna (1992); Sanz-Serna and Calvo (1994); Feng (1994).



2 Perturbation Theory
for Nearly Integrable Systems

Real dynamical systems are generally not integrable. In many cases the de-
viation of a system from an integrable one is small and can be considered
as perturbation of the integrable system. To study perturbed systems spe-
cial theoretical methods, known as perturbation theory, have been developed.
They are based on the assumption that the solutions of a perturbed sys-
tem are close to the corresponding solutions of the unperturbed (integrable)
system, and one seeks the deviation of the perturbed solution from the un-
perturbed one as a series in the powers of a parameter which characterizes
the strength of the perturbation.

In this chapter we recall the basic ideas and methods of classical perturba-
tion theory in Hamiltonian systems for infinite time intervals. Then we shall
consider on the perturbation methods in finite time intervals since they are
poorly discussed in the literature. The construction of symplectic mappings
for Hamiltonian systems which will be given in Sect. 4 is mainly based on
the perturbation procedure in finite time intervals.

2.1 Perturbation Methods in Infinite Time Intervals

Perturbation methods in general non-linear oscillatory systems are based on
an averaging principle (see Poincaré (1892-99); Bogolyubov and Mitropol’skij
(1958); Nayfeh (1973); Arnold et al. (1988); Arnold (1989)). The averaging
principle or the methods of perturbation theory were first developed in the
19-th century in the problems of celestial mechanics to study the motion of
planets of the Solar system. A comprehensive description of these methods is
given by Poincaré in his classical book “Les méthodes de la mécanique céleste”
(New Methods of Celestial Mechanics, Poincaré (1892-99)). Later the method
was rediscovered by van der Pol in the study of nonlinear oscillatory systems.

Further development of the averaging procedure is connected with names
of N.M. Krylov, N.N. Bogolyubov, L.I. Mandel’stam, and their followers who
applied these methods to the wide-scale problems of nonlinear oscillations
(see, e.g., Bogolyubov and Mitropol’skij (1958); Andronov et al. (1981)).
The main idea of the averaging principle is concluded in a change of variables
that allows to eliminate the fast changing phases from the equations of motion
keeping only slowly varying variables. In this section we briefly recall the main

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 21-37 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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ideas of the averaging principle in Hamiltonian systems and its difficulties
connected with small denominators.

2.1.1 A Fundamental Problem of Dynamics

Suppose an unperturbed system with N degrees of freedom is completely
integrable, and one can introduce action-angle variables (I,9): (Iy,..., Iy,
91,...,9n) to replace the physical variables (¢, p). The unperturbed Hamil-
tonian Hy then depends on the action variables, Hy = Hy(I), only and the
unperturbed equations of motion, I, = 0, 9; = OH, /0I;, are integrable

Ii:COIlSt, ﬁi:wi(j)(t—to)—Fﬁio, ’L:L,N (21)
where
_ 0Hy
oL
are the unperturbed frequencies of motion.

Suppose that the system is subjected to time-periodic perturbation. The
set of perturbed Hamiltonian equations can be written as

Wi([l,"‘,[]\/')

i=1,...,N,

dy; OH 0H; dl; O0Hy
@~ or - T a -~ “or (22)
with Hamiltonian function

where the dimensionless parameter ¢ stands for the perturbation strength.
The perturbation Hamiltonian Hy(I,9,t,¢) is a 2r— periodic function in
and in time with period T' (or with the frequency {2 = 27/T'). Suppose that
the perturbation is small, ¢ < 1.

The Hamiltonian problem (2.2), (2.3) describing the dynamics of in-
tegrable system affected by small perturbation has numerous applications
in different areas of physics, mechanics and astronomy. Poincaré (1892-99)
called this problem a fundamental problem of dynamics.

2.1.2 The Main Idea of Averaging Procedure

The averaging procedure is implemented by the change of fast—oscillating
variables (I,9) to slowly varying variables (J,4). In Hamiltonian systems
such a change of variables ought to be canonical. The change of variables
is given by a generating function F(J,9,t,¢) of mixed variables: old angle
variables ¥ and new actions J. Since the perturbation is small, F'(J,9,t,¢€)
can be presented in the form

F(J,9,te) = JU+€S(J,9,t,¢) ,
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which is close to the generating function, Fy(J,9) = J9, for the identical
change of variables, J = I, ¥ = ¢. Then the relation between old and new
variables is given by

oS oS
I=J+4+e— =U04+e—. 2.4
tegg p=0+ezs (24)
Suppose that the change of variables given by (2.4) transforms the system
with Hamiltonian H(I,4,t,¢€) (2.3) into a new one with H = H(J, €) depend-
ing only on the action variables J. If there exists such a change of variables,
then the new system is fully integrable !, i.e.,

. OH(Je) . OH(J,€)
J=- =0, V=g

o0 =w(J,e) . (2.5)

2.1.3 Determination of the Generating Function

Below we consider the method of perturbation theory proposed by Lindstedt
for problems of celestial mechanics (see Poincaré (1892-99); Arnold et al.
(1988)). The generating function S determining the transformation of vari-
ables satisfies the Hamilton—Jacobi equation (1.19), which takes the following
form for the Hamiltonian (2.3):

S S S
H, <J+ 6&9) +eH; (J+ ew,ﬁ,t,e) teg = H(J,€) . (2.6)

For small perturbation parameter, ¢, we can seek the generating function
S(0, J,t;€) as series in powers of e:

S(J,9,t,€) = S1(J,0,t) + €Sa(J, 0,t) + - - - . (2.7)
We also expand the old, H;(I,9,t,¢) and new, H(J;e), Hamiltonians in a
similar series
eHy(I1,9,t,€) = eHy(1,9,t) + € Hy(I,9,8) + -+,
H(J,€) = Ho(J) + eHy(J) + EHa(J) + - . (2.8)

Expanding the Hamilton—Jacobi equation (2.6) in a series in powers of € and
equating the terms with the same power in € we obtain the relation

Ho(J) = Ho(J), (2.9)

! The conditions at which such a transformation exists is formulated by the
Kolmogorov’s theorem on the existence of conditionally-periodic motion (Kol-
mogorov (1954)), and it constitutes the contents of the KAM theory (Arnold
(1963a,b); Moser (1962)), [see Sect. 7.1 for more details.]
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and the equations for the expansion coefficients S; = S;(¥, J,t) of the gener-
ating function S(49, J, t; €):

95, | 0H, 05

St g gy = ) ~ B, 1) (2.10)
08, OH, 08, .
4 =22 —H(J) - F; > 2. .
ot + EY Y ’HJ(J) Fj(ﬂ,J,t), j=>2 (2.11)

where Fj;(9,J,t) are the polynomial functions of derivatives 9.57/99,
0S5;_1/09. Particularly, for F5(9, J,t) we have

L0S, 9Hy 0S,  0Hy 95
2090 0JdJ 0v oJ 09

Fy(9,J,t) = Ha(9, J,t) + (2.12)
In (2.10), (2.11) and (2.12) the notations a-b , a-c-b stand for a-b = Zil aib;

N
anda-c-b= Z” 1 @iCi;bj, respectively.
Using (2.1) the formal solutions of (2.10), (2.11) can be written in the

form

exp (im¥ — inf2t
S1(9,J,t) = (H1(J) — Hoo(J)) t — Z Hun(J itm - w(J) — nQ; ’

(2.13)

exp(im - ¢ — in{2t)
ilm-w(J)—n$)’
(2.14)

$i(0, 9,) = (H(1) =BG (D) t = Y FM ()

m,n

where Hp,p,(J) and Fr(,f%(J ) are the Fourier expansion coefficients of the per-
turbation Hamiltonian H; (¥, J,t) and the functions F;(I,9,1):

1(9, J,t) ZH"”L exp(im - ¥ — nf2t) , (2.15)
F;(9,J,t) ZF(” exp(im -9 —nft) . (2.16)
m,n
Here the following notations are used: m = (mq,---,my), m -9 = myty +

<+myUy. In (2.13), (2.14) the sum Y’ means that the term (m = 0,n = 0)
is excluded from summation.
The series (2.14) and (2.16) contain so-called secular terms growing lin-
ear in time ¢. These terms on the right hand side of series ¢ can be simply
eliminated by choosing the correction terms H;(.J) in the Hamiltonian (2.8)

to be equal to Hyg, Fég):
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H1(J) = Hyp , H,;(J) = F) i>2.

Suppose that we have changed the variables (I, ) to new ones (.J, 1) using
the generating function F' = J -9 4+ €S + - - - 4+ €S, with a finite number
of the terms up to order of €. Then the new Hamiltonian H(J, %) contains
the terms depending on the phase 1 only in order of €™*! and higher, i.e.,
H(J, %) = Ho(J,€) + €™ Hyi1(J,90) + - - -. Then new variables (J, 1) with
the accuracy O(e™*1) obey (2.5) with the simple solution

Ji:COHSt, ’l/)l':wi(;],e)t-l-’(ﬂio, (’L:].,,N)

The original variables (I,4) can be found by the canonical transformations
(2.4).

However, the described procedure may fail when the series (2.7), (2.14)
and (2.16) diverge. Indeed, near a set of resonant tori Jp,,, where the denom-
inator m - w(Jyy,) — nd2 vanish, i.e.,

m - w(Jmn) —n2 =0, (2.17)

or negligible small the function functions S; are not defined. As we men-
tioned above this problem constitutes the main difficulty of perturbation
series, known as the problem of small denominators (or small divisors).

2.1.4 von Zeipel’s Method

The Lindstedt’s method does not allow to consider the system’s behavior
near resonant tori because of the divergence of the perturbation series. Von
Zeipel developed a version of perturbation theory which allows to treat these
cases. It is based on the same idea of eliminating of phases from Hamiltonian
except slowly changing phases near the resonant tori. Below we demonstrate
the method on the simple example of Hamiltonian system with one degree of
freedom subjected to time-periodic perturbation.

Suppose that I,,, is a value of the resonant action satisfying the condition
for given numbers m, n:

mw(Ip,) —n2=0. (2.18)

Consider the system near the resonant value I,,,,,. We represent the perturbed
Hamiltonian in the form

H = Hy(I) + €Hn(I) cos(md — n2t) + eHy (1,9,t) , (2.19)

where the perturbed part of Hamiltonian Hj(I,9,t) does not contain the
(m,n)- resonant term. We introduce a new slowly varying variable v, J via
the generating function F' = (m¥—nf2t)J+eS (3, J, t, €). The relation between
the old variables (1, I) and the new ones (¢, J) is given by
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oS aS
I—mJ—&-e%7 w—mﬂ—ﬂt-l-ew. (2.20)
The new Hamiltonian H is sought in the form :
H="H(J,€) + €Hmn(J, €) cost, (2.21)

which retains only one term depending on the angular variables . Seeking
the generating function S as series of powers of € (2.7) and the Hamiltonians
H and Hp,y, as in the form (2.8), one can obtain a set of equations for the
expansion coefficients S; similar to (2.11). Particularly, for the generating
function S; one obtains the equation (2.10) where the term H; (4, J,t) on
the right hand side is replaced by Hj (¥, J,t). For the lowest order expansion
coefficients in the expansion of H and H,,, we obtain

Ho(J) = Ho(mJ) —nf2J Hoinn(J) = Hpn(mJ) . (2.22)
For the first order generating function S; one obtains

exp(im/9 — in’ Q)
ilm'w(J) —n'2) ’

S1(9,J;t) = —Re Y Hyprn(J)

m’ .n’

(2.23)

which does not contain the small denominator mw(.J) — nf2 which is respon-
sible for the divergence of the generating functions S; (i = 1,2,...) near the
resonant torus J = I, (2.18) in the Lindstedt’s method. The number of
small denominators in (2.23) is reduced by one.

Suppose that we have transformed the Hamiltonian into the form (2.21)
by the canonical change of variables (2.20) using the generating function S;
(2.23) in the first order of e. Then with the accuracy of €? the new system
is described by the Hamiltonian (2.21). The latter does not depend on time
variable ¢, and it is completely integrable.

2.2 Lie Transform Methods

Lie transformation methods in Hamiltonian perturbation theory have been
developed by Hori (1966); Garrido (1968); Deprit (1969); Dragt and Finn
(1976); Dewar (1976) (see also book and reviews by Nayfeh (1973); Cary
(1981); Lichtenberg and Lieberman (1992); Dragt (2000)). Similar to von
Zeipel’s method this method is also based on elimination of fast phases by
the symplectic change of variables: (I,v9) — (J,4). However, instead of the
mixed variable generating function F'(9, J,t) = JU + eS(V, J,t) it uses a so-
called a Lie generating function W (1, J, t; €) which depends only on the new
variables. The canonical transformation 7°:

(J,¢) =T(1,9), (2.24)
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is considered as a shift along “time” €, the perturbation parameter, with the
“Hamiltonian” W:

ﬂza—w, %:—a—w. (2.25)
de oY de aJ

At e = 0 the transformation 7" is reduced to the identical transformation £
J(,J,t;e = 0) = I, (1,9, = 0) = ¢¥. The inverse transformation T-1is
(I,9) = T~'(J,%). The Hamiltonian H in the new variables (.J,) is a func-
tion of action variables J only: H = H(J) (similar to Lindstedt’s method) or
it depends also on some slow varying angles (similar to von Zeipel’s method).
The new Hamiltonian H generated by the canonical transformation W at
new positions (J, ¥) equals to the old Hamiltonian H at old positions (I,4):

H(J(I1,9,€) = H(I, V). (2.26)

Similar to the situation in Lindstedt’s method the perturbation theory
with Lie transforms is based on power series expansion of the H, H, T, and
T=1 (Deprit (1969)). They are expanded in series of powers e similar to (2.8).
Assuming for the Lie generating function W a slightly different expansion
series,

W =Wy(9,1,t) + eWo(9,1,t) + EWs(9, I, t) +--- , (2.27)

one obtaines the equations for the functions W; (i = 1,2,...). For the two
lowest orders they are

an 3H0 an o
o T a1 oy — Mt Hi, (2.28)
oWy | OHy W, .
50 T a1 oy — XM Ha = LOW)(Hu+ Hy),  (2:29)

where ﬁ( f) is the Poisson bracket operator associated with a function f

of 9q Of Oq

L(f)g={f.g} = 9991 oI 90

. The first two terms in expansion series of transformation operators T,
T~ are given by

. . 1. 1.
Ty = —L(Wy), Ty = —iL(Wg) + 5LQ(Wl) , (2.30)

17 = L(Wy), Ty = ZL(Ws) + %i?(wl) . (2.31)

N | =
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The solutions for the Lie generating functions W;(I,4) are similar to those
(2.13), (2.14) for the generating functions S; of mixed variables. Particu-
larly, the first order solution W1 (I, ) coincides with Sy (J, 1) (2.13) if the old
variable I is replaced by the new one J.

According to (2.30) in first order of € the change of variables I,¢ — J, v
is given by the transformation:

OW.(9,1,1)

OW,(9,1,1)
o '

:I—
J ¢ ol

Y="=94+c¢ (2.32)
This transformation coincides with the one (2.4) given by the generating func-
tion S1(J, 9, t) of mixed variables when the variable J in S is replaced by I.
The new variables (J,v) are explicitly expressed via the old variables (I,9).
This is one of the advantages of the Lie transform formalism over the mixed
generating function formalism in which the transformation (I,9) —(J,4) is
given by the implicit relation (2.4).

However, one should note that the transformation (2.32) is not symplectic,
ie., |0(J,¥)/0(I,9)] # 1, unlike relation (2.4), although the Lie transform
(2.24) as a whole is symplectic. When one truncates the series of type (2.27)
taking a finite number of terms, which is unavoidable in computer simula-
tions, the transformation (2.24) becomes non-symplectic. As we shall see later
this property limits the application of Lie formalism methods to study the
long term evolution of Hamiltonian systems.

2.3 Time-Dependent Perturbation Series

The problem with small denominators originated from the conditions imposed
on the solutions, S, of the Hamilton—Jacobi equation (2.6). It is supposed that
the solutions (2.13), (2.14), obtained above, work for infinite time intervals.
This leads to the appearance of small denominators in the series (2.7), (2.14)
and (2.16).

Since in many problems we are interested with a behavior of dynamical
systems in finite time intervals it is natural to consider the Hamilton—Jacobi
equation as the Cauchy or the initial value problem. To our knowledge such
an approach has not been discussed systematically in the literature on per-
turbation theory?. The perturbation series for finite time intervals has been
reiterated in Abdullaev (2002) to construct symplectic mappings. These se-
ries do not diverge near resonant values of J as do the perturbation series for
infinite time intervals.

2 A short discussion of time-dependent perturbation theory has been given in the
textbook by Corben and Stehle (1974)
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2.3.1 Cauchy Problem

We consider the Hamilton—Jacobi equation (2.6) as a Cauchy problem, i.e.,
we seek its solutions with initial condition at time ¢t = to: S(9, J, ¢t = to,to) =
So(Jo, J). We denote such a solution as S(¥, J,t,tp). It is convenient to set
S(¥,J,t = to,tg) = 0. Similar to Lindstedt’s method the solution can be
sought using the expansion in series of powers of a small parameter € (2.7):

S(J,ﬁ,t,to, 6) = S1(J,’L9,t,t0) + GSQ(J,’ﬂ,t,to) +--- (233)

All terms S; in the expansion series (2.33) should satisfy the condition
Si(9, J,t = tg,to) = 0. The equation for S; coincides with (2.10), and the
equations for S; (¢ > 2) with (2.11), where F; = F;(9, J,t,tp) are polyno-
mial functions of derivatives 9.5;/99, (1 < j < i) of lower order, generating
functions satisfying the above initial conditions.

2.3.2 Generation Functions

The equations for S; are first order partial differential equations and can
be solved by the method of characteristic equations. The left hand sides of
(2.10), (2.11) may be written as total time derivatives of S; = S;(¥, J, t, o)
taken along the unperturbed trajectory (9(t), J(t)) of the Hamiltonian Ho(J)
and satisfying the condition ¥(t = t9) = o, i.e., H(t) = g + w(J)(t — to),
J(t) = const. The solution of (2.10) can be written as the integral

S1(9, J,t,to) = Hi(J)(t — to)

t
—/Hl(ﬁ(t’), Jt)dt' = S1(9, J,t) — S1(do, J, to) , (2.34)
to

where integration is taken along the unperturbed trajectory ¥(t') = ¢ +
w(J)(t —t'). In (2.34) the functions Sy (¥, J,t) are defined by (2.13). Using
the latter it can be rewritten in the form of Fourier series

S1(9, J,t,to) = —(t — to) Z (L) Hop (J )i (m? =120

m,n

=—(t—to) Y |Hmn(J)| {a(zmn) sin(m - 9 — nO2t + Xomn)

+b(T ) cos(m - ¥ — n2t + Xmn) | (2.35)

where Hyyn (J) = [Hpmn (J)| exp(iXmn), and c(z) = b(z) —ia(x) is the complex
function with real and imaginary parts:
_ 1—cosxz sin x

a(z) = — b(z) = — (2.36)
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Here the argument x,,, of these functions is given by
T = [m - w(J) = nN](t —tg) .

The function ¢(z) is localized near origin = = 0. Its real, a(x), and imaginary,
b(x), parts have values a(0) = 0,b(0) =1 at = 0 and decay for large values
|z| > 1 as shown in Fig. 2.1.

1.0

05/

a(x), b(x)
o
o

Fig. 2.1. Oscillating functions a(x) (curve 2) and b(z) (curve 1)

The higher order generating functions S; (i > 2) are determined by the
integrals

Si(q‘},J,t,to):Hi(J)(t—tO)—/Fi(ﬁ(t’),J,t’,to)dt’, (i>92). (2.37)

The determination of higher order generating functions S;(J,9,t) (i > 2)
using (2.37) is cumbersome, and requires rather complicated analytical cal-
culations. The second order generating function Sa(J, 9, t,to) has been calcu-
lated in Abdullaev (2002) (see Eq. (A.7) in Appendix A). Here we present Sy
for the case when the perturbation Hamiltonian H; contains only one (m,n)
term, i.e., Hy = Hpp(I) cos(m -9 — nf2t),

t —to)3 0*H,
So (¥, J,t, tg) = —(TO) 6J20 m2H2, (J)

X {Bo(xmn) + Ag(ymp) sin2(m - ¥ — nf2t) + Bo(xmn) cos2(m - ¥ — th)}

(t —t0)? OH,pn(J)
T o7 "Hmn(J)
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X {Do(xmn)+C’2(xmn) sin2(m - ¥ — nf2t)+ Da(xmy ) cos2(m - 9 — nﬂt)} ,
(2.38)

where

Bo(z) = = (1 - Si”) . Dy(z) =~ (1 - Sm) . (2.39)

1 ]. 1 —4cosx + 3cos2x
As(z) = 2 [sm 2z + 5 } (2.40)
1 4 si —3sin2
Bo(e) = - [ 20 + 2} , (2.41)
1 —cosx 1—cosx .
Cs(z) = —z  cosT, Dy(z) = ——  sinz, (2.42)

are oscillating functions of x. Similar to the functions a(z), b(z) (2.36) in
the first order generating function S; the functions By(x), Do(z), Aa(z),
By (), Ca(x) and Do(z) are localized near = 0 and decay for large |z| >
1. They are obtained from the localized functions U(z,y), V(z,y), Y(z,y)
and W (x,y) of two variables (z,y) introduced in Abdullaev (2002) (see also
Appendix A) in the limits £ — y and * — —y, namely Ag(z) = V(z, —x),
Do(z) = W(x,—z) Az(z) = U(x,z), Ba(x) = V(x,x), Ca(z) = Y(x,z) and
Dy(z) = W(x,z) and are plotted in Fig. 2.2. These functions have finite
values at & = 0, i.e., near the resonant action J,,,,, where according (2.17) to
the denominator, mw(J) — nf2, vanishes.

2.3.3 Remarks

The main feature of the finite time perturbation series (2.33), (2.35), (2.38)
is absence of divergency due to small denominators unlike the behavior in
Lindstedt’s perturbation series (2.13), (2.14). They are defined at all values
of J including resonant values Jy,, where the denominators m - w(J) — nf2
vanish. This is because of cancellation of singularities in the oscillating func-
tions a(Zmn), O(Tmn), Bo(Tmn), A2(Tmn), B2(Tmn), Do(Tmn), C2(Tmyn) and
Do (mn) (Tmn = [m-w(J) —n](t —tp)) with the finite values at (z,,, = 0).

We analyze the perturbation series (2.33) in the resonant case m - w(J) —
nd2 = 0. As seen from (2.35) and (2.38), in this case the first and the second
order generating functions, €57 and €2S,, are of order of u = €(t — to) and
= c1e2(t —to)® + ca€®(t — tg)?, respectively, where ¢y, cy ~ 1. Similarly, one
can expect that the higher order terms €*S, (k > 3) are proportional to e* (t —
to) " cx(J, Tmn) (v > 1) with finite value coefficients ci(J, Tpmy,) ~ 1 at the
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Fig. 2.2. (a) Oscillating functions Bo(x) (curve 1), Az(z) (curve 2) and Baz(x)
(curve 3); (b) Functions Do(x) (curve 1), C2(x) (curve 2) and Da(x) (curve 3)

resonant frequencies, i.e., at z,,, = 0. It means that near the resonant values
of J the actual expansion parameter in (2.33) the parameter, p = €(t — t9)”,
plays the role of small expansion parameter, rather than the perturbation
parameter e. With increase in time 7" = ¢ — ¢ this parameter p grows. One
can expect that for values of p < p., where p. is a certain critical value
of u, the expansion series (2.33) converges. It may diverge for u > p.. The
investigation of convergent properties of finite time perturbation series is
difficult problem, and far beyond the scope of the book.

One should also notice that near the resonant value .J,,, the main con-
tribution to the perturbation series (2.33) at the given value of J comes only
from terms (m,n) for which |(m - w(J) —nf2)(t —to)| < 7. The contributions
from terms m,n with |(m-w(J) —nf2)(t —to)| > 7 are usually small because
of the oscillatory behavior of the functions a(z), b(x).
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2.3.4 Time-Dependent Lie Transform Method

One can as well develop the time-dependent version of the Lie transforma-
tion method described in Sect. 2.2. For this one must impose initial con-
ditions for all quantities of this theory. Let T(t,to,e) and W (9,1,t,tg,€)
be the time-dependent transformation operator T and the Lie generating
function W, respectively. They must satisfy the following initial conditions:
T(t = tg, o, €) = E, W (9, 1,t=tg,tg,e) = 0. All coefficients W; (i = 1,2, --)
of the expansion series in the powers of € (2.27) obey the system of equations
(2.28), (2.29) with initial conditions W;(9,I,t = to,t9) = 0. The solution
for the first order Lie generating function W1 (¥, 1,t,tg) coincides with the
first order generating function, Sy (v, J,t,%o), of mixed variables (2.35) if J
is replaced by I. The higher order Lie generating functions W; (i > 2) can
be found by integrating the right hand side of corresponding equations along
the unperturbed orbits (¥(t) = Yo + w(I)(t — t9), J = const.) similar to the
integration of higher order generating functions S; of mixed variables (2.37).

2.3.5 Example Duffing Oscillator

We illustrate the application of perturbation methods in finite time intervals
described above with the example of the Duffing equation

i+ wiz = e(cos Nt + 23) . (2.43)

Introducing the canonical variables (z,p = &), the equation (2.43) is reduced
to the Hamiltonian system (1.1) with Hamiltonian

2 2 4
H(x,p,t) = % + %:ﬁ —€ (z cos 2t + Z) . (2.44)

In action-angle variables (1, ),
@ = /21 Jwgsin® , p=/2Iwycos ¥, (2.45)
the Hamiltonian function (2.44) can be written in the form
H(I,9,t) = Ho(I,€) +eH(I,9,t), (2.46)
where
Ho(I,¢) = wol (2.47)

is unperturbed Hamiltonian, and
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3ar2 1 [T . .
H\(I9,1) =~ — 5 o [sin(d — 2t) + sin(9 + 2t)]
0
- I 20 — * cos 49 (2.48)
2w(2) cos 1 cos , .

is the perturbation Hamiltonian.
Using (2.48), the first order generating function, S, determined by (2.35)
takes the form

t
Sl(JaﬂatatO) = _/Hl(‘]aﬂ(t/)7t/)dt/
to

=(t—to)4/ 4—;])0 Z [a(xy) cos(V — nf2t) + b(x,,) sin(P — ni2t)]

n==+1

2 m/2
—(t— to);ﬁ Z (—2> [a(2m) sinm® + b(z,,) cosmd] , (2.49)

m
0 m=2,4

where x,, = (wo — nd2)(t — tg), Tm = Mmwo, and the functions a(x), b(x) are
defined by (2.36). The first order correction H; to the new Hamiltonian is
chosen equal to Hi(J) = —3.J2/8w? in order to avoid secular terms. The new
Hamiltonian is thus

3J2
H(J, 6) = LUOJ - 6@ s (250)
and the perturbed frequency is
OH(J,€) 3J

Up to the first order of € the time evolution of the new variables (v, J) is
given by

J = const
P(t) = o +w(J,€)(t — to) = ho +wo (1 - eﬂ)) (t—to). (2.52)
0

The old variables (14, I') are then determined through the generating function
(2.49):

051(0(t), J, t, to) B 051(9(¢), J. t, to)
€ 50 , @) =v(t) —€ 5

At the same time (2.53), (2.52) describe the solutions of the Duffing equation
(2.43) in action - angle variables (1, I) and the “real world variables” (x,p)
are given in terms of (9,I) according to (2.45). One should note that the
angle variable ¥ is determined implicitly by (2.53).

I(t)=J+ (2.53)
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A similar perturbative solution can be obtained using the Lie generat-
ing function Wy (J, 4, t, o) instead of the mixed variable generating function

Sl(ﬂa J7t7t0):

8Wl (,(/}7 J7 ta tO)
oY

where W1 (v, J, t, tp) is determined by the expression similar to (2.49) where ¢
is replaced by . This equation explicitly determines the old variables (¢, J).

We have also integrated the Duffing equation (2.43) using the symplectic
integration scheme of Mc Lachlan & Atela McLachlan and Atela (1992) (see
Sect. 1.5), and compared it with the perturbative solutions (2.53), (2.52),
and (2.54) for the resonant (wy = §2) and non-resonant (wg # §2) cases.
(The parameters were taken as wg = 1, € = 0.01, 2 = 1 for the first case
and {2 = 1.5 for the second case. For the resonant case (wg = 2 =1) the
solutions obtained using three different methods are plotted in Fig. 2.3: curve
1 corresponds the solution (2.53), (2.52) through the generating function
S1(9, J,t) of mixed variables (2.49), curve 2 describes the same solution but
through the Lie generating function Wi (J,4,t), and curve 3 is obtained by
direct integration of the Duffing equation using the symplectic integration
scheme with the integration step in time At = 27/300.

In the case of non-resonant perturbation (wg # 2) both perturbation
solutions are close to the numerical solutions with the relative deviation 61 =
|I —1I,]/T < 1073 up to time intervals T =t —ty ~ 103/£2. The deviation AT
increases linearly with 7. However, the value of 61 corresponding to the Lie
generating function W; reaches the order of 1 at the time T ~ 5 x 10*/2,
while the magnitude of 0/ corresponding to the mixed variable generating
function S; reaches the order of 1 61 ~ 1 at the later time 7'~ 2 x 10°/42.

8VVl (wa J7 tv to)

I(t)=J +e 57

) = () — € . (2.54)

08 |
07k
06
05

1(1)

04F
03

02f

0.1¢L 1 1 1 1
0 50 100 150 200

1749

Fig. 2.3. Evolution of the action variable I(¢) in the resonant case wo = §2: curve
1 corresponds to transformation (2.53) with the mixed variable generating function
Si, curve 2 — to (2.54) with the Lie generating function Wi, and curve 3 — with the
symplectic integration. Parameters are e = 0.01, wo = 2 =1
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As seen from Fig. 2.3 in the resonant case (wy = §2) the solutions obtained
by perturbation methods deviate from the one of obtained by the numerical
symplectic integration at much shorter times since the perturbation series
(2.7) diverges with increasing e(t — tg). However, the perturbation method
with the mixed variable generating function S; closely reproduces the real
solutions for longer time intervals than the one with the Lie generating func-
tion W7. As was noted above this is because the transformation (2.32) does
not conserve the important symplectic property of Hamiltonian systems.

Perturbation series in finite time intervals obtained in this section will be
used in Chap. 4 to construct symplectic mappings for Hamiltonian systems.

2.4 Method of Successive Transformations

In this section we shortly discuss the method of successive canonical transfor-
mations in the perturbation theory. This method called Kolmogorov’s tech-
nique has been used to prove the theorem concerning the stability of Hamil-
tonian systems to small perturbations known as Kolmogorov-Arnold-Moser
(KAM) theory (Kolmogorov (1954); Arnold (1963a); Moser (1962), see also
Arnold et al. (1988); Lichtenberg and Lieberman (1992) and Sect. 7.1). It is
based on successive canonical changes of variables in a perturbation Hamil-
tonian system and successively eliminates terms in the Hamiltonian of higher
orders in the perturbation parameter e. This method is an extremely rapidly
convergent with increasing numbers of transformations of variables. Below we
describe the time-dependent version of this superconvergent method. We shall
use this method in Sect. 4.6 to obtain a superconvergent version of symplectic
mappings.

Consider the perturbation Hamiltonian system with Hamiltonian (2.3).
Perform a change of variables (¥,I) — (31,J1) in the time interval [to,?]
with generating function Fy (9, Jq,t,tg,€) = ¥J1 + €S1(0, J1,t,t0), ie.,

851 asl

I= 2L =94 et 2.
J1+6619; ¢1 +€8J1’ ( 55)

which transforms the Hamiltonian H to H®):
H(l)(’g/Jl, Jl, t, Ifo, 6) = Hél) (Jh 6) + €2H51)(1b1, J1, t7 to.ﬁ) . (256)
Here

HY (J1,¢) = Ho(J) + eHa(J)

108, 0°Hy, 0S1 0H, 05
=21, L2 L 2PN L O(e) . (2,57
200 9700 o0 o1 o9 Ol 25
The generating function S; is determined by (2.34), (2.35). The new
Hamiltonian (2.56) has a similar structure as (2.3) but it contains the phase

Hgl)(wla letath 6)
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11 in the perturbed term 627‘(51) with the perturbation parameter €2. Apply-
ing a second change of variables (¢, J1) — (2, J2) to the new system with
Hamiltonian (2.56) via the generating function

Fy (1, Jo, t,to, €2) = P1J2 + €2S2(Y1, Ja, t, o)

one transforms H into H? = Héz) + 64H§2) pushing the phase-dependent
perturbation terms to 4-th order in e. After the m-th change of variables:
(Ym—1, Jm—1) = (¥m, Jm) the Hamiltonian becomes H(™ = H(()m)—i—ezmHgm)
with a phase-dependent term of order €2 .

As was shown by Kolmogorov (1954) and Arnold (1963a) this procedure
converges quadratically, similar to Newton’s root-finding method (see, e.g.,
Lichtenberg and Lieberman (1992)). Such a quadratic convergence of pertur-
bation series is known as superconvergence.

One should note that the Lindstedt’s perturbation series converges lin-
early. After the transformation of variables with the generating function,
F=9J+¢eS,+ -+ €™S,,, with the terms up to m— order in € the phase-
dependent terms in Hamiltonian are retained in ¢™+!-th order, while in the
superconvergent procedure after the m-th successive transformation they are
only in 2" -th order.

2.5 Bibliographic Notes

Methods of perturbation theory in celestial mechanics developed in 19-th cen-
tury are thoroughly described in the treatise by Poincaré (1892-99). Modern
formulations of these methods can be found in Arnold et al. (1988); Arnold
(1989). Methods of perturbation theory based on the averaging principle in
general dynamical systems and their applications to nonlinear oscillatory sys-
tems are discussed in Bogolyubov and Mitropol’skij (1958); Andronov et al.
(1981); Nayfeh (1973); Wiggins (1990). Perturbation theory for Hamiltonian
systems based on the Lie transform formalism is described in a review pa-
per by Cary (1981) and in the books by Nayfeh (1973); Lichtenberg and
Lieberman (1992); Dragt (2000).
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Poincaré (1892-99) introduced a powerful tool to study dynamical systems
by replacing continuous systems by discrete mappings. As was mentioned in
the preface mappings significantly simplify the study of systems, by reducing
the dimension of the system by one, visualizing the orbits on certain sec-
tions of phase space, and thus simplifying the formulation of many concepts
of dynamical systems. In this chapter we review the traditional methods to
construct symplectic maps for generic continuous Hamiltonian systems. We
consider the generic Hamiltonian system (2.2) with small time-periodic per-
turbations. We shall discuss the main difficulties to construct mappings from
Hamiltonian equations, and the shortcomings.

3.1 Poincaré Mappings

In this section we give a definition of mappings. A Poincaré surface-to-surface
map is defined as follows. In general, trajectories lie in a (2N + 1) dimen-
sional subspace of the extended (2N +2) dimensional phase space (q1, ..., gn,
P1,---,DN,t, H). Consider a 2N dimensional cross-section X which transver-
sally crosses the trajectories as shown in Fig. 3.1. Let P be an intersection
point of the section by a trajectory. The map that associates the point Py
with the next crossing point Py is a called Poincaré map:

P =MP, . (3.1)

It is a 2N dimensional map. This definition of Poincaré maps includes also
a stroboscopic map, as particular case. Suppose the Hamiltonian of a system
is a periodic function of time with period T' = 27/(2. Let X} be sections in
the (2N + 2) dimensional phase space at times t = t, = kT, (k = 1,2,...),
with Py, the phase space coordinates of orbits in the section Xj. Then (3.1)
defines a stroboscopic map relating the coordinates (I, ?) at the time instant
tr = kT with the ones at ty41 = (k+ 1)T":

(Ins1,Opy1) = M(Ix, 0) (3.2)

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 39-51 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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Fig. 3.1. Sketch of Poincare section and Poincaré map

where I, = I(t), U = ¥(tr) are I(t) = (I1(t),...,In(t), ¥(t) = (D1(¢),.. .,
In(t)) at the time instants t =t (k=0,41,£2,-- )%

The methods of construction of Poincaré or stroboscopic maps have
been subject of many studies. For general dynamical systems including non-
Hamiltonian systems such methods were discussed in Guckenheimer and
Holmes (1983); Wiggins (1990). Special methods have been also developed
for the construction of Poincaré maps for Duffing-type oscillators with fric-
tion by Eilenberger and Schmidt (1992); Schmidt and Eilenberger (1998).
For Hamiltonian systems Poincaré maps should be presented as symplectic
maps, i.e., should satisfy the volume-preserving condition (1.7):

Olpy1 Olpqr

Og+41, V1) | oI, a0, |
‘a(fk,m) = 9y 90k | T L (3.3)
61/6 319k

There exist two main groups of methods to construct generic Hamiltonian
maps. The first which can be called as intuitive method, is based on the a
priori assumption of a special symplectic form of map, and the unknown per-
turbation functions associated with these maps are found from the equations
of motion. The second widely used method which can be called method of
delta functions is based on the assumption that a time-periodic perturbation
acting on the integrable system can be replaced by periodic delta functions.
Then the integration of the equations of motion along the delta functions
gives a mapping.

Along with these generic symplectic maps there exist also many situa-
tions for which the maps can be constructed directly (exact or approximate)
using the physical contents of the system. The map describing Fermi acceler-
ation (Lichtenberg and Lieberman (1992); Zaslavsky (1985)) or ray maps in
a waveguide channel (Abdullaev (1993, 1994a)) are examples of such maps
(see Sects. 3.5, 13.1). In most cases these maps replace exactly a continuous
system by discrete system.

! Furthermore a subscript k will be used for the iteration steps of map. It should
not be confused with a lower index number of components of I or 9.



3.2 Method of a priori Assumption 41

Below we present the main methods to construct generic symplectic map-
pings and discuss their difficulties and shortcomings.

3.2 Method of a priori Assumption

Below we present a method of constructing symplectic maps for generic
Hamiltonian systems of type (2.2), (2.3). The idea of this method has been
described in Lichtenberg and Lieberman (1992) for systems with two degrees
of freedom. This is type of mappings has been used in various problems of
plasma physics, dynamical astronomy, accelerator physics and others (see,
e.g., Wobig and Fowler (1988); Wobig and Pfirsch (2001), Hadjidemetriou
(1991, 1993, 1999); Sidlichovsky (1997) Sandor et al. (2002) and references
therein).

We demonstrate the method by constructing a stroboscopic map M (3.2)
for the Hamiltonian system (2.2), (2.3) satistying the condition (3.3). In the
absence of perturbation (e = 0) the unperturbed Hamiltonian Hy(Iy,...,Ix)
describes nonlinear oscillations of the system with frequencies w; (I, ..., In)
(1.23). The map for this case has the form

Iy =1, ’19k+1 =Y + w([k+1)T . (34)

The phase plane of such a map is shown in Fig. 3.2.

Ok

Ny Ok+l

Fig. 3.2. The twist map on the phase plane

Now one assumes that in the presence of a small perturbation the action,
I, and the angle, ¥}, variables acquire additional corrections proportional to
€ thus the map takes the following form (3.4) (see, e.g., Lichtenberg and
Lieberman (1992); Wobig and Fowler (1988); Wobig and Pfirsch (2001)):

Iipr = I+ ef (Vn, Lig1)
V1 = U + w(Tp1)T + €g(Vp, Trtr) (3.5)
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where f(9g, Ixt1), 9(9k, Ix+1) are perturbation functions. In order to make
the map symplectic according to (3.3) the functions f and g must satisfy the
condition 9f /0141 +0g/0V = 0, i.e., they should be determined by a single
generating function S(Vg, [x4+1):

05 (Vs Lpt1)
09y, ’

05 (Vs Lpt1)

f(ﬁkw[kﬂ*l) = 8[k+1

9k, Iiy1) = — - (3.6)
The mapping (3.5) can be considered as a canonical transformation from
the “old” variables (9, It) to the “new” variables (¥g41, Ix+1) given by the

generating function
F(Or, Iry1) = Op - Ipp1 + THo(Ipq1) + €S(0p, Iry1) (3.7)
and can be represented as the relation:

OF (i, I41) I = OF (g, I41)

9 = 3.8
k+1 8Ik+1 ) a'l?k ( )

The generating function S can be found from the perturbed equations
of motion. For small perturbation (¢ < 1) one can insert the unperturbed
trajectory (Io(t) = I41 const, Yo(t) = I + w(I)(¢t — tx)) on the right hand
side of the second equation (2.2) for the action I. Then integration gives the
following equation for the generating function S:

te+T

889, 1 OH
% - / s (ﬂk +w(lpgr)(t — tk),IkH,t)dt . (3.9)

tr

In (3.9) the integral is taken along unperturbed trajectories Iy(t), ¥ (t) over
one period of perturbation. Integration of (3.9) gives

tr+T
OH
S(ﬁk,fk+1):/d19k / 8—?91(19;6+w(Ik+1)(t—tk),Ik+1,t>dt
tr

(3.10)
Particularly, for the perturbation Hamiltonian H; in the Fourier expan-
sion form (2.15) this yields

OH,y , . .
B0 = Re mZnHmnzm exp(im - ¢ —ind2t) . (3.11)

Using (3.11), (3.10), we obtain

SWh Tks1) = T [ Hynnl{ = al@mn) sin(m - 9 = n b + Xmn)

+b(T ) cos(m - U — nf2t, + an)} , (3.12)



3.2 Method of a priori Assumption 43

where the functions a(x) and b(z) are defined in (2.36), and z,, = [m -
w(Ig41) — n2T.

After Moser (1962, 1973) the symplectic map (3.5) is called the perturbed
twist map if the frequency w(I) satisfies the so-called twist condition, i.e.,
dw(I)/dI # 0 (see Sect. 7.1.1). Its geometry on the torus is shown in Fig. 3.3.

Fig. 3.3. Poincare map on the torus

Similar approach to construct symplectic mappings for autonomous Hamil-
tonian systems but based on the averaging procedure has been proposed by
Hadjidemetriou (1991) for the applications in dynamical astronomy (see, also
Sect. 13.3). The derivation of mappings similar to (3.5) for more general
dynamical systems, including also Hamiltonian systems were given also in
Wiggins (1990).

The described method of derivation of the symplectic maps has signifi-
cant shortcomings. First of all, it restricts the possible form of the map. For
instance, the following map in the symplectic form

Iivy = I + €f (Wgq1, I)
Oy1 = U + w(i)T + €9(Inq1, Ikg1) (3.13)

with perturbation functions

08 (W11, Ir)
M1

08 (Vk11, Ir)

9(Opg1, k) = — ol ;

fksr, I) =
equivalently describes a system as perturbed twist map in the form (3.5). The
difference between the two symplectic forms (3.5), (3.6) and (3.13), (3.14) is
that the action variable I in the map (3.5) is defined implicitly, while in
(3.13) the angle variable ¥4 is defined implicitly.
Secondly, it does not allow to obtain the higher order corrections in the
perturbation parameter € and therefore to estimate the accuracy of replacing
the continuous system (1.1) by the map (3.5).
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3.3 Method of Delta Functions

The method described below is often used to obtain symplectic maps for
Hamiltonian system affected by time-periodic perturbations with broad spec-
trum (see, e.g., Chirikov (1979); Wisdom (1982); Zaslavsky (1985); Sagdeev
et al. (1988); Zaslavsky et al. (1991); Wisdom and Holman (1991); Mendonga
(1991)). The perturbation Hamiltonian of these systems can be presented in
the form

1(1,9,1) Z Z H,ppn (1) cos(m® — n2t + Xomn) (3.14)
m n=—M

with a finite but large number of harmonics M > 1. Suppose that amplitudes
H,,n(I) and phases xmn(I) of harmonics H,,,(I) depend only weakly on
the index n. Then omitting index n from these quantities the perturbation
Hamiltonian can be rewritten as

M M
Hy(I,9,t) = Ho(I,0) Y cos(nft) + Ho(I,9) Y sin(nf2t), (3.15)

n=—M n=—M

where

ZH ) cos(md + xm) ,

ZH ) sin(md + xm) -

Extending summation over n to M — oo and using the Poisson summation
rules

o o0 o0
Z cos 2mnx = Z oz —k), Z sin 2mnz =0,

n=-—oo k=—oc0 n=-—o00

one can replace the Hamiltonian (3.15) by the sum of delta functions:

Hi(1,0,1) :HC(I,ﬁ)%T S <t—k2;;> . (3.16)
k=—oc0

Then the equations of the perturbed motion are reduced to

W — (1) + eq(1,9) k;oo 5(t — k21/Q)
I _ 1,9 3 6(t — k2w /02 3.17
W) Y o —k2m/2). (3.17)

k=—o0
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where
~0S(1,9) _08,9)
g(I,ﬁ)—T, f(Iaﬂ)__Ta (3.18)
are perturbation functions given by the generating function
27 27
S(I,0) = S He(1,0) = 5 zm: H,p, (1) cos(md + xm) - (3.19)

The intuitive justification of the replacement of continuous perturbation
functions (3.14) by series of delta functions is based on the averaging princi-
ple (Wisdom (1982); Wisdom and Holman (1991)): if high-frequency terms
do not contribute significantly to the evolution, then adding these terms also
does not affect the system significantly. However, one should note that such a
replacement of (3.14) by (3.16) introduces artificial singularities and discon-
tinuities to the system at periodic time instants ¢, = k7. The orbits I(t), 9(t)
are not defined at these times.

Integrating the equations (3.17) over one period from ¢ty —0 to ¢, —0+T
one obtains

tr+0
V1 = Vg +w(lpy1)T + € / g(I,9)é(t — kT)dt ,
tka
tr+0
Iy = I, + / f(1,9)5(t — kT)dt , (3.20)

tr—0

where ¥, = 9(ty, — 0), Iy = I(tx — 0). In (3.20) the integrals over product
of delta function with discontinuous functions are not well-defined, and it is
not clear how to integrate them. In spite of these difficulties the difference
equations (3.20) are often simply reduced to the form of the perturbed twist
map (3.5) with the perturbation functions f and g defined in (3.18) (see, e.g.,
Sagdeev et al. (1988); Mendonga (1991); Abdullaev et al. (1998); da Silva et
al. (2001a,b, 2002a,b)).

Difficulties related with obtaining symplectic mappings from Hamiltonian
equations using the delta function formalism have been also discussed by
Sidlichovsky (1997); Hadjidemetriou (1998) (see also references therein).
They have shown that using the formula

tr+0
/ FO,1)3(t — t)dt =

tr—0

[f(ﬁkv[k) + f("gkvlk-i-l)] ’

N | =

one obtains the map
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Iyr = I + % (O, I, ) + f(Ony Ipg1)] s
€
Vg1 =g + w(lgs1)T + 3 9Ok, Ii) + 9(Ok, Iry1)] - (3.21)

This mapping, however, is not symplectic, i.e. it does not satisfy the condition
(3.3).

Eberhard (1999) has proposed the symmetric form of mapping integrating
the equations of motion (3.17) from ¢j to tx41 using the following formula
for the integration across delta function:

trp£0 1
/ 70, D)3t — ti)dt = £ f(05, 1), (e >0)

ty

where ¥y, = 9(t), I = I(tx). It yielded the following symmetric form of the
map

Jo = Iy + gf(ﬂm) :

Or =V + %g(ﬁm[k) ;

Or = O, +w(JJp)T

Ipy1=Jp + %f('ﬁkJrlekJrl) ,
D1 = Op + %g(ﬂkH,IkH) . (3.22)

The symmetric mapping (3.22) has been compared with the numerical inte-
gration of the equations (3.17) replacing the delta functions by their contin-
uous representation d,(t) = exp(—t?/a?)/an'/? (a — 0). It was found that
this mapping describes the continuous system more closely than the per-
turbed twist map (3.5) (see Sect. 10.5 for details). However, the mapping
(3.22) is not symplectic as well.

Only in the case when the function H; does not depend on the action
variable, i.e., OH1/0I = g(I,9) = 0, the angle ¥ becomes continuous along
time ¢ the integration gives the map

Vg1 = O + w(l1)T
Ik+1 = Ik + Ef(ﬁk) 5 (323)

which is known as a radial twist map.

One should note that in the map (3.23) the variable Ij, is taken as
I, = I(tx — 0). This should be kept in mind when one compares the original
continuous system with the perturbation (3.14) with the approximated one
(3.16). The trajectories ¥(t), I(t) of the original system are continuous at any
time, while its replacement by (3.16) introduces discontinuities at the peri-
odic time instants t = t;, where the variables (Jy, Ij;) in the map (3.2) should
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be defined. However, for the system (3.16) they are not defined at these times.
Therefore, one should not identify the variables in the map (3.23) with the
ones in the original system. The presented approach to construct symplectic
maps thus does not allow to find the relation between the variables of the
original system and the ones in the map (3.23).

The fact that the variables in the original equations (2.2) and the ones in
the mappings are not identical was noticed in Wisdom et al. (1996). In order
to relate these variables, so-called symplectic correctors were introduced by
means of a Lie formalism.

3.4 The Standard Map

The simplest example of the mapping (3.23), with the perturbation function
ef(¥) = (K/2m)sind, is known as the standard map (or the Chirikov-Taylor
map) (see Chirikov (1979), Lichtenberg and Lieberman (1992)):

K
Ik+1 = Ik + % sin 'l9k; s 'l9k;+1 = ﬁk + 27TIk+1 . (324)

The parameter K plays role of perturbation strength. It has been extensively
studied during the past two decades as one of the basic models in chaos
theory. It has been widely used in many physical problems, for instance,
to study particle-wave interaction, magnetic field line dynamics in magnetic
confinement devices (see Sect. 10.4 and MacKay and Meiss (1987); Rechester
et al. (1979); Benisti and Escande (1998); Balescu (2000a,b)). The standard
map (3.24) is often assumed to be derived from the standard Hamiltonian

2 K &
H=%+5 > cos(¥ —nt+ xn) (3.25)
n=—M

when the number of harmonics M — oo and the phases x, = 0, identifying
the variables (U, It,) of the map with the variables (¥(¢x), I(tx)) of the con-
tinuous system (3.25) (see, for instance Chirikov (1979); Benisti and Escande
(1998)). As will be shown in Sect. 4.3.2, the numerical integration of the sys-
tem with Hamiltonian (3.25) with a large but finite mode number M gives a
result which is significantly different from the one obtained by the standard
map (3.24).

This is related with the fact that the Hamiltonian (3.25) acquires singu-
larities at times ¢t = ¢ when M — oo, and the variables I are not defined
at these times. The variables (9, I;) in the standard map (3.24) are taken
just before the instants ¢t = ty, i.e., (U, I) = (I(tx — 0),I(tr — 0)), i.e., the
variables of the mapping do not coincide with the variables of the continuous
Hamiltonian (3.25) taken at t = tj.

In principle, the standard map can be obtained as well by integrating
the Hamiltonian equations (3.17) with the perturbation function ef () =
(K/2m)sind in the interval tg + 0,t; + 0+ 7. It gives
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Ok+1 = 0 + 271 Tppr = I + % sinfgy1 , (3.26)
where I, = I(t = 2wk 4+ 0). Both forms of the map (3.24), (3.26) equivalently
represent the standard Hamiltonian in the limit M — oo.

From the physical point of view one can expect that the mappings (3.24),
(3.26) should closely describe the Hamiltonian system (3.25) for large finite
mode number M. As will be shown in Sect. 4.3.2 (see also Fig. 4.4) the
standard map (3.24), however, does not reproduce Poincaré sections of the
system (3.25).

One can also try to construct the standard map in the form of the per-
turbed twist map (3.5) for the standard Hamiltonian (3.25) using the method
described in Sect. 3.2. Suppose that the perturbation parameter e = K /472 is
small. The unperturbed part of Hamiltonian (3.25) is Ho(I) = I?/2 and the
frequency of motion is w(I) = dHy(I)/dI = I. We apply the formula (3.12)
for the generating function S(J, Ix11) using the perturbed part of Hamil-
tonian (3.25) with Hp,, = 1, 2 = 1, and X, = 0, and the time instants
ty = kT = 27k, (k = 0,1,2,...). Then the generating function S(Jx, Ix+1)
takes the form

S, J) = 8s(J)sin® + S.(J) cos ¥, (3.27)
where
M M .
1 —cos2mJ sin 2w J
n=—M n=—M

Extending the summation in (3.28) to M — oo and using the formula

oo

Y e
J—n tanwJ’
n=-—oo
we obtain
S,(J) = —msin2xJ S.(J) =2mwcos®mJ .

Thus, the perturbed twist map for the standard Hamiltonian (3.25) takes the
form

Inp1 =1 — — 5

K sin(2mIj41)
21

cos ¥y + cos®(ml}41) sin ﬁk> ,

K
g1 = U + 2w ly1 — 5 (cos(2mIp41) sin ¥y, + sin(2ml11) cos V) .
(3.29)
Therefore the standard map (3.24) cannot be obtained in the form of the

perturbed twist map (3.5) for the standard Hamiltonian (3.25). We will also
discuss this problem in the next chapter (see Sect. 4.3.2).
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3.5 Exact Mappings of Hamiltonian Systems

For some specific models of physical systems one can reduce the dynam-
ics to exact mappings. One of the representative examples of such systems
was a model proposed by Fermi to describe the acceleration of cosmic rays
by momentum transfer from moving magnetic fields (Fermi (1949)). Ulam
and associates considered a model consisting of a ball bouncing between two
walls, one of them is fixed, and another one is oscillating. Later, different ver-
sions of the model were examined by Zaslavsky and Chirikov (1965); Brahic
(1971); Lieberman and Lichtenberg (1972); Lichtenberg et al. (1980) (see,
also Zaslavsky (1985); Lichtenberg and Lieberman (1992)). Ray propagation
problems in inhomogeneous media is another area where dynamical equa-
tions can be exactly replaced by mappings (Abdullaev and Zaslavsky (1988);
Abdullaev (1993)). This problem will be discussed in Sect. 13.1.

In this section we describe the Fermi acceleration mapping following Licht-
enberg and Lieberman (1992). The geometry of the model is shown in Fig. 3.4.
A particle bounces between a fixed and an oscillating wall. The fixed wall is
at = 0 and the oscillating wall at z,,(t) = a +bf(t), where a is the average
distance between the walls, b is the amplitude of oscillations, and f(t) is a
periodic function with the period T = 27/82: f(t) = f(t + 2w /§2). Let t;,
be the time of the k-th collision of particle with the fixed wall x = 0, v; be
the velocity after this collision. The particle collides with the moving wall
at times t. determined by t. = tx + Z(tc)/vk. At collision the particle ve-
locity changes to vg11 = v — 2dx,,/dt|;—;, and it reaches the fixed wall at
the moment txy1 = te + Xy (te)/Vk+1. Introducing the phases ¥ = £2t;, and
e = 2t., and the normalized velocity ur = vy /bf2, the exact equations of
motion can be represented in the form of a mapping (9, ug) — (Vg41, Ukt1):

——

a

2b xw( 1)

Fig. 3.4. Particle bouncing between the fixed z = 0 and the oscillating z.,(t) walls
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_ a/b_F(wc)/Q
wc*§k+u—ka
Upy1 = up + F'(e)
a/b_F(wc)/2

Uk+1

where F(¢) = —2f(¢/2), and F'(¢p) = dF(¢))/dy. The mapping (3.30)
is written in symmetric form with respect to the variables (9, us), unlike
the one given in Lichtenberg and Lieberman (1992). The phase 1. in the first
equation of (3.30) is defined implicitly. The phase ¥ is the variable conjugated
to the energy E = u?. By direct computation one can show that the Jacobian

' O(Ery1,9%41)
O(Ey, V)

V1 = Ye + (3.30)

=1.

The study of this map and its different simplified forms can be found in
Lichtenberg and Lieberman (1992).

3.6 Difficulties in Constructing Mappings

We shall recall the main shortcomings of the two main methods to construct
symplectic mappings for generic continuous Hamiltonian systems. In the first
method it is a priori assumed that the corresponding map has the symplec-
tic form (3.5). However, this form of the map is not the only possible one.
Another symplectic form (3.13) of the map may equivalently represent a con-
tinuous system. The perturbation functions f(9,1), g(9,I) or the generating
function S(¥,I) associated with mappings are found from the continuous
equations of motion assuming smallness of the perturbation parameter e.
Such a method is not rigorous, and it neither allows to find the higher or-
der corrections to the generating function nor to estimate the accuracy of
replacement of the continuous system by the discrete map.

The method of delta functions is usually applied to Hamiltonian systems
affected by perturbations with a broad spectrum. It is based on direct replace-
ment of the perturbation by delta functions periodic in time. This procedure
introduces singularities into system at periodic time instances. Moreover, the
variables of this system with delta functions are not identical to the corre-
sponding variables of the original system. On the other hand, the integration
across delta functions is defined only when the perturbation Hamiltonian
H, depends only on the angle variables /. For more general perturbation
functions H; (¢, I) the integration across the delta functions is not defined
at all. Therefore, the derivation of symplectic maps (3.5) by the method of
delta functions, as done in some publications (see, e.g., Mendonga (1991);
Abdullaev et al. (1998); da Silva et al. (2001a,b, 2002a,b)) is not rigorously
justified.
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Another disadvantage of both methods is that the corresponding maps
determine the system’s phase space coordinates only at the discrete times
ty = kT (k = 0,£1,42,...). They cannot recover the system’s positions
at arbitrary times ¢ between the discrete times t;. Moreover, the symplectic
maps in the form (3.5) and (3.24) are not invariant with respect to the formal
transformation k < k + 1 which is equivalent to the transformation ¢t — —t,
H < —H under which the continuous Hamiltonian system remains invariant.
In the next chapter we develop rigorous methods to construct symplectic
maps which does not have these shortcomings and difficulties.



4 Method of Canonical Transformation
for Constructing Mappings

In this chapter we present the rigorous and systematic method to construct
symplectic maps (3.2), particularly, Poincaré maps for generic Hamiltonian
systems affected by perturbations. The method is based on the Hamilton—
Jacobi method for integrating Hamiltonian equations and Jacobi’s theorem
recalled in Sect. 1.2.2. As we have seen there the idea of the Hamilton—Jacobi
method consists of finding such a canonical change of variables which reduces
a Hamiltonian function to a form that Hamiltonian equations are easy to in-
tegrate. The canonical transformation of variables is given by a generation
function satisfying to the Hamilton—Jacobi partial differential equation. If we
succeed to find a complete integral, i.e., the solutions of this equation depend-
ing N independent constants of motion, then according to Jacobi’s theorem
the dynamics of system is completely determined by the generating func-
tion F'(q, P,t). It means that the time evolution of system (g(t),p(t)) can be
found through its initial position (¢(to), p(to)) by the forward, (¢(to), p(to)) —
(Q(to), P(to)), and the backward, (Q(t), P(t)) — (q(t),p(t)), canonical trans-
formations (1.20) given by the generating function F(q, P, t) taken at the time
instants ¢y and ¢, respectively. The evolution of new variables (Q, P) between
these time instants is trivial and given by (1.18).

This idea can be also applied to generic perturbed Hamiltonian systems of
type (2.2), (2.3) which may not possess N integrals of motion, and the system
can be non-integrable (see Sect. 7.1). For these systems the complete integral
of the Hamilton—Jacobi equation may not exist. The Jacobi’s theorem can
be also applied to these systems, supposing that there exist approximate N
integrals of motion in the interval between initial, ¢y, and final, ¢, times. Then
the evolution of system in an each time interval is determined by Jacobi’s
theorem. By matching the orbits in neighboring time — intervals one can
establish a long-term evolution of system. Such a procedure replaces the
canonical equations of motion by symplectic Hamiltonian maps. Below we
describe such a procedure of canonical change of variables which reduces
continuous Hamiltonian systems to discrete Hamiltonian maps. Generating
functions F' of canonical transformation in perturbed Hamiltonian systems
can be found using a perturbation series in finite time intervals (Sect. 2.3).

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 53—-81 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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4.1 Canonical Transformation and Mapping

We consider generic Hamiltonian problem described by the system of canoni-
cal equations (2.2), (2.3) namely the fully integrable system with Hamiltonian
Hy(I) subjected to the time-periodic perturbation eH; (¢, I,t). Our task is to
construct the mapping (3.2) connecting the variables ¢y, = 9(ty), I, = I(t)
at the sequence of periodic time instants 5 (k = 0,41, £2,...). The mapping
should be area-preserving (symplectic) (3.3).

In order to construct such a map we consider the system in a time in-
terval ¢ < t < tx41, and transform the variables (¢,I) to new ones (v, J),
which eliminates the phases ¢ in the Hamiltonian H in this time interval.
This transformation will be implemented by the time-dependent generating
function F = F (0, J,t,tg,e) =0 - J + €S9, J, t, to, €) of mixed variables sat-
isfying the initial condition S(9, J, t,to, €)|t=t, = 0 at the time t = ¢y located
in the interval ¢, < to < tx41. The relation between the old (¥, ) and the
new (v, J) variables is given by (2.4). A new Hamiltonian H is H(J,€) and
therefore

Y(t) = +w(J, e)(t —tg) , J =J, = const, (4.1)

where time ¢ is in the interval t;, < ¢ < tg41, and w(J,e) = dH(J,€)/dJ is a
new frequency. The generating function S(¥, J,t,tg) of such a transformation
satisfies the Hamilton-Jacobi equation (2.6).

For the unperturbed system (¢ = 0) the generating function F' = 9J
describes the identical transformation, i.e., ¢ =, I = J, Ho(J,e) = Ho(I),
w(J,€) = w(I), and the map (3.2) is described by

Ik+1 = Ik s 79]9+1 = 19k + W(Ik)(thrl — tk) . (42)

Consider the effect of non-zero perturbations (e # 0). Suppose that in
the time interval ¢t < t < tx41 there exits N constants of motion J; =
(J1,...,Jn). Then according to the Jacobi’s theorem the equations of motion
are described as

COF  08(0.J,1.t0.¢)
I=Gg=Jte—g5—"

COF . 0S(0,J.,t0,¢)
Ly A Y ’ (4.3)

where J and 1 are determined by equations (4.1) in the time interval ¢; <
t< tpst.

From (4.3) follows that the coordinates (9(t), I(t)) of trajectory at any
moment of time ¢ (tx <t < tg41) with the initial coordinates (¥, ;) at the
time instant ¢ = t; may be found by the two successive canonical transforma-
tions: the first one transforms the original variables (9, It,) to the new ones
(Yk, Jx), and the second one transforms (¢(t), Ji) back to the old variables
(9,1) at the time instant ¢:
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OF (Vk, Ji, tr, tos €) OF (U1, Ji, tr, to, €)

Ik = 879/@ ; d)k = 8Jk ) (44)
I(t) _ aF(ﬂ(tgb{;t,tO’e)v %/J(t) _ aF(ﬂ(t)éj:7tat07e) ) (45)

Using (4.1) and the ansatz F' = 9J + €S, the map (U, Ix) — (Vpt1, Lrt1)
(3.2) can be presented in the following symplectic form

85k 8Sk

— I, — = —F 4.
Jip = Iy 6819]6, Yy 19k+68Jk, (4.6)
Uk = Vi + w(Jk, €)(ter1 — tr) (4.7)
9Sk11 - OSk
I = _— = —e— 4.
k+1 Jk+€aﬁk+1 ;o Vg1 =r —€ o5 (4.8)

where Sy = S0k, Jk, tr, to, €), Sk+1 = S(Okt1, Jk, tht1, to, €)-

The symplectic forms (4.4), (4.5) or (4.6)—(4.8) of the mapping (3.2) are
general, and they are independent of assumptions of smallness of perturbation
parameter e.

The presented method to construct symplectic maps allows to recover the
system’s position at arbitrary time instant ¢t between discrete times ¢, unlike
the standard methods described in the chapter 3. Indeed, according to (4.5)
the orbit ¥(t), I(t) at the moment ¢ located in the interval tj, < ¢ < ty41 can
be found by replacing the last two equations (4.7) - (4.8) in the mapping by

Y(t) = Y+ w(Jk, €)(t —tr) ,

2S(#) - 2S(#)
687@)7 (t)—¢(t)—€ajk ;

I(t) =Ji+
where S(t) = S(V¥(¢), Jk, t, to, €).

4.1.1 Nonsymmetric Forms of Maps

The generating function S associated with symplectic maps depends of
the initial time tg. By appropriate choosing this parameter in the interval
[tk,tr+1] one can obtain different forms of mapping. If tg = 441 then the
generating function S is identical to zero at the time instant ¢ = #5441, i.e.,
S(Vk+1, Igt1stkt1, tkt1,€) = 0. Then the map (4.6) - (4.8) takes the form
similar to the one of the perturbed twist map (3.5):
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0S (Ui, Ir41)
009y, ’

05 (91, Is1)
Olkq1 ’

Ik+1 :kaﬁ

Ppr1 = Ok + w(Tgt1, €)(tep1 — th) + € (4.9)
where S(ﬂk, Ik+1) = S(ﬁk, Ik+1, tk, tk+1, 6).

Similarly, taking ty = t; one can obtain the alternative form the perturbed
twist map:

0S(Vps1,T1)
0Vk41

05 (Vg1 Ti)
oIy,

Ik+1 =1 +e

Vg1 = O + w(Ik, 6)(tk+1 — tk) —€ , (4.10)
where (11, Ix) = SOkt Ik, ta, ti, €)-

These two alternative forms of mappings are similar to the forms (3.5)
and (3.13) described in the previous section. However, the latter are only the
approximate maps. They can be obtained from (4.9), (4.10) by replacing the
frequency of perturbed system w(I,e) by unperturbed one w(I), and taking
the first term in expansion series of the generating function S in powers of
the perturbation parameter e.

The orbits (¥(t), I(t)) at arbitrary time ¢, tx < t < txy1, can be also
found by the mapping of form similar to the perturbed twist map (4.10). It
is easy to show the corresponding map is determined by

9S(0(t), Ir)
)

98 (I(t), Ir)
a1,

I(t):Ik+€

() = I + w(ly, €)(t — tr) — (4.11)
where S(9(t),I) = S(9(¢), Ik, t, tg, €).

The two forms (4.9), (4.10) of the perturbed twist map separately are not
invariant with respect to the backward — forward transformations (k < k+1).
However, under this transformation the map (4.9) is transformed into (4.10),
and vise-versa, if the generating function S(9xy1,Ix) = —S(Vk, [k4+1). As we
will see later this condition is satisfied.

4.1.2 Symmetric Map

If the initial time ¢y is located exactly in the middle of the interval, i.e.,
to = (tx+tr+1)/2, we call the symplectic map (4.6)- (4.8) as a symmetric map.
This map is invariant with respect to the change of time sequences k < k+1.
The backward map (Vx+1, Ik+1) — (9%, Ix) may be obtained from the forward
map (3.2) by simple reversing sequences of canonical transformation. As will
see later the accuracy of the symmetric map is higher than the perturbed
twist maps (4.9), (4.10).
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The stroboscopic maps (or Poincaré maps) (3.1) can be obtained from the
above maps by putting the map time step 7 = tx+1 — tx equal to the period
of perturbation 7 = 27 /(2.

4.1.3 The Generating Function of Mappings

Now we turn to the main task in construction of the symplectic maps, a
determination of the generating function S. As was mentioned above that
we should look for the solution S(9, J, t,ty) of the Hamilton—Jacobi equation
(2.6) in the interval [ty, 1] satisfying the initial condition S = 0 at the
initial time ¢t = tg, tx < to < trx+1. The natural approach to this problem
would be the time-dependent perturbation theory developed in Sect. 2.3.

Suppose for a moment that the perturbation parameter € is small. The
generating function S(¥, J, t, o, €) is sought as the expansion series in powers
of € (2.33). For the generic Hamiltonian system (2.2), (2.3) the expansion
terms S; (1 =1,2,...) satisfy the (2.10), (2.11). The solutions of these equa-
tions S; (¥, J,t,to) satisfying the initial conditions S; = 0 at t = to are deter-
mined by integrals (2.34), (2.37). Particularly, for the perturbed Hamiltonian
H; in a Fourier expansion form (2.15) the first two terms S; and Sy are given
by (2.35) and (A.7).

In the first order of € the mapping (4.6)—(4.8) takes the following form

681(19167 Jlﬂtka to)

=1 —
Te=tee 90, ’
081 (0, Ty, thr t
Wi = Oy + 21Ok T iy to) (4.12)
0J
Y = Pr + W () (b1 — tr) (4.13)
081 (Vi1 Js trs1st
Tosr = Jo + € 1 (P15 Jks totr, to) ,
0V 41
081 (Vki1, Tty t
Biepr = Pyt — o kHaJ: krnsto) (4.14)

where S1(9, J,t,10) is determined by (2.35).

Particularly if the parameter ¢ lies in the middle of the interval [tg, tx11],
ie., to = (tx + tr+1)/2.0 we have the symmetric form of the map. Taking
to = tx+1 we obtain the nonsymmetric form

0S (U, Ig+1)
0y, ’

0 (D, Ts1)
Ol 41 ’

Ik+1 :Ik—e

U1 = Ok + w(lkt1)(trs1 — t) +€ (4.15)
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with the generating function

5(19,[) = 51(19, J,tk,thrl) = (tpy1 — tk)z |Hmn(J)‘

m,n

X | — a(XTymn) sin(m - ¢ — n02t + xXmn)
+b(T ) cos(m -9 — nf2t + an)} , (4.16)

where the argument x,,,, of the functions a(z) and b(x) is given by
T = [m - w(I) — n2)(tks1 — tx) -

The mapping (4.15) coincides with the mapping defined by (3.5), (3.6), (3.12)
when the time step At = tx11 — tx equal to the period of perturbation
T =27/

We should recall the main features the expansion series (2.33), (2.34),
(2.37), (2.35), (A.7) mentioned in Sect. 2.3. The main contribution to each
S; (i = 1,2,...) comes at values of action J near the resonant frequencies
(w(J),2) (m-w(J) —n2 = 0). At these resonant values of J the actual
expansion parameter in the series (2.33) is not the perturbation parameter e
itself but its combination with the time interval (t—to), i.e., u = e(t—to)” with
a some exponent v > 1. As will be shown in Sect. 4.2.1 that pu = €(t — tg)?
for a simple Hamiltonian problem, the motion of particle in the field of a
wave. Such a nature of expansion allows one to apply the perturbation theory
for generating functions S(¥, J,t,to,€) not only for the small values of the
perturbation parameter €, but also for its large values by taking the time
step of mapping 7 = tx41 — tx which keeps the product p = e(t — tp)” to be
small.

4.2 Accuracy of Maps

The small parameter p for generating functions in mappings equals to p =
€(ty — to)¥. At the fixed perturbation parameter e the parameter p takes
a minimal value p = €(7/2)" for the symmetric map (4.6)—(4.8) with to =
(tg + tr+1)/2, while for the perturbed twist map p has a maximal value
= er”. Therefore, the accuracy of the symmetric map is much higher than
one of the perturbed twist maps (4.9), (4.10). Errors due to truncation of the
power series of generating function (2.7) in p are smaller for the symmetric
map than for the perturbed twist map. As will be shown in the next sections
that the symmetric map describes Hamiltonian systems much more accurate
than the perturbed twist map.

One should note that from the computational point view the symplectic
mappings (4.6)—(4.8) are implicit. The variable Jj in the first set of equations
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(4.6) and Y41 in the second set of equations (4.8) are defined implicitly, and
they should be found by solving corresponding algebraic equations. For this
purpose one can use Newton’s method (or the Newton—Raphson method)
which has a high rate of quadratic convergency (Press et al. (1992), see also
Sect. 2.4). As an initial value in an iterative procedure one can take

as,”

a'lgk ) S](CO) = S(ﬁk71k7tk7t07e) )

JO =1, —¢

in the first equation of (4.6), and

(0) 953 (0)
?9]@4_1 = "/}k+1 — € 5’J: , Sk+1 = S(¢k+17 Jk:7tk+17t076) )

in the second equation of (4.8). The differences |J;, — J,go)| and |91 — 195;121|
have an order of pu? = €2(t —t9)? < 1.

In Appendix F we have presented the program for the numerical im-
plementation of the mapping (4.6)—(4.8) for the generic 1+1/2-degrees-of-
freedom Hamiltonian systems. As an example of application of this program
we also give a sample program for plotting Poincaré sections for a specific
Hamiltonian system. The program is written in C-language and it can be
easily run in personal computers with the Lunix operating system.

4.2.1 Particles in a Single-Frequency Wave Field

In order to study the accuracy of maps we consider a simple, completely
integrable Hamiltonian system, namely, the motion of a particle in a single-
frequency wave field studied in Sect. 1.4. The particle motion is described by
the equation of motion (1.39). We consider the wave-field with the amplitude
eF as a perturbation acting on free moving particle. Introducing angle—
action variables for the free motion of particle, i.e., ¥ = kx, I = k&, the
equation of motion can be written in Hamiltonian form with the Hamiltonian

12
H(9,1,t) = 5 ecos(¥ — £2t) , (4.17)

where the perturbation parameter e = ekE),/m. In a coordinate system run-
ning with a phase velocity of the wave, i.e., ¢ = ¥ — 2t,p = I — {2, it describes
the pendulum with the frequency of small amplitude oscillations wy = /€.
The corresponding Hamiltonian function Hy(q,p) = H(q+ 2¢,1—§2,t) is the
constant of motion (see (1.41)). For —w? < H < w? the motion is trapped
and trajectory is oscillating near elliptic fixed points. The frequency of these
nonlinear oscillations w(H) is determined by (1.45).

We will apply mappings to study the Hamiltonian system (4.17). The
unperturbed Hamiltonian Hy(I) = I?/2 determines the free motion of



60 4 Method of Canonical Transformation for Constructing Mappings

particle with the frequency (or velocity) w(I) = dHo(I)/dl = I: ¥ =
Po + w(I)(t — tg), I = const.

The first and second order generating functions. According to (2.10), and
(2.35) the first order generating function is

S1(9, J,t) = (t —to) |a(x) sin(P — £2¢) + b(z) cos(¥ — 2t)| ,  (4.18)

where a(z) and b(z) are oscillating functions (2.36), and x = (J — £2)(t — o).
The second order term S3(1J, I,t) is determined by (2.38). Putting m =1
and n = 1 we obtain

_ 3
SQ(Jaﬂvt) = 7%

x| Bo(x) + As(2) sin(29 — 202t) + Ba(z) cos(20 — mt)} . (4.19)

where the localized functions By (z), A2(x) B2(x) are defined by (2.39), (2.40)
and (2.41).

The map (4.6)—(4.8) for the Hamiltonian system (4.17) may be rewrit-
ten in normalized variables (z,y), * = ¢ — 2, y = (J — 2)(t — o).
Using (4.18), (4.19) the generating function S for the corresponding map
(k, Yr) = (Tr+1,Yre1) may be reduced to

08}, 05},
Y. = -y — X = —_— 4.20
k= Yk Ma$k7 k xk+MaYka ( )
Xpr1 = Xi + [w(J,€) = 2 (thy1 — tr) , (4.21)
OSk+1 Sk
Yk+1 kTt N3Yk+1 y Tkl k+1 — 1 oz, ( )

with the generating function Sy = S(z, Yk, tk, pt), and

wS(z, Y, t, pu) = e(t —tg)S(x,Y,t) ,

S(z,Y,t, 1) = Sy(x,Y,t) + pSa(x, Y, t) + O(u?) , (4.23)
where
S1(z,Y,t) =a(Y)sinz + b(Y)cosz ,
Sa(x,Y,t) = —i [Bo(Y) + A2(Y) sin 2x + Bo(Y) cos 2] .
Here = ¢(t — tg)? is the expansion parameter. As was mentioned in

Sect. 4.1.1 for the symmetric map the expansion parameter y = er2/4. For
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the perturbed twist map the corresponding expansion parameter is larger,
ie., p=er2

Existence of such a dependence of the expansion parameter g on the
perturbation parameter ¢ and the map step 7 allows one to consider also
a relatively large perturbations e ~ 1. In these cases one can still use the
first (or up to second) order term in the expansion series by choosing such
a time step 7 that keeps the parameter p to be small. For instance, in the
above example, the parameter p is not changed if the perturbation € is in-
creased in two order while the time step 7 is decreased only in one order. This
does not increase the computational times proportional to the perturbation
parameter e.

Comparison of the symmetric map and the perturbed twist map We have
compared the two forms of the map: the symmetric map (4.6)-(4.8) and
the perturbed twist map (4.9). The several trajectories of the system in the
phase plane (¢4, I) obtained by the symmetric map and the perturbed twist
map (4.9) are presented in Fig. 4.1 using the first order generating function
S1(9, J,t,tg). The value of ¢ is taken equal to 0.03, and the map step 7 is
2. The initial conditions of trajectories were (9o, Iy) = (0,0.03), (0, 0.2),
(0, 0.33), (0,£0.35) and (0,£0.45). Solid curves describe the exact trajec-
tories of the pendulum, dotted curves and dashed curves correspond to the
symmetric map and the perturbed twist map, respectively. As can see from
Figure the symmetric map much more closely describes the trajectories than
the perturbed twist map. The phase space curves obtained by the symmetric
map are symmetric with respect to the axes I = 0 and ¥} = 7 similar to the
exact trajectories, while trajectories of the perturbed twist map are slightly
asymmetric.

Fig. 4.1. Several orbits of the Hamiltonian system (4.17) in the (¢, I)-plane ob-
tained by the symmetric map (dotted curves) and the perturbed twist map (dashed
curves). Solid curves describe the exact orbits. Parameters are e = 0.03, 2 =0
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4.2.2 Accuracy of the Symmetric Map

The accuracy of the symmetric map is studied on two examples: for the com-
pletely integrable Hamiltonian system (4.17) and for the standard Hamil-
tonian (3.25). In the first case the map solutions are compared with exact
solutions. We also integrated these model Hamiltonian systems by one of
the most accurate symplectic integration methods, namely the fifth —order
explicit Runge-Kutta method described in Section 1.5.

First consider the integrable system (4.17). We have considered the two
cases, time-independent ({2 = 0) and time-dependent ({2 = 1) perturbations.
The amplitude € is taken equal to € = wi = 0.01. We have taken a set of
initial conditions (¢ = 0,1 = L), (2 < I; < 2 + I) for trapped orbits
and integrated the system up to t = 47 x 10* by the symmetric map and
by the symplectic integrator of McLachlan & Atela (further we abbreviate
it SI). (Here Is = 2wq is the value of amplitude I at the separatrix). The
root-mean-square energy error || H — Hy ||2, defined as

N
1 2
| H— Ho |3= N kgl (H(ﬁk,fk,tk) - Ho) :

is calculated over all instants time t;, = 27k (k=1,..., N = 2 x 10%). They
are shown in Fig. 4.2 as a function of the oscillation amplitude I;: a) describes
the time-independent case {2 = 0, and b) the time-dependent case 2 = 1.
The map step is 7 = 7, and the integration step of the SI is At = 7/100.
Curve 1 corresponds to the SI, and curves 2, 3 describe the map results. The
curve 2 corresponds to the map with the first order generating function Sy
(4.18), and curve 3 corresponds the case when the second order generating
function Sy (4.19) is also included, i.e., S = S + €55.

As can see from Fig. 4.2, the energy errors of the SI in the time-
independent case on several orders smaller than for the map. However, in the
time-dependent case accuracy of the SI is significantly deteriorated whereas
the accuracy of mapping has not been changed. Moreover, the energy errors
of the SI become on two order higher than for maps. Inclusion of the second
order of the generating function S5 improves the accuracy of the map more
than on two or three orders. Particularly, it reduces the energy error by a
factor of 167 at the value of (I — £2)/I, = 0.5. At this value of I the ratio of
energy errors of the SI, the map with the first order generating function and
with the second order generating function is 832:167:1 for the time-dependent
case (2 = 1). Therefore, the accuracy of the map at the fized time-step T does
not depend on the frequency {2, while the accuracy of the SI significantly de-
pends on {2 and it deteriorates with increase of {2 at the fixed integration
step At.

For the non-integrable standard Hamiltonian system (3.25) the accuracy
of the map was also tested by integrating the system forward in time up to
a certain time instant t¢,,,, then reversing it back in time to the initial time
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Fig. 4.2. Relative root-mean-square energy errors | H — Ho || /Hs (Hs = w}) for
the system (4.17) as a function of oscillation amplitude I. Parameter ¢ = wg = 0.01:
(a) perturbation frequency 2 = 0, (b) £ = 1. Curve 1 corresponds to the SI with
the integration step At = 7/100. The map step is 7 = 7. Curve 2 corresponds to the
map with the first order generating function S (4.18), and curve 3 — S = S1 + €S2
(4.19)

instant ¢g. We checked how close the orbit comes back to the initial point. The
accuracy significantly depends on whether the orbit is regular, or chaotic. For
this test we have integrated the Hamiltonian system (3.25) with the initial
coordinate (I, o) from the time instant ¢ = 0 up to t = t,,4, and reversed
it back in time. Let I;(¢) and I(t) be the component of the forward orbit
and the backward orbit, respectively. The difference of these components
|I7(t) — I(t)| are plotted in Fig. 4.3 as a function of t,,q, — t: a) describes
the case of a regular orbit with the initial coordinates (Iy = 2,99 = 0.67); b)
corresponds to the chaotic orbit with (Iy = 2,%y = 0.027).

In both Figures curve 1 describes the results of the SI with the integration
step At = 27/4000, and curve 2 is obtained by the map with the time step
7 = 2m. One can see from Fig. 4.3a that the accuracy of the map reversibility
for the regular orbit is much more higher than one of the SI even with very
small integration steps: for tmee = 27 x 10 the regular orbit is reversed
back to the initial point with accuracy less than 107'0 while for the SI the
accuracy is of order of 1072, The error is growing linearly with time.

From Fig. 4.3b it follows that the accuracy of the map is also much higher
for chaotic orbits than one of the SI. However, due to exponential growth of
round — up operation errors the time t,,,, for the reversing back of a chaotic
orbit to the initial point with the accuracy 10710 is less than t,,qe ~ 27 x 50.
The reversibility of a chaotic orbit by the SI is much worser. The much
higher reversibility of the map is mainly due to its symmetric from (4.6)—
(4.8) which is invariant with respect to the map reversing transformation
k<~ k+1, H— —H. The latter property of the symmetric map expresses
the invariance of Hamiltonian equations (1.1) with respect to the formal time
reversing transformation t — —t, H — —H.
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Fig. 4.3. Accuracy of time-reversing for the SI (curve 1) and the symmetric map
(curve 2). (a) for the regular orbit; (b) for the chaotic orbit. Initial coordinates of
the regular orbit is (Ip = 2,99 = 0.67), and chaotic orbit (I = 2,99 = 0.027).
The integration step of the SI is At = 27/4000, the map time-step 7 = 27, tmaee =
27 x 103, The parameters are K = 1.5, M = 10

Therefore, for the exact integrable system we have shown that the sym-
metric map with the large time steps 7 of order of perturbation period 27/ (2,
(1 ~ 27/12) can achieve the higher order accuracy of calculations as the sym-
plectic integration methods with the two order smaller integration steps At
than 7. However, the symplectic method requires at least one order shorter
computational times than the symplectic integrator. The more detailed study
of mapping accuracy can be found in Abdullaev (2002).

A proposed method to construct symplectic maps for generic Hamiltonian
systems can be considered as a new alternative method of symplectic inte-
gration. It has several advantages over the standard symplectic integration
methods, especially in the cases of highly oscillatory systems. For instant,
the latter can be hardly applied to integrate the standard Hamiltonian sys-
tem (3.25) with a finite, but large number of harmonics M since it becomes
highly oscillatory. One needs to take very small integration steps At in order
to get results with sufficient accuracy. The most convenient way to integrate
such systems is to apply the symmetric maps (4.6)—(4.8). The maps with a
time step of order of perturbation period have a sufficiently high accuracy.
Moreover, for the fixed time step the accuracy of mapping does not depend
on perturbation frequency (see Abdullaev (2002) for more details).

4.3 Mappings for Hamiltonian Systems
with a Broad Perturbation Spectrum

Consider specific Hamiltonian systems for which symplectic mappings can be
significantly simplified. In practical applications one encounters Hamiltonian
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systems subjected to perturbation with a broad spectrum. These systems can
be described by the Hamiltonian in the form

H(ﬁalvt) :HO(I) +€H1(ﬂalat) )

M
Hy(0,1,6) =V(9,1) Y cos(nf2t), (4.24)

n=—M

which contains a large number M >> 1 uniformly distributed harmonics in
n. The dependence of perturbation on angular and action variables, (9, ), is
described by V' (¢, I) which is a 27-periodic function of angular variable ¢. It
can be also presented as a Fourier series

Z |Hp (I)| cos(md + xm) = Re Z H, (I)e™” | (4.25)

where H,,,(I) = |H,,(I)] exp(ixm)-

The method of delta functions to construct maps for these systems and its
difficulties were discussed in Sect. 3.3. A mathematically correct and phys-
ically reasonable approach to construct symplectic maps for these systems
would consist of two steps: first, to obtain a map for the finite mode number
M and then to consider the limit M — oco. Such a method would avoid the
uncertainty in integration along periodic delta functions discussed above.

Presenting the perturbation Hamiltonian H; in the form

Hi(9,1,t) —eRe{Z > Hy(I)e'tm= “”ﬂ} , (4.26)

m n=—M

the first order generating function S; given by (2.35) for the Hamiltonian
(4.24) can be written as

S1(9, Jt,to) = Re Y iH,,(J)e™”

m

eXp ant) ( —i(mw(J)—nQ2)(t—t ))
E 1- : 0
x mw —n{? €

M —inf2t

ReZz‘Hm(J)e”””< > m
m n=-M

mo-t) e
e tmw —to - 4.27
¢ HZE_:M mw(J)—n2 |’ (4.27)

where w(I) = dHy(I)/dI is the frequency of motion. Consider the asymp-
totics of S1(9, J,t) at the limit of large mode numbers M >> 1. We use the
formulas
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0 in$2t 7.‘_ei[tﬁ]a e 1

e Z ™
a—n sinma’ a—n tanma’
n—=——oo n=—oo

where [t] = t — (2k + )7/ and 27k/02 < t < 2n(k +1)/02, (k =
0,41,42,...). For any arbitrary time-instants ¢, in the interval 27k/2 <
t,to < 2w(k + 1)/ we have

_ H imd ;
S1(9, J,t,to) Reé;l m e (1))

(e—i[t]mw(J)/Q _ e—imw(J)(t—to)e—i[to]mw(J)/Q) oMY =0M™Y

)

i.e., the generating function S;(J, 4, t) vanish with large M > 1 (we suppose
that the frequency |w(J)| is finite, |w(J)| < M) as

Sy (9, J,t,tg) ~ O(M™1) . (4.28)

However, at the time instants ¢ = ¢, = 2wk/2 £ 0 (or [t] = Fr /) and ¢
in the interval 27k /2 <ty < 2w(k + 1)/{2 the generating function S (J, 9, t)
has the finite asymptotical value for M > 1, i.e.,

. . . imﬂ;
Su(0 .t = 2k 0,t0) = Re Y i)™ Gt

(cos(ww(J)/Q) - eiimw(‘”m> +O(M™1)
- iﬁRe;Hm(Jwﬁ +O(M™Y),

or

Sy(0, J,t = 2mk £ 0,t0) = i%V(ﬂ, J)

= i% > [H ()] cos(md + xm) - (4.29)

According to (2.37) the higher order generating functions S;(¥, J, t) are given
by

t
Si(9, T, 1, 1) = — / W), J.4)dt . (4.30)
to

The second order generating functions Se vanishes at the limit M — oo at all
time-instants ¢ because of the property (4.28) and the definition of the func-
tion Fy (2.12). Similarly, the higher-order generating functions S;(¢, J,t),
(¢ > 2) vanish also, because the polynomial functions F; of derivatives
051/09,...,08;-1/90 on the right-hand side of equations (2.11) vanish at
the limit M — oco. Therefore, the generating function S(4, J, t) is determined
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only by the first order generating function S (9, J,t) for arbitrary values of
the perturbation parameter e. The corrections to the perturbed frequency
w(J, €) are also vanish at the limit M — oo, i.e., w(J,€) = w(J). Thus the
symmetric map (4.6)—(4.8) can be presented in the form

B 05 (Vg Jk) B 0S (U, Ji)
Jp =1, — € a0, , Y =V + € o, , (4.31)
— J,
b = i, + 2w—w(9’“) , (4.32)
0S5 (Vk41, J - 0S (W41, J
I = Ji — e(as;llk) . Ohe1 = U+ 6# . (4.33)
where the generating function is determined by
T m
S(9,J) = ﬁvw, J) = o ; |H, (J)] cos(md + Xom) - (4.34)

The time step 7 of the map (4.31)—(4.33) is equal to the period of perturbation
21/ 0.

In a case when the perturbation harmonics, H,,(J), does not depend on
the action variable J the mapping (4.31)—(4.33) is further simplified. Indeed,
this case S(9,J) = S(¥) and the map is reduced to

98 (I)
0,
w(Jk)
Q Y
98 (Vg41)
M1

JkZIk—G

Opy1 = Op + 27 (4.35)

Ik+1 =Jk—6

This map can be called a symmetric radial twist map. The radial twist map
of type (3.23) can be obtained from (4.35) for the mapping (9, Jp—1) —

(19k+17 Jk>7 i.e.,

05 (k)

w(Jk)
09, '

N

Jp = Js1 — 2¢ ﬁk+1 =, + 27 (436)
Therefore, the action variable I in the radial twist map (3.23) does not co-
incide with the original action variable in a continuous Hamiltonian system.
In other words, the variables (¢, J) are not canonical. The mapping for the

original canonical variables (¢, I) has a symmetric from (4.35).
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4.3.1 Non-Symmetric Forms of Maps

For the Hamiltonian system (4.24) one can also construct maps in non-
symmetric forms (4.9), (4.10). However, the generating functions of these
maps have more complicated dependence on perturbation harmonics, H,,(J),
and the frequency w(J).

To be more specific we construct the map of the form (4.9) by putting
t=1p,+0=2rs/24+0and tyg =try1 —0=2m(s+1)/2—0in (4.27). Then
at the limit M — oo the generating function 57 is reduced to

5(19, J) = 51(19, J, tk +0,tk41 —0)

- z ) i 1— eiQﬂmw(J)/Q
= QRQ;ZH’”(J e e (7))
2 1. [2mmw(J])) .
-5 %: |H, ()] [ — 5 sin (_Q) sin(md + xm)
+ cos? <7rm;u2(J)) cos(md + Xm):| . (4.37)

The higher order corrections S; (i > 2) vanish at the limit M — oco. Thus
the mapping (4.9) takes the form

0S (Vg Ip41)
oYy, ’

w(Ik_H) + €6S(Q9k,fk+1)
Q Oy

Ik+1 :Ik—e

19k+1 = + 27 (4.38)

Therefore, one cannot obtain the perturbed twist map in the form (3.5)
determined by the generating function depending only on the perturbation
harmonics, Hy,(I), similar to the one (4.29). The generating function (4.37)
depends on the action variable I not only through the radial dependence of
the harmonics, H,,(I), but also because of the dependence of the frequency
w(I) on I.

The approximate nonsymmetric mappings of type (4.9) can be also ob-
tained from the symmetric mapping (4.31)—(4.33) for the intermediate vari-
ables (¢, ), i.e.,

(Vry Je) = (Vrs1, Jet1) (4.39)

for the small values of the perturbation parameter e. Indeed, using (4.31)-
(4.33) the mapping for these variables can be written as

B
Jostr = Tk — 5o [S Wi, Jur) + SOpsr, Ji)]
2 09,
; - w(g1) | € [0SWOks1, Jit1) | OS(Fnt1, Jk)
= 2 — 4.4
Vrt = Uk FIT0 DTkt oy (4.40)
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According to (4.31), (4.33) for small values of € we have

- 0S(Vg41,
SOkt1, Jiy1) =S (Ws + 6$, ch+1)

~ S(’(Z}kak+1) + 0(6) )

0S(Vpy1, Ji)
oJ ’

(S Jess) + SBipns Ji)] ) ~ S0 Jesr) + O6)

S(Vrt1, Jk) = S('Q/_Jk + €
€
Jk+1 + 5871916

Using these approximations and neglecting in (4.39) the small terms of order
of €", n > 2, the mapping (4.39) can be written in the non-symmetric form
(4.9) with the generating function S(¢y, Jx+1) given by equation (4.34).

4.3.2 Standard Hamiltonian and Corresponding Mappings

In the case Ho(I) = I1?/2, ¢ = K/47w?, H,,(I) = §,;n1 and 2 = 1 the Hamil-
tonian (4.24) coincides with the standard Hamiltonian (3.25) discussed in
Sect. 3.4. According to (4.34) the generating function of the standard Hamil-
tonian is equal to S(¢) = 7 cos ¥ and the corresponding map takes the form

K
Jp = I + —sindy ,
4
Q9k+1 = 19]@ + 27rw(Jk) s (441)

K .
Ik+1 =J+ ESlnﬂk_H .

We will call this map as a symmetric standard map. It is valid for arbitrary
value of perturbation parameter K. It has been first obtained in Abdullaev
(1999) for small values of K, and for the arbitrary values of K in Abdullaev
(2002).

The standard map of non-symmetric forms (3.24) and (3.26) may be ob-
tained from the symmetric radial map (4.41) for the variables (Ji, Jk), i.e.,

K
Jk = kal + 2—Sin19k 5 ﬁk+1 = ’lgk + 27TJk s (442)
Y[
for the mapping (Vg, Jx—1) — (Y41, Ji) or
K
Vpr1 = Vg + 21 Jy, Jpr1 = Jk + o sin ¥g41 , (4.43)

for the mapping (9%, Jx) — (%41, Jg+1). One can see from these mappings
that the action variable J in the standard map does not coincide with the
action variable I in the standard Hamiltonian (3.25). Therefore, the variables



70 4 Method of Canonical Transformation for Constructing Mappings

(9, J) in the standard mapping are not canonical. One should note that the
canonical mapping for the standard Hamiltonian can be obtained in the non-
symmetric form (4.38), (4.37). It gives the mapping (3.29) given in Sect. 3.4.

Poincaré sections, the sequence of phase space coordinates (I, ¥y ), of the
symmetric standard map (4.41), and the standard maps (4.42), (4.43), and
the non-symmetric mapping (3.29) are shown in Fig. 4.4 for the perturbation
parameter K = 0.7. The symmetric standard map (4.41) very well reproduces
Poincaré section obtained by the integration of the standard Hamiltonian
system (3.25) and by the symmetric map (4.6)-(4.8) with the generating
function (4.27) with a finite number M (see Abdullaev (2002)). The non-
symmetric map (3.29) also reproduces these results, but with less accuracy
(Fig. 4.4d): the width of the stochastic layer (a dark area) is smaller than in
the case of the symmetric map, and the invariant curves are slightly deformed.

For K > 1 the system exhibits unrestricted chaotic motion along the
action variable I. We have compared the second moments of displacement
o%(t) = ((I(t)—(I)?) of such a motion obtained by three different methods: by
the symmetric map (4.6)—(4.8) with the generating function S (4.27) taking a
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Fig. 4.4. Poincaré sections for the standard Hamiltonian in the (¢, I)-plane ob-
tained by (a) the symmetric standard map (4.41), (b) the standard map (4.42),
(c) the standard map (4.43), (d) the map (3.29). Parameter K = 0.7
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finite number of harmonics M = 20, by the symmetric standard map (4.41),
and by the standard map (4.42). The initial stage of evolution of o2(t) are
plotted in Fig. 4.5 for the perturbation parameter K = 2. As seen from
Fig. 4.5 the symmetric standard map closely describes the system with a
finite M (curves 1 and 2), while the standard map predicts a noisy behavior
(dotted curve 3).

o(t)

0 20 40 60 80 100
t2n
Fig. 4.5. Second moment of displacement o”(t) obtained by three different meth-
ods: solid curve 1 corresponds to the symmetric map (4.6)—(4.8) for the standard

Hamiltonian (3.25) with M = 20, dashed curve 2 — to the symmetric standard map
(4.41), and dotted curve 3 — to the standard map (4.42). Parameter K = 2.0

In summary, the Hamiltonian system (2.2), (2.3), (4.24) with a broad
perturbation spectrum, M > 1 and arbitrary perturbation parameter, e,
can be replaced by the symmetric mapping (4.31)—(4.33) with the generating
function (4.34) or by the non-symmetric mapping (4.38) with the generating
function (4.37). The mappings in non-symmetric forms of type (4.9) with
the simple form (4.34) can be obtained only approximately for the small
perturbation parameter, ¢ < 1, in terms of the intermediate variables that
are not identical to the original variables of the Hamiltonian system. The
differences between the original variables and the intermediate variables are
of the order of the perturbation parameter.

4.4 Mappings with Lie Generating Functions

Symplectic mappings can be also constructed using the time-dependent Lie
transform method (see Sect. 2.3.4). In this case a map is determined by the
time-dependent forward and inverse Lie transformation operators, T(t,to)
and T—1(¢, to):

(Oht1, Tig1) = T (tegrs to) Do (tesns te) T (tk, to) (D, i)
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where T (t11,tx) stands for the evolution of transformed Hamiltonian sys-
tem with H(J, €) in the time interval (tx, tx+1). Taking into account the first
order terms of perturbation series for the transformation operator T the map
can be presented in the form similar to the symplectic maps (4.6)—(4.8) in
which the generating function of mixed variables S(¥, J,¢,to) is replaced by
the first order Lie generating function Wi (J, 4, t,to):

EaWI(ﬁka Ikatkato)

Je=1Ij —
k k a'ﬂk )
OW, (O, T, i, t
vn = Oy + 2100 st o) | (4.44)
oIy,
Vi1 = VY + w( g, €) (1 — tr) , (4.45)
oW aJ ,t ) b
Losy = Jy + ¢ 1(Vks1, ks teg1, to) ’
OVt
oW T teast
V1 = Y1 — € 1(wk+laj: k+1, o) . (4.46)

where W1 (¢, J, t, o) is determined by the formula (2.34) for Sy (¢, J, t,tg) re-
placing the variable ¥ by ¢. The main advantage of the maps (4.44)—(4.46)
is that the transformation of variables are determined explicitly, unlike the
mapping (4.6)—(4.8) with implicitly determined variables. It allows to inte-
grate Hamiltonian system very fast.

However, mappings with the Lie generating functions have a serious short-
coming since they are not area—preserving. They cannot be used to study long
term evolution of Hamiltonian systems, especially in non-integrable cases. As
was shown in Sect. 2.3.5 in the example of the Duffing oscillator that the
transformations with the Lie generating functions describes well the evolu-
tion of system in non-resonant cases over sufficiently long time intervals, but
it fails in the resonant case.

Consider, as an example, the application of maps with the Lie generating
function to the Duffing oscillator (2.43). The first order generating function
S is determined by (2.49). The Lie generating function W is equal to S7 with
replacement of ¥ by 1. The phase space of the oscillator in the (x,p)-plane
obtained by the symmetric map is shown in Fig. 4.6 for the non-resonant
(a) and resonant (b) perturbations. The time-step of maps is 7 = 27/2, the
frequency wg = 1. The perturbation parameter ¢ is taken equal to 0.01 for
the non-resonant case with the frequency of external perturbation 2 = 1.5,
and € = 0.001 for the resonant case {2 = wy = 1.5.
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Fig. 4.6. Poincaré sections of the Duffing oscillator in the (x, p)-plane obtained by
the symmetric map (4.6)—(4.8). (a) Non-resonant case {2 = 1.5, the perturbation
parameter ¢ = 0.01; (b) Resonant case: 2 = 1, the perturbation parameter ¢ =
0.001. Parameter wo = 1

We have calculated a deviation of action variable I obtained by the maps
from the one calculated by the direct integration of the Duffing equation
(2.43), i.e., AI(t) = |Ijmap — Legn|- The time — dependence of AI(t) for the
non-resonant case is plotted in Fig. 4.7 for the orbit with the initial value of
I =0.145. As can see that the relative deviation for the map with the mixed
variable generating function does not grow, and it does not exceed a level
5 x 1073, However, for the map with the Lie generating function AJ(t) grows
with time and it reaches the relative level 0.02 at the time ¢t = 27 x 103.

In the resonant case {2 = wy the relative deviation A(t)/Iy for the map
with the Lie generating function becomes of order of 1 at very short time
t ~ 2007, for the map with the mixed variable generating function it reaches
the level of 10% after very long time ¢ = 2 x 10%.

Therefore, the maps with the Lie generating function can be used to
description of short term evolution of nonresonant orbits, while maps with
mixed variable generating functions are useful to study the long-term evolu-
tion of system under resonant perturbations.

4.5 Poincaré Maps at Arbitrary Sections
of Phase-Space

The described method of canonical transformations to obtain symplectic
maps along time can be also applied to obtain Poincaré map at the arbitrary
section of phase space. Here we construct Poincaré maps for Hamiltonian
systems in action-angle variables.

To be specific we consider the section X' of phase space where the angle
variable 9 is fixed (by module 2r). Since the condition ¥, = dH/8I, =
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Fig. 4.7. Time-dependence of deviation of the action variable AI(t) = |Imap(t) —
Icgn(t)| obtained by the mappings from the one obtained the direct integration of
the Duffing equation in the non-resonant case. Curve 1 corresponds to the symmet-
ric map, curve 2 — to the map with the Lie generating function. Parameters are
=001, 2 =15 w =1

w1 (I) > 0 is always satisfied one can formulate Hamiltonian equations with
the angle ¥; as an independent “time” -variable (see Sect. 1.1.3). We in-
troduce notations ¥ = (¥, --,9n), I = (Iz,---,Ix). The corresponding
Hamiltonian function K = K (t,9, ps, I,9,) = —I; can be obtained by invert-
ing the original Hamiltonian H (9, I, t) with respect to the action variable I;.
The time t and the energy h = —H are conjugated canonical variables. The
Hamiltonian equations of motion in these variables are

dt 0K dh 0K
= — = 4.4
dy,  Oh’  d¥ ot ’ (4.47)
dv; 0K al; 0K
d'l91 o ({9]1 ’ dﬁl B aﬂl ’
Suppose that the original Hamiltonian H is presented in the form (2.3).

Since the perturbation parameter € is small then the Hamiltonian K can be
always written as an expansion series in powers of e:

(i=2,...,N). (4.48)

K = Ko(h,I) + €Ky (t,9,h,I,91) + €Ky(t,9,h, I,9,) +---, (4.49)

where K is the unperturbed Hamiltonian obtained from the original unper-
turbed Hamiltonian Hy(I), and K; (i = 1,2,...) are the perturbed parts of
Hamiltonian. The relation between the new Hamiltonian K; and the original
Hamiltonian Hy, H; can be found by expansion

ol

K =—1(Hy+eHy) = —1(Hy) — eHi g = 2 H?

0’1

s T (450)
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Comparing the presentation (4.49) and the expansion (4.50) we obtain

Ko(h,I) = —1,(Hyp),

= = I
Ky, 0,h,T,00) = —eHh 0L
0’1

Ko(t,9,h,I,91) = —eQHfaHz,---

(4.51)

The functions K; (i = 1,2,...) are the periodic functions of the “time” vari-
able 1 with the period 27, and they can be presented by Fourier expansions

Ki(t,0,h,1,91) =Y K (h, D)™ =met (4.52)

The unperturbed frequencies of the system (e = 0) (4.47), (4.48), (4.49)
are

0K, 0L, 0H, 1
Oh  OH 0H — w’
_8K(] o 8[1 BH_wZ-
0L, 9Hy 9,  wi’

l/t(h,j) =

I/i(h, I)

i=2,...,N, (4.53)

where w; = w;(I) = 0Hy/0I;, (i = 1,...,N) are frequencies of the original
unperturbed Hamiltonian system with Ho(]).

Poincaré map at the section X' (91 (mod 27)= const. ) can be constructed
similar to the time-step map (3.2). The time instants ¢, should be replaced
by ¥x = 2mk+ const. (Furthermore we will omit the subscript “1” in the
notation of the angle variable 91, and set const=0). Let (tx, Oy, hy, I;) be the
k-th crossing point of the orbit (¢(9),9(9), h(99), I(9)) with the section X.

Using a procedure described in Sect. 4.1 one can construct a return
(Poincaré) map to the section X, i.e.,

(trsts Opsts Pirt, Ton) = M (tg, O, by, ) - (4.54)

The corresponding map is similar to (4.6)—(4.8), it has the form

T T 8Sk - 3 65;.3
Jp =1, — e— =9 —
k=1 6819;.3’ i, k+€8Jk’
Vi1 = r, + A%a(H, J,e€) (4.55)
- - oS - - a5
Ik+1:Jk+€ kil ﬂk+1:wk+17€ kol

M1 Oy

for the action-angle variables (9, I), and
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B S}, B S},
Hi = hy eaitk’ Zc—tk+68Hk7
’]_];?+1 = ,]76 + A’L?Wt(H, ja 6) ) (456)
8Sk+1 6Sk+1
= . — T P
hiy1=Hi +e Dtrry the1 = Tpqp1 — ¢ T

for the energy-time (¢, H). Here Sy = S(t, Ok, Hp, Jr,9 = 27k, Do, ¢),
Sra1 = S(trsr, Vet He, Ji, 9 = 2m(k + 1),90,€). The map step Ad along
the independent variable ¥ is equal to 2w. The generating function S =
S(t,9,H, J,9) determines the changes of variables (t,9,h,I) — (T ,¢,H,J)
which transforms the Hamiltonian K (t,9, h,J,9,¢€) (4.49) into the new one
Ko = Ko(H, J, €). The perturbed frequencies of the system are
- oK J,e . oK J, e
W(H,J,€) = 70(;? 9 wW(H, J,e) = 70% 9

In order to improve the accuracy one can take smaller map steps Ad. It
is convenient to set A = 27/s, where s > 1 is an integer number. Then the
Poincaré map (4.54) is obtained by applying the map (4.55), (4.56) s times.

According to (2.34) the generating function S in the first order of € is
determined

9
Sy (4,9, H, J, 0, 90) = — / Ky (@), 00, H, J,9)dy .  (4.57)
Jo

where the integral is taken along unperturbed trajectories J(9') = () +
v(H,J)(¥' — ). Using (4.51) and (4.53), (4.57) may be rewritten in the
terms of unperturbed trajectory ¥(t') = 9(t) + w(J)(t' — t) of the original
Hamiltonian Hy(I):

t
Sy (t,9,H, J,9,90) = /Hl(t’,ﬁ(t’), J)dt' . (4.58)
to

where times ¢ and t( are located in the interval ¢, < t,tg < tx41, where ¢ is a
time instant when the trajectory 9(t) crosses the section X, i.e., ¥ (t) = k2.
Consider the two degrees of freedom Hamiltonian system

H(q1,q2,p1,p2) = %(p? +p5 +wig +w3e3) + e |:QI(]2 - iqé} . (4.59)
It describes the interaction of two coupled oscillators. In the case e = 1 it
coincides with the Henon-Heiles model Hénon and Heiles (1964). The oscil-
lation along ¢ coordinate with a frequency w; is linear, and the one along
the ¢o coordinate with a frequency ws is a weakly nonlinear. The parameter €
stands for the strength of interactions of oscillators, as well as for the degree
of nonlinearity.
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In action-angle variables (9;, I;) introduced as

qi = \/2I;/w; sin?; , p; =/ 2L;w; cosv; , 1=1,2,

the Hamiltonian can be rewritten as

H:HQ(I]_,IQ,E)+€H1<’l91,192,[1,[2> 5 (460)
31

Ho(I1, L) = w11 +wyly (1 - e§> , (4.61)
8ws

I 1
Hi (91,09, 11, 15) = wlwz [cos(9; — V) — cos(Wy + V2)]
1

A

+ 2w3

(cos 2009 — i cos 4192) . (4.62)

According to (4.51), for the small perturbation parameter ¢ < 1 the expan-
sion terms Ky and K; of the Hamiltonian K (4.50) with the angle ¥; as
independent “time” variable are

h 31
Ko(h.I2) = — + Y2 (1 - ewé> , (4.63)

K1 (Y1,99,h,I5) = —H(V1,02, —h — I5, I5)

—h —wals)I
= (uff(ng)Q [cos(¥; — ¥2) — cos(P1 + J2)]
+ I3 cos 209 — 1cos 49 (4.64)
2wy w3 Ty 2) )

The frequencies vo and v; determined by the unperturbed Hamiltonian (4.63)
are

8K0(h,]2) w2 3_[2 8K0(h,12) 1
=—— < =11 y Vg = ———(——
oh w1

VQ(IQ) = 6[2 = o1 - 6@ = —. (465)

According to (4.57) and (2.35) the first order generating function S(¢, ¥,
H, J2,19,70) associated with the map (4.55), (4.56) is determined by
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—h — waJa)J:
(0,92, H, o, 0,0) = —(0 — )y | 2T
Wiwsa
X Z a(zy,) cos(Vy — nd) + b(x,,) sin(de — nd)]
n==x1
J2 9 m/2 .
+(0 — ﬁg)m m;4 <m> (a(xm) sin mda + b(x,,) cos m192) ,
(4.66)

where z,, = (v2(J2) — n) (¥ — Vo), T = mua(J2)(d —Yg), and I = V.

In order to obtain the Poincaré section in the (gq,p2)-plane with ¢ =
0, where ¥ = 0 (or ¥ = 7) one should apply the map (4.55) (i, ) —
(U141, Ir+1) with the map step A = 27/s successively s times. Figure 4.8
shows the corresponding Poincaré section for the resonant case wi; = wo with
the perturbation parameter ¢ = 1072, The map step is s = 2 and the energy
of system is taken equal to E = 0.4. It well reproduces the Poincaré section
obtained by the direct integration of the Hamiltonian system (4.59) using the
standard symplectic integration scheme.
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Fig. 4.8. Poincaré section of the system (4.59) in the (g2, p2)-plane with ¢1 = 0
plotted by mapping (4.55). The perturbation parameter ¢ = 1073, and the map
step Av =7

4.6 Method of Successive Canonical Transformations

The mapping method developed above uses only one canonical (forward and
backward) transformation of variables, (9,1) — (¢, J), with the generating
function S sought as an expansion series in powers of perturbation parameter
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€ €S =eS1+€e2Sy+ - +€mS,,. The difference between the exact generating
function and the one with m terms is of order of e™*1.

The mapping (Vg41, lkt+1) = M(??k,fk) can be also constructed using
the Kolmogorov's technique of successsive canonical transformations (see
Sect. 2.4). Below we describe the corresponding scheme of this approach.
We present the corresponding mapping in the following form

(Opg1s Togr) = M_NMoMy (93, I1,) (4.67)
of three successive mappings M+, Mg, and M_ which stand for
(P, k) = My (95, I)

(ks Thar) = Mo(¢r, Ji) (4.68)

Vst Tus1) = M (g, Jos1)

respectively. We construct the first map M+ as a sequence of maps M+ =
MJ(rm) e MS), corresponding to the successive canonical change of variables

O, I) — (W, Ty = oo @™ g™y (4.69)
at the time instant ¢t = ¢;. This transforms the Hamiltonian as

H()(I) + €H1(19, I, t)
= HS(TD, e, t) + EHD (D, TV 1 e)

S
— (T, €) 4 R (0, T, 1) (4.70)

Each of steps in (4.69) is given by the generating functions Fj = J#) .qp(=1) 4
62(171)S(i)(J(i)7¢(i_1),t,to), (it =1,---,m), associated with the map ]\;[J(:) at
the ¢-th step

Y

s 5 e
k P =D e iy 41D
k

31/);(3_1) g

g = g -

where S,(f) = SO(JO =1 ¢t =t ty). It is determined by the perturbation
function Hgl) (@, JO 1 €)

SO (D =1 ¢ 40) = — / HED IO @), D), ¢, e)dt . (4.72)
to

In (4.72) the integration is taken along the unperturbed orbit

J@ = const, YD) = wi(JD, ) — ) + V(1)
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of the Hamiltonian H( (J®, €) with the frequency w;(J® €) = 87-[( )/3J
(d)(o) = 197 Hgo = )

The map M simply determines evolution of variable (1&,(67”), ka)) in the
time interval:

T =g, 5 = ™ o, (T ) (trsr — 1) - (4.73)

Finally the map M_ = M" M. 7™ carries out the transformation of
the new variables (¢k+17JI£TD at the time ¢ = ;41 back to the original

variables (g1, Tx+1):
(@B T = o = G, ) = W ) (4.74)

at the time instant ¢ = ¢, 1. Each of the successive steps of the map Mﬁl) is
given by

1y 98
=g — 2 ’(”)1 (4.75)
¢k aJk-i—l

(267D 5Sk+1 (Z y

(i-1) _ 50)
Jk:—l Jkl—f—l

where S’,i:_l = SO(JO, w =1 ,t = tkt1,t0), (i = 1,---,m), and (Vp41 =

¢1(c )v Iy = Jk+)1)-

Since this technique possesses the quadratic convergence, the accuracy of
mapping will be higher. However, the calculations of higher order genera-
tion functions are somehow cumbersome that makes the application of this
superconvergent mapping technique to Hamiltonian problems less practical.

4.7 Summary

In summary, we have developed a general method to construct symplectic
mappings for generic Hamiltonian systems. It may be applied to the general
class of Hamiltonian systems which may be composed as the sum of fully
integrable system and Hamiltonian perturbation. The perturbation is not
required to be small. The construction of mappings is based on the application
of the Hamilton—Jacobi method, particularly, the Hamilton—Jacobi equation
and Jacobi’s theorem to Hamiltonian systems in finite — time intervals. The
generating functions of maps are solutions of the Hamilton—Jacobi equations
in finite time intervals. They are found using the time-dependent perturbation
series developed in Sect. 2.3 It appears that the expansion parameter near
the resonant frequencies is determined by the product of the perturbation
parameter and the time step of map. Particularly, it allows one to apply
mapping method to systems with moderately large perturbations taking the
map time-step sufficiently small.
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Symplectic mappings has been also obtained for the Hamiltonian systems
affected by the broad perturbation spectrum. We have considered the limit of
infinite number of perturbation modes. The method to construct mappings
to the arbitrary cross section of the phase space has been also developed.
The superconvergent version for construction of the mappings using the Kol-
mogorov’s technique is discussed.

We have studied the accuracy of mapping method and compared it with
conventional symplectic integration methods, particularly, with the most ac-
curate fifth-order Runge — Kutta symplectic integrator (see Sect. 1.5. It was
found the map with the large time-steps comparable with the characteristic
time scale of system (e.g., a perturbation period) have the same accuracy as
the symplectic integrator with two or three order smaller integration steps.
The most importantly that the accuracy of map does not depend on per-
turbation frequency, and thereby it allows one to integrate highly oscillatory
Hamiltonian systems which are most challenging problem in numerical analy-
sis (see Petzold et al. (1997)).
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A motion near the separatrix of Hamiltonian systems has fundamental generic
features. As was first shown by Poincaré (1892-99) (see also Sect. 7.1.3) any
small time-periodic perturbation splits the separatrices corresponding to sta-
ble and unstable manifolds which leads to the onset of chaotic motion due
to the exponential divergence of orbits with close initial conditions. This
phenomenon creates the zone of phase space in the small vicinity of the un-
perturbed separatrix, so-called a stochastic layer where the motion of system
is chaotic (see Sect. 7.1.3).

The dynamics of motion near the separatrix can be most conveniently
described by the mappings. A mapping near the separatrix, known the sep-
aratriz (or whisker) mapping first introduced by Filonenko and Zaslavsky
(1968); (see also Chirikov (1977, 1979); Zaslavsky et al. (1991)), and its dif-
ferent modifications has been widely used in various problems of physics and
astronomy. It is a powerful tool to study the onset of chaotic motion due to
the separatrix splitting and properties of the stochastic layer (see Sect. 6.6
for bibliographic notes.)

In this chapter we describe a systematic and rigorous method to de-
rive symplectic mappings near the separatrix based on the Hamilton—-Jacobi
method to construct mappings (see Chap. 4). This method allows one to
construct directly a mapping near separatrix in canonical variables. The pre-
sentation mostly follows the papers by Abdullaev (2004b, 2005).

5.1 Separatrix and Mappings

Separatrices are phase-space curves separating regions with the different type
of motion. It connects the hyperbolic fixed point (or points) in phase space.
Two examples of such connections are shown in Fig. 5.1. The saddle connec-
tion is called a homoclinic orbit if the saddle point is connected by itself (see
Fig. 5.1a), or a heteroclinic orbit, if it connects different saddle points (see
Fig. 5.1b). In typical Hamiltonian systems the separatrices are unstable to any
small perturbations'. In particular, a time-periodic perturbation destroys the
separatrix, and the motion near the unperturbed separatrix becomes chaotic.

1 See Sect. 7.5.

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 83-104 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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Fig. 5.1. Phase space structure of system with separatrices: (a) homoclinic orbits
(curve 2) and (b) heteroclinic orbits (curves 2 and 2') connecting different saddles
points

The domain of chaotic motion, the stochastic layer, is formed in the small
vicinity the unperturbed separatrices.

The motion near the separatrix is generic for nonlinear Hamiltonian sys-
tems. It has been studied over a long time because of its importance in nu-
merous physical applications (see Filonenko and Zaslavsky (1968); Chirikov
(1979); MacKay and Meiss (1987)). The description of motion near the sepa-
ratrix by symplectic maps has own specific features. The frequency of unper-
turbed motion, w(I), goes to zero when it approaches the separatrix, w(I) — 0
for I — I, where I, is a value of action at the separatrix. This makes in-
convenient the use the stroboscopic time step mappings (3.2) because of long
calculation times near the separatrix.

As was shown in Sect. 1.4 on the example of the pendulum the spectra
Gm,Pm of phase oscillations given by (1.49), (1.50) become broader while
the motion approaches the separatrix, H — Hy (H, is the energy at the
separatrix) (see (1.51)). The spectrum of phase oscillations, H,,(I), in the
perturbed Hamiltonian Hy (9, 1,t), i.e.,

Hy(0,1,t) = Hyp(I) cos(md) — nf2t) , (5.1)

has a similar behavior near the separatrix, H,, ~ m~—?. In typical cases the
exponent 3 becomes less than 3 near the separatrix. The perturbed Hamil-
tonian Hy(9,I,t) approaches to a singular §—like function of angle variable
3.

The first attempt to construct area—preserving mapping to describe the
dynamics of motion near the separatrix has been taken by Filonenko and
Zaslavsky (1968) for the periodically driven pendulum. They had derived
a symplectic map (9, Ix) — (Vg41, k1) for action-angle variables (¢, 1)
with the time step equal to the half of period of phase oscillations in 9. The
mapping (H,tx) — (Hgt1,tk+1) of the energy (H) and time (¢) variables
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over half of phase oscillations in ¢ has been derived by Chirikov (1977, 1979);
Zaslavsky et al. (1991). This definition of mapping is more consistent with the
Hamiltonian formalism with the angle variable ¢ as an independent time-like
variable (see Sect. 1.1.3). Below we recall this map known as the separatriz
(or whisker) map.

5.1.1 The Conventional Separatrix (Whisker) Map

Consider the periodically-driven pendulum described by the Hamiltonian

2
H(q,p,t) = % — W2 cos q + 2ew? cos g cos Nt (5.2)
where wy is the frequency of small oscillations, € and {2 represent the ampli-
tude and the frequency of perturbation, respectively.
We recall that the unperturbed system (e = 0) has elliptic fixed points at
(¢ = 2mn,p = 0) and hyperbolic fixed points at (¢s = 27 (s + 1/2),ps = 0)
(nys = 0,£1,+2,...) (see Sect. 1.4 and Fig. 1.4, 5.1b). The separatrices
(curve 2) connecting the saddle points gs,ps with gs+1,ps+1 separates the
trapped orbits (—w2 < H < w3) (curve 1) from the un-trapped ones (H >
Hy = w?) (curve 3). The period of trapped orbits T(H) = 27 /w(H) has the
following asymptotics near the separatrix H = Hj:
1. 32w

T(H)=—1In

2
wo |H _wg| + O(|H WOD ’ (53)

for H — wj £0.

The orbits on the separatrices (H = w?) are

Fwo(t —tg)] — 1

(#)(¢) = 4arctan expltwy 0

0= (1) exp[two(t —to)] + 1~
2(4)0

pE () = im ; (5.4)

where the signs (4) correspond to the upper (curve 2) and lower branches
(curve 2') of the separatrix, respectively, and ¢y is a time instant when the
orbit crosses a mid-point between two sequential saddle points.

The perturbation (e # 0) destroys the separatrix for any small amplitude
of perturbation e forming the stochastic layer near the unperturbed separa-
trix shown in Fig. 5.2. In order to describe the motion near the destroyed
separatrix Chirikov (1977, 1979) introduced the map (tx, Hi) — (tkt1, Hp+1)
as the increment of the time, At(ty, Hy), and energy, AH (t, Hy), over the
half of phase rotation in phase space:

Hyi1 = Hy + AH(ty, Hy,)
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-0.5 0 0.5

Fig. 5.2. Stochastic layer near the separatrix

tey1 = tr + At(ty, Hk) . (5.5)
It is required that the mapping (5.5) should be area-preserving: |0(Hy41, ti+1)
JO(Hi 1) = 1.

The energy increment, AH, is found using the equation for the evolution

of energy H
dH OH
dt ot
Integration of this equation along the unperturbed orbits (5.4) on the sep-

aratrix is reduced to the Melnikov integral (Melnikov (1963), and see also
Chirikov (1979); Lichtenberg and Lieberman (1992)):

= —2ew? cos gsin Nt .

AH = —2e0uw} / cos gs(t) sin 2tdt , (5.6)

taken along the unperturbed separatrix orbit ¢,(¢) (5.4). For the Hamiltonian
(5.2) the Melnikov integral is given by

0?2 47

AH = —wiW sin 2t e —
“oth st idto ewg sinh (762/2wp) ’

where t( is the time instant when the orbit crosses a mid-point between two
sequential saddle points. The increment of time At is equal to the half of
period of oscillation T'(H) (5.3).

Identifying the the time instant ¢y with time variable ¢; in the mapping
(5.5) the latter can be presented in the form

hk+1 = hk - WSiI’lgOk 5
n 32

Pr+1 =+ —1

n——, mod 27, 5.7
wo [P (51)

known as the separatriz (or whisker) map. In (5.7) the normalized energy,
h = (H — w?)/w?3, and the phase, p = 2t(, variables are introduced.
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5.1.2 Shortcomings of Conventional Separatrix Mappings

One of the main shortcomings of the separatrix mapping (5.7) and other
similar mappings is that they are not canonical mappings, i.e., the mapping
variables ty, Hy (or o, hi) are not canonically conjugated. It follows from the
geometrical interpretation of the separatrix mapping first given by Escande
(1988) (see also Rom-Kedar (1994, 1995)) as a return map of time and energy
variables defined at the different sections in phase-space (x,p) of system. As
we will see in Sect. 5.2 the energy variable, H, is taken at the section near
the saddle point, while the time variable, ¢, is in the section located in the
middle between two consecutive saddle points, i.e., the sections Xy and Y. in
Fig. 6.6, respectively. Therefore the separatrix map (5.7) does not coincide
with the definition of the Poincaré return map where all variables are defined
at the same cross section of phase space. This fact should be kept in mind
when one compares the properties of original continuous Hamiltonian system
with the ones of the corresponding separatrix mapping.

As an example consider the rescaling invariant property of the separa-
trix map (5.7) which has been found in Abdullaev and Zaslavsky (1994);
Zaslavsky and Abdullaev (1995). Since the second equation in (5.7) is deter-
mined by module 27 it is easy to see that the separatrix map is invariant
with respect to the following transformation of perturbation parameter e:

e — € = Xe, (5.8)

where the parameter A\ = exp(27wy/f2) depending only on the perturbation
frequency 2 and the frequency wq of small amplitude oscillations. This inter-
esting property of the separatrix map, however, is not revealed in the phase
space (z, p) of the Hamiltonian system (5.2). As we will see in Sect. 8.1, it does
not exactly coincide with the rescaling invariance property of Hamiltonian
system near the hyperbolic saddle point.

We should also note an inconsistency which appears in the quantization
problem of classical systems using non-canonical mappings. For instance, in
several works (see Casati et al. (1990)) it has been taken attempts to quantize
the conventional (non-canonical) Kepler map for studying quantum effects in
the process of ionization of highly—excited hydrogen atom in a microwave.
However, such a procedure of quantization of the Kepler map by presenting
energy and time variables as a canonical pair of operators is not consistent
with the fundamental principles of quantum mechanics since the energy and
time variables in this map are not canonically conjugated.

Method to derive separatrix mappings are mainly based on the calcula-
tions of the increments of time and energy variables over phase rotation in
phase space (see, for instance Chirikov (1979)). This method does not al-
low directly obtain canonical separatrix mappings. On the other hand this
method does not allow to estimate the accuracy of the separatrix mapping.
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5.2 The Hamilton—Jacobi Method
to Construct Maps Near a Separatrix

Below we present the rigorous derivation of symplectic mappings near the
separatrix of general Hamiltonian systems using the Hamilton—Jacobi method
described in Chap. 4. Furthermore we call them separatrix mappings in a
broader sense as mappings near the separatrices of arbitrary Hamiltonian
systems. This method has been first used by Abdullaev (1999) to construct
separatrix mappings for Hamiltonian systems with a single hyperbolic saddle
point. Here we consider the case of systems with arbitrary number of saddle
points. For the sake of simplicity we restrict ourselves with generic 1 + 1/2
degrees of freedom Hamiltonian systems H(z, p,t) presented in the form

H(.’E,p, t) = H()((E,p) + GHl(fE,p, t) . (59)

where Hy(x,p) is the unperturbed Hamiltonian, Hi(x,p,t) is the time-
dependent perturbation, and (x,p) are the canonical coordinate and mo-
mentum.

Suppose that the unperturbed system (1.1), (2.3) (e = 0) at certain energy
level Hy(z,p) = const has a finite (or countable) number of saddle points
and corresponding number of saddle-saddle connections in phase space as
illustrated in Fig. 5.3. Let (x4, ps) and (541, ps+1) be two consecutive saddle
points with a heteroclinic connection as shown in Fig. 5.4a. If the system has
only one saddle point then the points (zs,ps) and (2sy1,pst1) coincide and
a saddle—saddle connection is a homoclinic orbit. The phase space curves 1
and 3 located on the both sides of the separatrix describes different types of
motion. We put H = H; = 0 on the separatrix.

(Xs’ps) (Xs+4’ps+4)

(Xs+1 1Ps1 ) (Xs+3’ps+3)

Fig. 5.3. Phase space of system with several saddle points. Dotted curves describe
the unperturbed. A perturbed orbit is displayed by a solid curve
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(a)

(Xs+1, Ps+1)

(tke1> Die1)

s+1

Fig. 5.4. (a) Phase curve in the neighborhood of the separatrix: curves 1 and
3 describe orbits upper and down the separatrix, curve 2 is the separatrix.
(b) Schematic view of the separatrix map. Solid curve describes the perturbed
orbit, and dotted curve is the unperturbed separatrix

In the phase plane (z,p) we introduce the cross sections Y. and X,
shown in Fig. 5.4a. The section X, consists of a segment perpendicular to the
separatrix at the mid—point between saddle points. The section Y is located
near saddle points (zs, ps) and consists of two segments perpendicular to each
other with the crossing point at (zs,ps). The both segments of X are also
perpendicular to unperturbed phase curves.

We define action-angle variables, (I, d), for the unperturbed motion in a
following way. The action and angle variables are introduced as an integrals

x

I= 1 p(x; H)dx | 9= % p(z'; H)dx' (5.10)

21
c

where C' is the segment of phase-space curve of constant H = Hy(x,p) lo-
cated between two consecutive crossing points with the sections X5 and X 4.
Introduced in such a way the action variable I(H) is a continuous function
of energy H while it crosses the separatrix. We will set ¥ = 0 (mod 27) at
the section X, 9 = Fr (mod 27) at the section X and (zs41,ps+1) at Xsi1,
respectively.
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In typical Hamiltonian systems any small time-periodic perturbation de-
stroys the separatrix, and orbits wobbles around the unperturbed separatrix
(see Fig. 5.4b). Let t; and hg be a time instant and an energy at the k-th
crossing point of the orbit with X';. We intend to construct the map

(g1, Heg1) = Moy s(te, Hi) (5.11)

connecting the crossing point (tx, Hy) at the section Xy with the correspond-
ing point (tg41, Hxt41) at Xsi1. The geometric scheme of the mapping is
shown in Fig. 5.4b. The change of the angular variable ¥ over one step of the
map (5.11) is equal to AY = Ip41 — Iy = 27.

Suppose that the system has N, independent saddle-saddle connec-
tions. Then there exist Ny, independent mappings (5.11) which completely
determine the dynamics of a Hamiltonian system. The sequence of mappings
MSJFLS depends on the topology of saddle-saddle connections in phase space
and the trajectory of motion. Below we develop a general method to con-
struct the full set of mappings. It will be illustrated on specific examples in
the next sections.

5.2.1 Mapping Along Single Saddle—Saddle Connection

Below we construct the mapping (5.11) along the single saddle—saddle connec-
tion. For this one could use the formulation of Hamiltonian equations (4.47),
(4.48) with the angle variable, ¥, as an independent variable (see Sect. 4.5).
However this method fails near the separatrix where the frequency of motion
w(H) = dHy/dI — 0 (or dI/dHy — o0). This singularity does not allow
to invert Hamiltonian H(I,d,t) in respect to the action variable I near the
separatrix and to present it in the form (4.49). To avoid this difficulty we will
use another approach.

We use the formulation of Hamiltonian equations in the extended phase
space (t,x,po,p) (see Sect. 1.1). According to (1.9) and (2.3) the equations
of motion in the space of action-angle and time-energy variables (t,v, pg, I)
are

@ _on dp o
dr  Opy’ dr ot
dy OH dl OH
ol A o0 (5:12)
with the Hamiltonian function
H(t,ﬁ,po,]) = Ho(I) —‘rp()—l—é'}‘(l(t,’tg,po) . (513)

where pg = —H, and H; (¢, 9, po) = H1(I(—po), ¥, t). In (5.13) the perturba-
tion H; is chosen as the function of energy H.

Suppose that the orbit crosses the section X; at 7 = 7, and the next
section Y41 at 7 = 7,41. We construct the mapping
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(tht1s V1, ks, Tir) = M (tg, O, by 1) (5.14)

where (tg, O, hi, I) = (t(1x), ¥ 1), —po(7k), I(7%)). From the geometry of
mapping illustrated in Fig. 5.4b it follows that we should impose constraints
on the angle variable ¥: ¥(1,) = —7, and ¥(74+1) = 7.

Using results obtained in Section (4.1) one can write down the mapping
(5.14) in the general form (4.6)—(4.8) for the action-angle variables (¢, I) and
for the time-energy variables (¢, pg):

95"
oy
95(k)
oy
@k:@k+w(Hk,Jk,€)(Tk+1 77‘1{) , (5.15)
55(k+1)
Oy
85(k+1)
oJ,

Jp =1 — €

O =10, +¢€

Ipp1 = Jp +e€

Vg1 = Opp1 — €

for action-angle variables, (9, I), and

D
o~
=

Q
E

Tr = Tp. + wi(Hy, T, ) (Tha1 — &) (5.16)
as(k—i—l)
Oty
DS+
OH;

hk+1 :Hk — €

g1 =T + e

for the time — energy variables (t,h = —pg). Here
S®) = S(tk, O, Jo, My T Tos €)
S(k+1) = S(tk-‘rla 7-9]6-‘1-17 Jka Hka Tk-‘rla 70, E)

are values of the generating function S(t,9, J,H, T, 70,€) at 7 = 74, and 7 =
Trg+1, respectively. For the Hamiltonian system (5.12), (5.13) it obeys the
Hamilton—Jacobi equation

oS oS s -
H (t,ﬂ,P0+eat,J+e&9) +e$ = H(Py, J,¢) (5.17)
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in the time interval 7, < 7 < 7)1 satisfying the initial condition S|,—,, =0
at the time instant 7 = 79. The time 7( is a free parameter lying in the
interval 7, < 7o < Try1. The new Hamiltonian H(P,, J,¢) depends only on
new “action” variables (P, J). In (4.6), (4.56) w(H, J,€) = OH(Py, J,€)/0J
and wi(H, J, €) = OH(Py, J,€) /0P, are the frequencies of perturbed motion.
(Recall that H = —Fy).

To solve the Hamilton—Jacobi equation (5.17) we apply the perturbation
theory in finite time interval 7, < 7 < T;41 described in Sect. 2.3. In the first
order of perturbation e the generating function, S, is given by the following
integral similar to (2.34):

Sv(t 0, H, I 7 7) = — / Ho(+ 9(r), —H)dr" (5.18)

where the integral over “time” 7’ is taken along the unperturbed orbit ¥(7') =
w(H)(r" — 1) + 9(7), t(r’) = 7'. In this approximation the corresponding
frequencies w(J, €) and w(J, €) can be replaced by unperturbed frequencies
w(H) = OHo(I,po)/0I and wy(J) = OHo(I,po)/Opo =1, where Ho(I,po) =
Ho(l) + Po-

Since the generating function S7 does not depend on action J the mapping
(5.14) takes the simplified form

05
0V

V1 = Y + w(Jk) (Tht1 — Tx)

Jo=1Ip —

(5.19)

0Sk+1
g1
Recalling that ¥xy1 — Jx = 27, and using the second equation in (5.19) we

obtain 7x41 — 7% = 27/w(Jg). Then the mapping for time —energy (¢, H)
variables is reduced to

Iy =Ji + ¢

0S5}, oSy
=h —_— T =t — e——

Hy. k+63tk7 = tg EﬁHk’

Toor =T + T+ 2T (5.20)
= Thal — Th = .

k1 b+ Tht1 — Tk & o)
8Sk+1 aSkJrl

k+1 = Hp GatkH ; k+1 k1T € T

where Sy = S1(tg, Ok, Hi, Jiy Tkes T0), w(Hi) = w(Jk).

The map (5.20) is a most general form of the mapping of time (¢) and
energy (H) variables to certain sections in phase space along a single saddle—
saddle connection. In the first order of perturbation parameter e the generat-
ing function S associated with this map is determined by (5.18). The separa-
trix mapping can be obtained from (5.20), (5.18) in some limiting cases. By
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appropriate choosing the time parameter 79 in (5.18) one can obtain different
forms of the mapping (see Sect. 4.1.1).

5.2.2 Calculation of the Generating Function

Consider a multi-frequency perturbation with frequencies (2,, and present
the perturbed Hamiltonian Hy(H,9(t),t) in (5.18) taken along unperturbed
trajectory as a Fourier series:

Hi(7,9(7), —H) = > Hu(H,9(7)) cos(2ut(7) + Xn) , (5.21)

where x,, are the phases of perturbation. Suppose the orbit crosses the section
2. at the time instant 7 = ¢, when the phase 9 = 0, and present the Fourier
coefficients as

Va(H, 7 —tc) = Ho(H,9(7)) -

Taking into account that the unperturbed orbit is given by t = 7, ¥(7') =
Y4+w(H) (7' —7), we find that t, = ¢t —3J/w(H). Then the generating function,
S(t) = S1(t,¥9, H,7,70) in the time interval t < t,t. < tx4+1 can be reduced
to

t
_ o 9 ’ /
S(t) = /Zn:vn (H,t t+ ) cos(2nt' + xn)dt'

=Re Y R.(H,0,t)exp [mn (t — ﬁ) +ixn] . (5.22)

w(H)
where
To+9/w(H)—t
Ru(H,9,t) = / Vi, (H, 7)e' T dr (5.23)
I /w(H)

At the limits t = ¢, + 0,9 —» —wrand t — tp41 — 0=ty + 21 /w(H), ¥ —> 7
we have

SW (1, H)=3" (K—(H) cos B+ (t, M) — L (H) sinqu(tk,H)) ,

n

SEHD (ty ) H)=— Z (K,T(H) cos @, (tr+1, H)— L} (H) sin @, (trs1, H)) ,

(5.24)

where

PE(t,H) = 2, (t + W(H)) + Xn (5.25)
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and KF(H), LEX(H) are real and imaginary parts of the integrals R (H) =
K (H) +iLE(H), respectively, defined as

To—t—7/w(H)

Ry (H) = Ry(H,0 = —m,t = t;) = / V(M. 7)e ™ dr |
—m/w(H)
To—tkt1+7/w(H)
Ry(H) = Rp(H,0 = m,t = tpg) = — / Vi (H, )e" " dr .
m/w(H)
(5.26)

We call these integrals as Melnikov type integrals.

5.2.3 Symmetric Mappings

We call the mapping (5.20) a symmetric map when the free parameter 7 is
taken exactly in the middle between 71, and 711, i.€., 70 = (Th1 + T)/2 =
ty, +m/w(H). Then the integrals (5.26) take forms

0
REH)=KFfH)+iLt(H)=7T / Vo (H, 7" Tdr . (5.27)
+7/w(H)

The Fourier integrals (5.27) are taken along the unperturbed orbits of system.
In a particular case, when the orbits lie on the separatrix (h = 0) they coincide
with the Melnikov integrals of type (5.6) (see Chirikov (1979)). Indeed, at
the limit h — 0 the frequency w(h) — 0 and the integrals (5.27) are reduced
to

RE(0) = / Vi (0,7)ei % dr
0

0
R, (0) = / V(0, 7)o" dr (5.28)

—0o0
It is easy to see the symmetric map conserves an invariance of Hamiltonian
system with respect to time reversing, t — —t, H — —H, which is manifested

in the invariance of mapping with respect to reversing the mapping sequence,
k— k+1.

5.2.4 Nonsymmetric Mappings

Another forms of mappings can be obtained by setting the free time parame-
ter 7o in (5.26) equal to 7 or Tg+1. They are similar to those nonsymmetric
mappings presented in Sect. 4.1.1.
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Consider first the case when 79 = 7541 the integrals Kr(l_) and L,(f) in
(5.26) vanish, and therefore S**1 = 0, hp,; = Hj. Then the mapping
(5.20) is reduced to

S (th, hit1)

h =h
k41 kTE€ oty )
2 8S(tk, hk+1)
t =t + —€ , 5.29
1 = bt S — e (529)

determined by only one generating function S(tx, hrt1):

S (s o) =3 (Knlhts1) 08 B (b, 1) = L) sin @ (b, 1) )

n

(5.30)
where K (h) and L(h) are the integrals
w/w(h)
K, (h) +iL,(h) = / Vi(h, )T dr (5.31)
—m/w(h)

On the other hand putting 79 = 73, we have S®*) = 0 and hj, = H}, since the
integrals K =0and L =0, and the mapping (5.20) is reduced to

0S(tky1,h
hiet = hy — ¢ (tk+1, i)

oS )
2 S tk+1,hk
t =1t .32
k41 K+ () +e€ Ohy ) (5.32)

where S+ (¢, 1, hy,) is given by

Strer ) = =3 (K,L(hk) cos D (tpsrs he) — L (hy) sin @, (tsr,s hk)) :

(5.33)

In (5.30) and (5.33) the phases @2 (t, h) are defined by (5.25). At the limit
h — 0 we have

oo

K, (0) +iL,(0) = / V0, 7)e" T dr (5.34)

We call the mappings (5.29), (5.32) nonsymmetric mappings since they
are not invariant with respect to reversing the mapping sequence, k < k + 1.
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5.2.5 Properties of the Melnikov Type Integrals K, (h) and L, (h)
In this section we describe some properties of the Melnikov type integrals
K, (h) and L, (h) defined by (5.28), (5.31). First of all consider the relation

between coefficients H,,,, (h) of the perturbation (5.21) in a Fourier series in
angle variable 9, i.e.,

Hy(h,0,t) = Hy(h,9) cos(2ut + xn) ,

Hy(h,¥) = Re Y Hpn(h)e™” H},(h) = H_p n(h), (5.35)
and the integrals R, (h) = K, (h) + iL,(h). According to (5.31) one obtains

) |
R(h) = / H,(h, 9)e % dr

—m/w(h)
m/w(h)
— Re ZHmn(h)/ ez(mw+9n)Td7_
m —m/w(h)
2 sin[w(m — £2,,/w(h))]
= m (h). 5.36
As seen from (5.36) at the values h = hy,, of primary resonances, i.e.,

mw(hmn) = {2, the integral R, (h) is determined by Fourier coefficients
He, (b)), ie.,
2mm

2r * _ *
mHmn(hmn) - TnHmn(hmn) . (5'37)

The analytical calculation of the integrals R, (h) is not straightforward.
The asymptotical method to estimate these integrals is presented in Appendix
B. It is shown that the integral R, (h) can be presented as a sum of regular
and oscillatory parts,

R, (h) = R9) (h) + R{*)(h) . (5.38)

The regular part, R("¢9)(h), is a smooth and slowly varying function of the rel-
ative energy h. We construct this function by extending the function Ry, (hy,y)
(5.37) defined at discrete resonant values of hy,, (or m) to continuous val-
ues of h by replacing the discrete mode number m by the continuous one
m = {2, /w(h), ie.,
re 27T *

RO (R) = oy Ho pomn (h) - (5.39)
At the limit |h| — 0 it tends to the value R(0), i.e., to the Melnikov-Arnold
integrals (5.28), (5.34). Analytical and numerical calculations of R("*9)(h)
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for typical Hamiltonian systems presented in Chap. 6 show that R("¢9)(h) is
sufficiently close to R(0) at certain small region near the separatrix h = 0,
i.e., RUe9)(h) ~ R(0).

The oscillatory part, R(°*¢)(h), is a fast-oscillating function of h with a
vanishing amplitude at the limit |h| — 0: R©*¢)(h) — 0. The asymptot-
ical formulae for R(°*?)(h) at small values of h are given in Appendix B.
For Hamiltonian systems with hyperbolic saddle points they have generic
features near the separatrix. It was shown that for the perturbation Hamil-
tonian, Hq(x,p,t), with the non-vanishing first derivative at the saddle point,
(xs,ps), i.e., OH (x,p,t)/0x # 0 (or OHy(x,p,t)/Op # 0), the leading term
of R(°*%)(h) has the following asymptotics like

. w2,
sm(w(h)), for h <0
08 (:{%), for h >0 .

RO ) ~ VI

(5.40)

Since w(h) — 0 when |h| — 0 the frequency of oscillations of R(*¢)(h) in
h increases with approaching the separatrix. According to the definitions
of R("¢9)(h) and R(*9)(h), given by (5.38), (5.39) and the property (5.37)
the function R(°*)(h) has zeros at the primary resonance values of h =
hmn when mw(hpyn) = 2,. As we will see later (see Sect. 5.3) this fact
is important to understanding the applicability and the justification of the
separatrix mapping.

Another important feature of the integrals R(°*)(h) is its rescaling invari-
ance near the separatrix. As we see later the frequency of motion, w(h), near
the separatrix of Hamiltonian systems with hyperbolic saddle points has an
universal asymptotics, w(h) ~ 27/ 1In |h|, where v is a growth increment of
orbits (see Sects. 6.1, 6.2, 8.1, 8.5). Then from (5.40) follows that

R (X2h) = AR*)(h) , (5.41)

where A = exp(27y/{2,) is the universal rescaling parameter mentioned in
Sect. 5.1.1 (see Eq. (5.8)).

Complete asymptotical formulae for the integrals R(°®)(h) for generic
Hamiltonian systems are derived in Appendix B. We shall also study the
properties of these integrals in Chap. 6 for the specific Hamiltonian systems.

5.3 Simplification of Mappings

The symmetric mapping (5.20) with the generating functions (5.24), as well
as the nonsymmetric mappings (5.29), (5.32) determined by generating func-
tions (5.30), (5.33), respectively, have a rather complicated structure due to
presence of oscillatory parts of integrals R, (h) in the generating functions
S(h,t). This may cause some difficulties in numerical solutions of implicit
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equations in the mappings, especially when h approaches to 0. For this reason
it is desirable to simplify mappings. Below we consider such an approxima-
tion which would not only simplify mappings, but also justifies the separatrix
mappings.

5.3.1 “Primary Resonant” Approximation

As have been noted above the oscillatory parts of the integrals R, (h) have
zeros at primary resonant values of h = hy,y,, where R, (hy,y) proportional to
Fourier coefficients H,,,, of the perturbation Hamiltonian H;(I,9,t) (see Eq.
(5.37)). Since the primary resonant perturbation, H,,, cos(mv — 2,t), affects
significantly on the system near the resonant values of hpp, (Mmw(hmn) =
2,,), while the effect of other nonresonant terms is negligible. Then near the

resonant values of h,,, the oscillatory part Rq(fsc)(h) is significantly small

than the regular part RY“Y (h):

|R510$C)(h)‘ < ‘R;Teg)(h” , for h = hoyy, - (5.42)

Then one can neglect the oscillatory parts, R%OSC)(h), in the generating func-
tions, S(h,t), replacing the integrals R, (h) by their regular parts R%mg)(h).
Furthermore we shall call this approximation as a “primary resonant” ap-
proximation .

5.3.2 Simplified Form of Mappings

Further simplicifation of the mappings can be done using the smallness of
perturbation parameter e. Eliminating the intermediate variables, H, 7, we
transform a set of (5.20) into

_ aSk-‘,—l &S'k
hgs1=hy —¢ < s Dy > 7
2m ask+1 8Sk
b1 =1 - : 4
k+1 kTt w(Hy) +e€ ( o, 8Hk> (5.43)
Using (5.20) and (5.24), one can show that
2m aSk’-{-l 8Sk ) T T )
+ — = + + G(t s h , hi)+ O ,
w(Hk) 6( OHr  OHy w(hy)  w(hpir) (tks hiet1, Pk (%)

a8 DSy
€ <at:: - 8t:> = €F (g, hyrr, i) + O(€2)

where
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F(tlm hk+17 hk) = Z Qn (Kéreg) (hk+1) sin @j{ (tk, hk)
+ L9 (hy) cos B (t, hk)> :

AKTD (h
G(tk, hk+1, hk) = Z <dhki_1k+1) COS @z(tk, hk)

ALY (h
_dLn () sin @ (t, he) | - (5.44)
dhy41

with the regular parts of the integrals K, (h), L,(h) defined by (5.31). Ne-
glecting the terms of order € one obtains

hi41 = hi — €F (t, higy1, hi)

i i
t =t G(ti, h h) . 5.45
k+1 k+ () + () + €G (g, hrs1, hi) ( )

A straightforward calculation shows that det|0(hg41,tr+1)/0(he, )] = 1,
i.e., the mapping (5.45) is a area—preserving. It is also invariant with respect
to the time reversing transformation, k < k + 1.

The mapping (5.45) can be also obtained from the nonsymmetric forms
of the mappings (5.29), (5.32) using a similar procedure.

5.3.3 Separatrix Mapping Approximation

For typical Hamiltonian systems the regular part, Rgeg)(h), is a smooth

function of A and its deviation from R%Teg)(O) is small. Then the integrals
(5.27) in the generating functions (5.24) can be replaced by the Melnikov type
integrals (5.28), i.e., K, (h) = K,(0), L,(h) = L,(0)% Then the mapping
(5.45) can be further simplified to

™

hir1 = hy — e; Qn{Kn(O) sin [Qn (tk + w(hk)> + Xn]

4L, (0) cos {Qn <tk + w(zk)> + Xn} } :

T
b1 =t + + . (546
b =t S T Sy - P40

where K, (0) and L, (0) are the integrals defined by (5.34).

2 For specific examples see Sections 6.1 and 6.2 where we shall construct the
separatrix mapping for the perturbed double—well potential and the periodically—
driven pendulum.
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The mapping (5.46) has been first introduced in Abdullaev and Zaslavsky
(1995, 1996) to study magnetic field lines in plasmas (see Sect. 10). It is called
as a shifted separatriz mapping since as it was obtained from the conventional
separatrix mapping by shifting the phases 2¢; (see below Sect. 5.4.1).

Since both variables (¢, h) in the mappings (5.45), (5.46) are defined in
the neighborhood of the saddle points, they become important to study the
dynamics and statistical properties of chaotic motion in a system. This is
because of the fact that trajectories spend most of time near the saddle point,
and therefore, the whole dynamics is mainly determined by the phase space
structure of system in the neighborhood of saddle points. We will discuss this
subject in Chap. 8.

5.4 Mapping at Arbitrary Sections of Phase Space

In some applications it is necessary to construct mappings with variables
defined at the arbitrary sections of phase space. These mappings can be
also constructed similar to the ones presented above. However, in general, a
construction of such mappings is not straightforward as the mappings to the
sections X5 along the single saddle-saddle connection (see Fig. 5.4). In the
latter case the mapping (5.11) is determined only by orbits between sections
Ys and Xgyq. In order to obtain a mapping (5.11) where the variables (¢, H)
are defined, for instance, at the sections X, (see Fig. 5.4) one needs to know
the topology of all saddle-saddle connections.

Figure 5.5 illustrates the example of the mapping to the sections X..
Suppose the orbit crosses the section X, at (¢, hx). Because of a sensitive
dependence of orbits near the separatrix on their initial condition the next
crossing point (tg41,hgt1) may lie the section Y. either on the left side for

PN . L2 ; 2
N // |
l \\\‘ // 2 i
R | /1}\ Ll :
(trs1 Pier 1) (tks 1 Mice1)
___/_7 _______ ZC
(1, hi)

Fig. 5.5. Geometrical illustration of the mapping to the sections X.. Solid curves
1 and 2 describe the perturbed orbits, and dotted curves are the unperturbed sep-
aratrices
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the orbits of type 1 or on the right side for the orbits of type 2. The direction
of orbits is determined by the value of energy variable H at the crossing point
of the orbit with X. Depending on the condition H > H;, =0or H < H; =0
the orbit crosses the section X, on the left hand side or on the right hand side.
In this sense the mapping, in general, should be constructed in algorithmic
way. Below we construct corresponding mapping for the system with a single
saddle point and only one a saddle-saddle connection. The construction of
mappings in a system with more than one saddle-saddle connections will be
considered in Sect. 6.2.3 for the periodically—driven pendulum.

5.4.1 Mapping to a Section X,

The phase space of such a system is shown in Fig. 5.6. The hyperbolic saddle
point is located at (zs = 0,ps = 0). The dotted curve describes the unper-
turbed separatrix. The orbit reflects from the rigid border x = 0 changing
the sign of momentum p. Then the mapping (tx, hr) — (tk+1, hr+1) defines
the Poincaré return map to the section X.. It has a general form (5.20) with
the generating function (5.22), (5.23). We should put ¢ = 0 (mod 27) at both
time instants ¢ = ¢ and at ¢ = t11. For the generating functions Sj and
Sk+1 of the mapping (5.20) we have

Sk(tkv H) :Z [KI(H) COS(Qntk + Xn)_L: (H) Sin(“(zntk + Xn)] y

n

Sk+1(tk+1,H):Z [K,, (H) cos(2ntit1 + Xn)— Ly (H) sin(2ntis1 + Xa)]
! (5.47)

where KX (H), L (H) are the integrals

n

Fig. 5.6. Geometry of the mapping to the sections Y. and Xy in the system with
the single saddle point
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+r/w(H)

KE(H) +iLE(H) = / Vi(H, ) dr . (5.48)
0

Equations (5.20) with the generating functions (5.47) determine the corre-
sponding map. The first set of this mapping is implicit in energy variable H,
and the last set is implicit in time ¢g41.

The mapping can be significantly simplified if the stochastic layer is suf-
ficiently thin. In this case one can replace the integrals (5.48) by their values
at H=0: K = KX(0), Lf = L(0):

+oo
KE il = / Vo (0, 7)e 7 dr . (5.49)
0

In this approximation the generating function (5.47) does not depend on
energy variable H, and the mapping (5.20) takes the simplified form

oS
Hk == hk; + GaT:
2
1 =t + 7@0(7@)
O0Sk41

Otgt1

hk+1 =H, —e¢ (5.50)

or

Hi = hy — ez 25 [K:' sin(2,t + Xn) + L cos(2,tx + Xn)] ,

2w

w(M)
hr+1 = Hi + eZ 2, [K; sin(2ntg+1 + Xn) + L, cos(2ntpi1 + Xn)] .

n

thy1 =t + (5.51)

This map determines the Poincaré return map of energy (H) and time (t)
variables to the section Y.

The map (5.51) can be also written in the form of mapping (tx, Hr—1) —
(t+1, He):

Hi = Hp—1 + ez 02, [Kp sin(2pts + Xn) + L cos(2nptr + Xn)]
o

thot =ty + ——
k+1 k (,()(Hk) 9

(5.52)
where the coefficients K,, = K,7 — K, and L,, = L7 — L, are determined by
the Melnikov type integrals (5.34).

Equations (5.52) coincides with the conventional form of the separatrix
map in which the energy (H) and time (¢) are defined at the different sections
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of phase space. Indeed, the intermediate variable H coincides with the energy
taken at the section Xy, while ¢ is on the section Y.

One should also note that the mapping (5.46) at the section X5 can be
formally derived from the mapping (5.52) by shifting the time variable ¢
from the section Y. to the section Y. Since the phase difference between
these sections is 7w the time difference along the unperturbed orbit equals
to m/w(H). Taking into account that the energy variable Hj in the map
(5.52) coincides with one at the section X and replacing Hyg—1 — hy, tp —
tr + m/w(hy) we obtain the mapping (5.46).

5.4.2 Mapping to Section Yy—,

Now we consider the mapping to the arbitrary section X of phase space
with constant phase ¥ = 7. The schematic view of the section Xy is shown
in Fig. 5.6. It is specified by the phase ¥ = n = const, (-7 < n < 7),
and consists of the segment of a straight line that can be reached from the
section X, in time At(h) = |n|/w(h) along unperturbed phase curves about
the separatrix. The return map (ty, hy) — (tg+1, Prt1), where the variables
(tg, hi) are at the section X)), is given by (5.20). According to (5.22), (5.23)
the generating functions Si, Siy1 are

Sk‘ = Z (K;(Ha 77) COS@n(tkaH) - LI(H7U) Sin@n(t/ﬂH)) 5

n

Skt+1 = Z (K, (H,n) cos Py (trsr, H) — Ly, (H,n) sin @y, (tri1, H))

n

(5.53)
where
n
P(t, H) = 2 |t — ——= n .54
i = (1= 5 ) +x (554
and K (H) +iLy; (H) = Ry (H):
m/w(H)
RI(H, 77) = RZ(H, n,t = tk) = / Vn(’}—[, T)eiQ”TdT 7
n/w(H)
—7/w(H)
R:L (H’ 77) = R; (H7 na t= tk-‘rl) = / Vn(H7 T)eiQanT . (555)
n/w(H)

Consider the case of the thin stochastic layer taking the limiting case H — 0.
Then the integrals (5.55) has the following limits. For the value of the phase
n in the interval —m < 7 < 0 we have R} (0) = K,,(0) +iL,,(0) determined by
the integral (5.34) and R,, = 0. Therefore, the generating function Si41 = 0
and the mapping (5.20) is reduced to
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08 (t, hi+1)

hry1 =h
k+1 k€ oty )
2 8S(tk, hk+1)
tey1 = tr + —€ , 5.56
1 =t s = e (5.56)
with the generating function
S(t,h) = Z (K, (0) cos @, (t,h) — L, (0)sin P, (¢t, h)) . (5.57)

n

Similarly, for 0 < n < m we obtain R} = 0 and R,, (0) = —K,,(0)—iL,,(0).
The mapping becomes

aS(atkH )
_ 2 Tit1, b
thy1 = tr + o) € o . (5.58)

The mapping (5.56) is implicit with respect to the variable hy11, while the
mapping (5.58) is implicit in the variable ¢x41. One should note that only
the phases @, (t, h) of the generating function S(¢, h) depends on the energy
h.

5.5 Conclusion

In this Chapter we have described the general method to construct canon-
ical mappings near the separatrix of Hamiltonian systems. The application
of these methods to the specific Hamiltonian system will be considered in
the next chapter. There we shall present some critical comments on existing
mapping methods near the separatrix and give bibliographic notes.
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In this chapter we shall apply the methods developed in the previous sec-
tion to construct mappings near separatrix for some specific problems. They
include a motion in a double—well potential, dynamics of the periodically-
driven oscillator. We consider also the dynamics of particles near the separa-
trix of long-range potential field. These problems are a motion of particle in
a periodically—-driven Morse potential and the Kepler problem.

6.1 Motion in a Perturbed Double—Well Potential

As an example we consider a motion of particle in a double — well poten-
tial under external time—periodic perturbation. The system is described by
Hamiltonian

H = HO(x7p) + GHl(Z‘,p, t) )

2 2 4
p* oz
H, =L T,
O(xap) 2 ) + 4
Hi(z,p,t) = excos(2t + x) . (6.1)
The potential function U(x) = —22/2 + 2*/4 and the phase space of un-

perturbed motion (¢ = 0) are in Fig. 6.1. The unperturbed system has a
single hyperbolic fixed point at (z = 0,p = 0) and two elliptic fixed points at
(x = £1,p = 0) (see Fig. 6.1b). For —1/4 < H = Hy(z,p) < 0 a motion is
trapped in potential wells (curves 1), and for H > 0 a motion is un-trapped
(curve 3), and the separatrix (H = 0) is described by the curve 2. The action
variable I for the trapped motion (H < 0) is given by

I= % p(x; H)dx = % _b V2(H 4 22/2 — 24 /4)dx
= 2Bk - PEE], (62)

where (a,b) = 1+ +1+4H, K(k) and E(k) are the complete elliptic in-
tegrals of the first kind and the second kind, respectively, with a module
k:

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 105-138 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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(a) b)

-0.25

Fig. 6.1. (a) Double-well potential potential U(xz) = —2?/2 + z*/4; (b) Phase
space of motion

V2(1+4H)VA
(VI 4AE)Y2

For the untrapped motion (H > 0) we introduce the action variable I
according to the definition given above:

1 O
I== | +2(H+22/2 - 2*/4)dx
s —a

ﬁ[(aQ —V)E (k1) +0*K (k)] . (6.3)

:37r

The action I(H) is a continuous function of energy H at the separatrix H = 0.
The unperturbed trajectory x(t), p(t) can be determined by the second
relation in (5.10). For the trapped motion (H < 0) we have
) k) )

k) . (6.4)

2(9) = ia\/l — k2 sn? (K(k)i, k) = +a dn (K(k)

p= jF“\Z/’;Z sn (K(k)i, k:) cn (K(k)

where sn(u; k), cn(u; k), dn(u; k) are the Jacobi elliptic functions. The solution
(6.4) is chosen to order to have the orbit which crosses the section X, (z =
+a) when ¢ = 0, and the section X; at ¢ = +x. The unperturbed frequency,
w(H) = dHy(I)/dI, of this motion is

3| A

(6.5)

Outside the potential wells (H > 0) the orbit is described by
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z(¥) = +a en (u; k1)

p(9) = Fa(l +4H)Y* sn(u; k™) /1 — k=2 sn2 (u k1),
u=K (k™) v (6.6)
T
Note that at ¥ = +m, p(£7) = £v2H. The frequency is given by
wka
H=——. 6.7
W) = s 6.7

In Fig. 6.2 the dependence of the frequency of motion, w(h), given by (6.5),
(6.7) on the energy h is plotted.

1.4 F

1.2 -

1k

0.8

o(H)

0.6

04

02 r

O L L L L L L L
-025 -02 -0.15 -0.1 -005 0 0.05 0.1 0.15 0.2
H

Fig. 6.2. Dependence of frequency of motion, w(h) on energy h

Near the separatrix (H — 0) the frequency, w(h), goes to zero according
to the following asymptotics:

1

w(H) = In 5

The trajectory on the unperturbed separatrix (H = 0) is described by

2(t) = +— V2 @)y = g Y2MhE L) o)

cosh(t —t.)’ bs - cosh?(t —t,)

where t. is a time instant when the orbit crosses the section Y.
Using (6.4), (6.6) the perturbation Hamiltonian H;(z,p,t) in (6.1) can be
expanded in Fourier series in the angle variable :

cos(md — sf2t), for H <0,

V(0,8 =Y Z H,, (6.10)

s=—1,1m=1 cos([m — 1/2]9 — s2t), for H >0,
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s q"
IO for H <0
Hn(H) = %0 o (6.11)
ml_:qzj, for H>0 |,

where

¢ = exp [~TK (V1= F)/K®)]
g+ = exp {—ﬂ'K (\/ 1- k—Q) /K (k_l)} .

From (6.10) follows that the primary resonance conditions are
mw(H) =02 (m=0,1,2,...) for the trapped motion (H < 0). For untrapped
motion (H > 0) the corresponding conditions are (2m — 1)w(H) = 2f2.

The geometry of the separatrix map for the Hamiltonian system (6.1) is
shown in Fig. 6.3. The cross sections Y. consist of the segments of the x
axis located near the farthest crossing points of the unperturbed separatrix
with the x axis. The section X is located near the saddle point (zs, ps) and
consists of two perpendicular to each other segments of the z and p axes with
the center at (zs = 0,ps = 0). There are two types of saddle-saddle connec-
tions. For the sake of simplicity we construct the nonsymmetric form of the
separatrix mapping (5.29) presented in Sect. 5.2.4. The generating function
S(tk, hg+1) of this mapping is given by (5.30) which takes the following form
for the Hamiltonian (6.1)

S(tk, hk+1) = K(hk+1) cos (p""(tk’ hk-’,—l) — Ln(hk+1) sin ¢+(tk, hk+1) .

From (6.1) follows that the perturbation function V,,(H,7) is equal to z(7),
and according to the definition (5.34) the integral K (h) is equal to:

(tk+1: hk+1)

(tk+2’ hk+2)

Fig. 6.3. Geometry of the separatrix map. Solid curve describes the perturbed
orbit, and dotted curve is the unperturbed separatrix
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7 /w(h)
K(h) = / 2 F) (1) cos(27)dr = +F(h) ,
—m/w(h)
dn (K (k)T; k) cos(£2nT /w)dT, for h <0,

(6.12)
cn (K(k‘_l)r; k‘l) cos(2nr/w)dr, for h >0,

=
=
I
Els
=3
\H

-1

for the right (x > 0) and left (z < 0) halves of phase space, respectively. At
the separatrix h = 0 we have

K(0) = / 2 F)(t) cos(27)dr
T cos(£27)dr +/2n
=+v2 = . 1
v / cosh T cosh(m§2/2) (6.13)
One can also show that
w/w(h)
L(h) = / 23 (1) sin(Q27)dr = 0 . (6.14)
—m/w(h)

As was shown in Sect. 5.2.5 the integral K (h) consists of regular and
oscillatory parts: K(h) = K9 (h) + K59 (h). According to (5.39) the
regular part can be expressed through the Fourier components H,, (H) (6.11)
of the perturbation Hamiltonian. Using (6.5), (6.7) we have

KT (h) = 27 Hpy oo () = £ —e2ml a2
= 50/ =
w(h) W VIt VIt ah 142 em
2
=+ V2 , (6.15)
cosh (V202K (V1 —k2) /a)
for the case h < 0, and
2/w(h)
2T 2ma q
Ke9(h) = ——Hg/, h) =+ +
( ) w(h) 2/ (h)+1/2( ) (1 +4h)1/4 1 +qig/w(h)

. T2
" kcosh (V22K (V1 —k72) /ka)

for the case h > 0. In the limit |h| — 0 the both expressions of K(¢9)(h)
coincide with K (0) (6.13) obtained by the direct integration.

The asymptotical formula for K(©*¢)(h) can be found using the general
asymptotical formulae for the Melnikov type integrals, R(°*¢)(h), near the

(6.16)
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separatrix obtained in Appendix B. Our problem corresponds to the cases
(4i) and (iii) considered in Sect. B.1.4, and the expression for K(°5¢)(h) is
given by (B.35). For the Hamiltonian system (6.1) we have the following
parameters « = v = 1, a¢g = 1, a;, = bge = bgyy = by, = 0. Therefore, one
obtains

K(osc)(h) — ¥2 2|h| { QSiD[T(Q/w(h)}, for h <0 s

22 4+1 | —cos[r2/w(h)], for h>0, (6.17)

where the upper sign (—) corresponds to the right side of the phase space
(z > 0), and the lower sign (+) — to the left side of the phase space (z < 0).

Figure 6.4 shows the dependence of the integral K (h) on h obtained by
the direct numerical integration of (6.12), as well as by the analytical for-
mulae (6.15), (6.16), and (6.17): solid curve 1 corresponds to the numerical
calculations, dashed curve 2 — to the analytical result, and dotted curve 3 —
to the regular part K("°9)(h) given by (6.15), (6.16). The perturbation fre-
quency is taken equal to {2 = 4.53236. The corresponding rescaling parameter
A = exp(27y/12) is equal to 4.

As seen from Figs. 6.4a-c analytical formulae (6.15), (6.16) the regular
part K("°9)(h) and the asymptotical formula (6.17) for the oscillatory part,
K59 (h), well describe the behavior of the integral K (h). The accuracy of
approximation increases with approaching the separatrix. On the other hand
the numerical calculations confirm also the following rescaling property,

K©9(A2h) = AK(°*)(p) , (6.18)

of the oscillatory part of the integral K(h) following from the asymptotical
formula (6.17).

One can easily see that zeros of K ("SC)(h) coincide with the primary
resonant values of hpn,: mw(h) = 2 (m = 0,1,2,...) at b < 0, and
(2m — 1)w(h) = 212 for h > 0. Therefore, according to the primary resonant
approximation (see Sect. 5.3.1) one can neglect oscillatory parts, K¢ (h),
in the mapping retaining only smooth regular parts K (7¢9) (h).

The dynamics of the system is described by two mappings, (tg4+1, hr+1) =
M(i)(tk, hi), (5.30), corresponding to the two different saddle-saddle con-
nections:

w2

hk+1 = hy F EQF(hk+1) sin (QDk + —F—+ X> s
w(hp41)
2702 dF (hyir)

72
= + € cos + —+
PhHL = Pk w(hgt1) i dhi41 (% w(hiy1) X)
d w2 w2
+eF'(h ——— ———sin + ——+ , (6.19

where F(hiy1) = K9 (h) and the phase variable ¢ = £t is introduced.
The map with the (+) sign describes the right side of phase space (x > 0),
while one with the (-) sign corresponds to (z < 0).
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Fig. 6.4. Dependence of the integral K (h) on the relative energy h: solid curve
1 describes K (h) obtained by the numerical integration of the integral (6.12), and
dashed curve 2 describes K (h) obtained by the analytical formulae (6.15), (6.16),
and (6.17), and dotted curve 3 corresponds to the regular part K(Teg>(h) given by
(6.15), (6.16). (a) in the interval —0.25 < h < 0.16: (b) Expanded view of K(h) in
the rectangular box region shown in (a); (¢) Expanded view of the rectangular box
region shown in (b). The perturbation frequency {2 = 4.53236, and the rescaling
parameter A = exp(27y/§2) =4
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The simplified form of the mapping given (5.45) in our case can be written
as

%
= QK re9) i UL
hi+1=hi, Fe (hi+1) sin (‘Pk + w(he) + X) )
w2 wf2

= + +
Pr+1 = Pk W(h?;_i'_l)) o ()
dK'\"%9) (hj11) ( w2 )
————~ o8 + — 4+ . 6.20
+e dhyy1 ok w(hg) X (6.20)

Further simplification of the mapping can be done near the small neighbor-
hood of the separatrix. Using the asymptotics of the frequency w(h) (6.8)
|h| — 0 and replacing K ("¢9)(h) by K (0) we obtain

2. 16
hi+1 = hi F e2K(0) sin (gok + 5 lnm + X) ,
k

N 16 16

Pk+1 = Pk + 5 (hl g +In hk+1> . (6.21)

The map (6.21) is an example of the algorithmic separatriz map, a term

which is introduced by Shevchenko (1999). The dynamics of system near the

separatrix is described by the sequence of iterations of the maps M) This

sequence is determined by a certain rule. Let S(*) and S(-) be domains of

phase space (z,p) in the right (z > 0) and the left (# < 0) half planes,
respectively. Then

M) if z;, € S and hy <0,
- M) if 2z, € S and hy, >0
M, = ~ ) 6.22
k1 M(+) if z; € S and hy, > 0, (6.22)
M) if z, € S¢) and hy, <0,

where zp, = (2, pr). Applications of the separatrix mapping (6.21) to study
the rescaling properties of Hamiltonian systems near the saddle points will
be given in Sect. 8.2, and the statistics of a residence time and a Poincaré
recurrence — in Sect. 9.2.

The mappings (6.20), (6.21) are valid for small values of perturbation,
€ < 1. Note, that the second mapping (6.21) is applicable only the area close
to the separatrix, while the first mapping (6.20) can be applied also far from
the separatrix.

For illustration we have applied the mapping (6.20) to obtain Poincaré
sections of system in the (¢, h) plane of the 1-th (A > 0) and 4-th branches
(h < 0) of the section X5 shown in Fig. 6.3a. It has been also compared with
the small step numerical integration of the Hamiltonian system (6.1) using
the symplectic integrator (see Sect. 1.5). The mapping result is shown in
Fig. 6.5a, and the results obtained from the numerical integration is presented
Fig. 6.5b. Calculations in both cases were performed with a set of identical
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Fig. 6.5. Comparison of the mapping (6.20) with the direct integration of the
Hamiltonian system (6.1). The perturbation frequency {2 is the same as in Fig. 6.4,
and the perturbation amplitude e = 1073, (a) corresponds to the mapping;
(b) — to the equations

initial coordinates. As seen from Fig. 6.5 the mapping well reproduces the
structure of phase space. For the time-step of integration, At, of the equation,
equal to 47 x 1073 /42, the mapping runs two order faster than the small-step
symplectic integrator.
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6.2 Mapping for the Periodically Driven Pendulum

Consider the periodically—driven pendulum given the following Hamiltonian

H(I,p,t) :HO(I7p)+€H1(‘T7p7t) ) (623)
P2
Hy(z,p) = 5 wicosz (6.24)

eHy(x,p,t) = ews | Acos(x — 2t — ) + Beos(x + 2t +x)| . (6.25)

The quantities A and B describe amplitudes of waves propagating in positive
and negative directions of the z-axis.

The geometry of the separatrix map (tg, hx) — (tg+1,hrt1) is shown in
Fig. 6.6. The sections X5 on the (z,p)-plane consist of two perpendicular
segments of x and p axes with the center at the hyperbolic fixed points
(xs =2m(s+1/2),ps = 0) (s = 0,£1,£2,...). Sections X, consist of segments
perpendicular to the unperturbed separatrices (z(t),ps(t)) at the midpoint
between two consecutive saddle points, z. = 27s.

(tks 1> P 1)

(e Bia2) N

Fig. 6.6. Geometry of the separatrix map to the section X for the periodically
driven pendulum

The system is described by the Hamiltonian (6.23). Changing the Hamil-
tonian to H — h = (H—w}) /w3, wot — t, p/wy — p we write the Hamiltonian
in the form

2
H= % —cosz — 1+ e[Acos(z — At — x) + Bcos(z + At + x)] , (6.26)

where A = 2/wg. The unperturbed motion (e = 0) is trapped for H < 0 and
un-trapped for H > 0 (curves 1 and 3 in Fig. 5.1). The action-angle variables
(I,9) for the unperturbed Hamiltonian (¢ = 0) (see Sect. 1.4) should be
introduced in such a way that they should be continuous at the separatrix
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H = 0. For this we define the action variable I for the trapped motion as
an integral taken along the segment of the orbit on the upper, p > 0, (lower,
p < 0) half of the phase space (z,p):

a

I= ), p(z, H)dx = ;ﬂ_/l)a V2(H + 1+ cos z)dx
= % [E(k) — (1 -Kk)K(K)] , (6.27)

where K (k), E(k) are the complete elliptic integrals with a module

k=+\1+H/2,

and a,b are the roots of the equation p(z, H) = 0 (2n(s —1/2) < a,b <
27(s + 1/2)). The corresponding angle variable ¢ is introduced as

o [ i dx
9=2 CH)dz = w(H
oI /Qmp(x Jdw = )/0 V2(H + 1+ cosz)

= w(H)F (k' arcsin(z/2); k) , (6.28)

with the conditions that ¥ = 0 at the sections X, (x = 27s) and ¥(mod 27) =
+mat Xy, (x =2m(s + 1/2). From (6.28) follows that

x(¥; H) = 2arcsinlksn(d/w(H); k)] . (6.29)

The frequency of motion w(H) = dH(I)/dI = w/K(k) has the following
asymptotics near the separatrix:

2

w(H) = n(32/[H])

for H— —0. (6.30)

For the untrapped motion (H > 0) the action-angle variables are intro-
duced as in Sect. 1.4.

2m(s+1/2)
I= % / p(z, H)dx = %E (k1) ,
G
9 = % /p(x',H)dw’ ==w(H)k'F (z/2,k7") |
sin(e/2) = sn (k0 Jw(H): k) = sn (k(t— to): k) . (631)

The frequency w(H) = 7k/K (k=') has the same asymptotics (6.30) at H —

+0.
The orbits on the upper (lower) branches of the separatrix (H = 0) are

2
cosh?(t —t.)

inh(¢ — ¢,
sinz®(t) = :I:M coszT(t) =

) —1.(6.32
cosh?(t — t.) (6.32)
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For the system with the Hamiltonian (6.26) the perturbation Hamiltonian
Hi(t, ¥, po) in (5.13)

Hl(t7 197p0) =€ {A COs [I(’ﬂ,po) — At — X] + B cos [I(ﬂ7p0) + At + X]} )
can be presented in the form (5.21) with
VitH,t —t.) = (A+ B)cosz(; H), A=A, x1=x,

™

Vo(H,t —t;) = (A— B)sinz(%;H), (=4, ngx—i.(6.33)
Remind that V,,(H,t — t.) = H,(H, ). On the separatrix we have
2
Vl(O,T):(A+B)< 5 —1),
cosh” 7
inh
Va(0,7) = £(A— B)—— (6.34)
cosh” 7

6.2.1 Behavior of Integrals K, (h) and L, (h) (5.31)

We evaluate the integrals K, (h) and L, (h) (5.31) which appear in the sim-
plified form of the mapping (5.45). Using the relations (6.33), (6.29), (6.31)
these integrals can be reduced to

7/w(h)
Ki(h) = / Vi (h, 7) cos(Ar)dr — 4(A + B)
—m/w(h)
m/w(h)
k* [ cn?(r,k)cos(Ar)dr, for h <O,
0 (6.35)

m/w(h)
[ en?(kr, ) cos(Ar)dr, forh>0,
0

7/w(h)
Ly(h) = / Va(h, T)sin Ardr = +4(A — B)
—m/w(h)
7 /w(h)
sn (7, k) /1 — k2sn2 (1, k) sin (A7) dr, for h <O ,
0
{0 (6.36)
of sn (k7, 1) en (k7, 1) sin (A7) dr, for h >0,
m/w(h)

Ks(h) = / Va(h, ) cos Ardr =0,
—njw(h)
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m/w(h)
Li(h) = / Vi(h,T)sin Ardr =0, (6.37)
—m/w(h)
where
B 1/K(k), for h <0,
wih) = { k/K(k™Y), for h>0. (6.38)

According to Section (5.2.5) the integrals Kj(h), La(h) consist of regular
and oscillatory parts:

Ky(h) = Ky (h) + K;° (h)
Lo(h) = LD (h) + L (h) . (6.39)
The asymptotical behavior of oscillatory parts K'\*?(h), LY*) (k) in the limit

|h| — 0 are found in Appendix B.2. Putting in (B.39), (B.40) the parameter
values a =1, v =1 and {2 = A we have

- \h| 14 , wﬂ/‘ for h <0
o=l (), o<
1o = (4 - 3y 220
A1+ [3+ 4] ) cos () form<o, (6.41)

(14 [ ] om () for o,

where the sign (—) corresponds to the upper branch of the separatrix, and
the sign (+) corresponds to the lower branch of the separatrix. In (6.41) for

L;OSC)(h) we have also presented the next expansion term proportional to
h[2.

For h = 0, when the functions V;,(h,7) are given by (6.34) the integrals
(6.35), (6.36) can be exactly integrated

Ki(0) =2(A+ B) / Cﬂi?f = ?ﬁé;? ’

— 00

B T sinh 7sin(A7r)dr | 2wA(A — B)
Ly(0) = +(A - B) / ol s =4 cosh(nA/2) (6.42)

— 00

For arbitrary values of h we have numerically integrated the integrals
(6.35), (6.36). The dependencies of the integrals K (h), L(h) on the energy h
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in the interval [-2, 1] are presented in Figs. 6.7a and 6.8a, where solid lines 1
correspond to K (h) and L(h), while dashed lines 2 describe the regular parts,
K Yeg ) (h) and Léreg )(h), respectively. The latter are found by subtracting the
oscillatory parts,K§Osc)(h) and Léosc)(h) given by (6.40), (6.41) from K (h)
and L(h). Figures 6.7(b)—(c), 6.8, (b)—(c) show the consecutive expanded
views of the dependencies K1(h) and Lo(h) vs h at its small values. They con-
firm the rescaling properties of the oscillatory parts, K EOSC)(h) and Lg)sc)(h),
for small values of h described by the asymptotical formulae (6.40), (6.41):

K{™ (Vh) = N K{" (h) |
LY (\2h) = ALY (n) | (6.43)

where A = exp(27/A) is a rescaling parameter coinciding with the corre-
sponding parameter in (5.8). Such a rescaling behavior of K (h) and Ls(h)
is related with the logarithmic asymptotics (6.30) of the frequency of oscilla-
tions w(h) near the separatrix.

One should note that the integrals K,,(0), L,(0) are exponentially small
at large frequency of perturbation A = £2/w > 1, i.e.,

Kn(0), Ly(0) ~e™™/2 <« 1. (6.44)

In this case the oscillatory parts K,(LOSC)(h), L%OSC)(h) become dominant.

6.2.2 Mapping to Sections X

The general form of this mapping is given by (5.29). The corresponding gen-
erating function (5.30) in our case, according to (6.33), is determined by

S(t,h) = K(h)cos®(t,h) , (6.45)
where
K(h) = A[Ki(h) + La(h)] ,

A

o1, h) = 14+ o

+x. (6.46)

One can show that the oscillatory parts of the integrals K (h), La(h) have
zeros at the primary resonant values of h determined by (2m — 1)w(h) =
202 for h < 0 and mw(h) = 2 for h > 0. Then according to the primary
resonance approximation (Section 5.3.1) the integrals Ki(h), La(h) can be
approximated only by their regular parts Kyeg)(h), Léreg)(h).

Below we present the simplified form of mapping at the sections X given
by (5.45). Using (6.45) one obtains the following expressions for perturbation
functions
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Fig. 6.7. Dependence of integrals K1 (h) (normalized to A + B) on h (solid curve

1). Dashed lines 2 correspond to K{"? (h); (b) and (c) show the expanded view of
boxed areas in (a) and (b), respectively. The value A = 5.4575, \? = exp(4n/A) =
10
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Fig. 6.8. The same as in Fig. 6.7, but for Lz(h) (normalized to A — B): (b) and
(c) show the expanded view of boxed areas in (a) and (b), respectively
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F(tg, hgt1, hi) = K(re9) (his1) sin @ (t, hg) ,

1dE 9 (i)

G(tk, hiyr, hi) = A dhegy

cos D(ty, h) , (6.47)

and the mapping (5.45) takes the form

. A
Bps1 = hy — €K (hyy1) sin (Sﬁk + o) + X>
A A dK 9 (hy 1) /A >
6

= + + + € cos + +
Pr+1 = Pk w(he) w(th) dhyeir <80k w(hk) X(

where ¢ = At.

As seen from Figs. 6.7, 6.8 the regular parts, Kl(reg)(h)7 Léreg)(h), are
smooth functions h. In the small neighborhood of the separatrix h = 0
their deviations from K;(0), L2(0) are small, i.e., |K£reg)(h) - K1(0)] < 1,
|Lgeg)(h) — L3(0)] < 1. Then the mapping (6.48) can be further simplified
by replacing Kfmg)(h) and Lgreg)(h) by K1(0), L2(0). Using (6.42) and the
asymptotics of w(H) (6.30) near the separatrix the mapping (6.48) is reduced
to

A, 32
hip1 = hy, — eK*(0) sin (@k T +X> :

2 |hl
A 32 32
=g+ —=(In +In—:71| , 6.49
pen=rnt g (g + i) R
where
KE(0) = AL (0) + La(0) = — T4 [Aei“/ 2 4 BeFra/ 2} (6.50)
sinh(mwA) T

The sign (+) corresponds to the integral taken along the separatrix on the
upper (lower) half phase space, p > 0, (p < 0), respectively.

Let (g, hi) be the phase and the energy at the k-th mapping step. Sup-
pose also, that (zx,px) are the corresponding phase space coordinates. The
sequence of the mapping iteration My: (Qk+1, hir1) = Mk+1(g0k,hk), and
the coordinates (zx41,pk+1) after one map iteration are determined by the
following algorithm

M(+), lka:M(+) and hy >0,
- M) if My = M) and hy >0
Mo, = DG L . k ) 6.51
s MO, if My, = M@ and hy <0, (6:51)
M), if My, = M) and hy, <0,

where M&) are mappings (6.49) along upper and lower branches, respec-
tively.
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The separatrix mapping (6.49) will be used in Sect. 8.1 to analyze the
rescaling properties of Hamiltonian system near the hyperbolic saddle point,
and in Sect. 9.3 to study a chaotic transport along the stochastic layer.

6.2.3 Mapping to Sections X,

For the problem under consideration there are two different types of sections
Y. XF and X corresponding to the upper and lower branches of the sep-
aratrix. The geometry of the separatrix mapping to the cross sections X+
is schematically shown in Fig. 6.9. In general, there are four independent
mappings of the sections XF to XF which fully determine the dynamics of
the system. These mapping should be constructed in two steps: in the first
step one should find the map from the section th to Y5 along a certain
saddle-saddle connection, and in the second step one should map X to XF
along another saddle-saddle connection which depends on the sign energy on
the section Y. Therefore the dynamics of system is then fully determined,
in general, by four independent mappings, Tl(i) and Tz(i), where T fi) stands
for the mapping of variables (¢, hi) € X¥ to (7i, Hx) € X, along upper (+)
or lower (—) branches of the separatrix, and TQ(i) stands for the mapping of
variables (73, Hy) € Yy to (tgr1, hry1) € XF along upper (+) or lower (—)
branches of the separatrix, respectively.

These mappings can be constructed using the general mapping form (5.16)
described in Sect. 5.2. Below we derive nonsymmetric forms of these mappings
similar to ones (5.29), (5.32) obtained in the subsection 5.2.4.

v+ () p + IN)
C /

(TrH g

(trs2his2)

Fig. 6.9. Geometry of the separatrix map to sections XF for the periodically—
driven pendulum
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Mapping Eg': to X,

For the sake of simplicity we choose 79 = 7x41. Recall that 7,41 — tx, =
7/w(Hy). Taking t = t, ¥ = 0 at the section XF the generating function
(5.22) is reduced to

Skt Hi) = > [Kn(Hi) cos(2ntr + Xn) — La(Hi) sin(2uty, + xn)] ,

n

(6.52)
where
m/w(H)
K,(H) = / Vio(H, 7) cos(2,7)dr
0
7/w(H)
L,(H) = / Vi (H, 7) sin($2,7)dr | (6.53)

(=)

Since 79 = tg4+1 we have Sk (tgp41, Hr) = 0.

Further for the sake of simplicity we consider the case of thin stochastic
layer by taking the limit H — 0. Using formulae for the quantities V,,(H, 7)
at the separatrix given by (6.33), (6.34) we obtain the following integrals

T COSAT TA(A+ B)
Ki=K 2(A+ B =
1= K(0) - / cosh? 7 sinh(rA/2) ’
0
T sinh 7 cos AT
Ko =K ,
2= K2(0) / ©cosh®r ar
0
sin At
L1 = Ll(O) = 2(A+B)/72d7' 5
cosh” 7
7 sinh 7 sin AT 27 A(A — B)
Ly=1L =+————= (6.54
2= 100) / cosh®r ar cosh(rA/2) (6:54)
0
and the generating function takes the form
1 + +
Sk(tg) = ﬂe [K cos(Aty + x) + L= sin(Aty, + X)] ) (6.55)

where the following notations are introduced: K* = 2A(K; + Ly) and LT =
2A(Ky — Ly) . Notice that the coefficient K* coincides with (6.50). Taking
into account that Sk (tx+1,Hx) = 0 and using (5.16), (6.55), the mapping

(T, Hy) = Tl(i)(tk, hy) can be written as
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1
Hy = hy — 7€ [Ki sin(pr + x) + LT cos(op + x)] ,

32

In — &, = 27} . 6.56
ank|’ k k ( )

A
ij = Pk + 5
Mapping X to Zci

To construct this map suppose we choose 79 = 74 in (5.22), which gives
Sk(tr) = 0. Then taking t = t41 , ¥ = 0 at the section Eci and performing
similar procedure as above we obtain the following generating function

1 .
Ska1(tpr1) = 51 [K* cos(Aty, + x) — L¥sin(Aty +X)] . (6.57)

Therefore the mapping (tgy1, hrt1) = Tz(i)(ﬂ, ‘Hy;) can be presented as

A 32
=& —In——
1 Phk+1 k+ 5 n o]
hiy1 = Hy — 7€ [Ki sin(pr+1 + X) — L* cos(ppt1 + x)] )
(6.58)

According to scheme shown in Fig. 6.9 the mapping

(tk+1, hk+1) = M (tx, hi) (6.59)

of the ¥F to XF is presented by two consecutive mappings Tli7 Tzi, given
by the following rules

T;Tr, if (tk,hk)eEj and Hi >0,

. -7+ i +

= Jjaljl_, Tf (tr, hi) € EC_ and H, <0, (6.60)
17, if (tk,hk) € X and Hi <0,
517, if (tk,hk) € X and Hr > 0.

Consider a particular case A = B = 1 when the problem coincides with
the one considered in Sect. 5.1.1. Then the coefficient K* = W/e, where
W is defined by (5.6), L* = —2AL;. The mapping (6.59) can be written in
the following simplified form as a mapping (tx, Hg—1) — (tx+1, Hg) for the
non-canonical variables (¢, H):

Hi = Hp—1 — Wsin(pr + x) ,

32
Ok4+1 =9k + Aln — | (6.61)

M
with the energy, Hy, defined at the section Xs and time (or phase), ¢ de-
fined at the sections ¥F. The mapping (6.61) formally coincides with the
conventional separatrix mapping (5.7) (supposing x = 0). The latter can



6.3 Mapping for the Periodic—Driven Morse Oscillator 125

be also obtained from the mapping (6.49) by replacement of the phase,
vr + A/2In(32/|hi|) — ¢r. The mapping (6.61) clarifies the meaning of
variables (¢, h) in the conventional separatrix mapping (5.7).

In spite of this coincidence, however, there is a fundamental difference
between these mappings. The canonical mappings (6.49), (6.56), (6.58) are
supplemented with the corresponding rules (6.51), (6.60) of their application
which fully determine the evolution of the system in phase space. The formal
derivation of the conventional separatrix mapping (5.7) by calculating the in-
crements does not give any rules to apply this mapping to study the dynamics
of the system. For this reason, it has been mostly employed to estimate the
width of the stochastic layer.

6.3 Mapping for the Periodic—Driven Morse Oscillator

Consider the example of a Hamiltonian system with the saddle point located
at infinity, namely the classical Morse oscillator driven by time-periodic force.
This system has been widely used as the main model in the studies of sto-
chastic excitation and dissociation of diatomic molecules in a microwave field
and associated with the onset of chaos (see Davis and Wyatt (1982); Goggin
and Milonni (1988)). The model is described by the Hamiltonian

p?

2
o= o + D<1 _ e—”/a) + xzEgdcos(2t + x) , (6.62)

where D is the depth of potential well, d is a molecule’s dipole moment, {2 and
Ey are the frequency and the amplitude of a microwave field, the parameter
a is the effective width of the unperturbed potential function U(z) = D(1 —
e’w/“)2, shown in Fig. 6.10. The latter has a minimum at z = 0.

The phase-space structure of unperturbed motion (Ey = 0) is shown in
Fig. 6.10b. The unperturbed motion is trapped when H < D (curve 1),
and it is unbounded when H > D (curve 3). There are two fixed points of
unperturbed motion: the elliptic fixed point at (z = 0,p = 0) and the non-
hyperbolic saddle point at (x = oo,p = 0). The oscillations frequency near
the fixed point (z = 0,p = 0) is wp = (2D/m)/2a"1.

Introducing the normalized energy, h = H/D — 1, one can show that the
unperturbed orbit of trapped motion, h < 0, is described by

exp(z/a) = |h|7! {1 - \/1—7\/”400819} ,

_ maw(h)\/1 — |h|sind (6.63)
P= 1—/1—[h[cos® .

where ¥ = 99 + w(h)(t — t.) is the angle variable, ¢, is a time instant when
the orbit crosses the point (z1,p = 0), x; is a left turning point of motion
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1.5

U(x)/D

x/a

Fig. 6.10. (a) Morse potential U(z) = D(1 — e ®/*)?; (b) Phase space of the
unperturbed Hamiltonian (6.62) (Eo = 0): curve 1 corresponds to the trapped
motion (H < 1), curve 2 — to the separatrix (H = 1), and curve 3 — to the
unbounded motion (H > 1)

(p(z1) = 0). We set 99 = 0 in order to have 9¥(t.) = 0. The relation between
the action variable (I) and the energy h is given by

z2

1 1
I=— ¢pdx= f/pdx = av2mD (1 - |h|1/2> ,
2w ™
T
H=D [1 —(1- 1/10)2} , (6.64)
where Iy = av2mD, z1,x2 are two turning points of motion: z12 = a

x In [(1 F/1l- \h|) /|h|}, (x1 < x2). The frequency of oscillations w(h) =
dH(I)/dI is

w(h) = wolh|"/? . (6.65)

According to quasi-classical quantization rules I = hi(m + 1/2), (m =

0,1,2,...), where % is Planck’s constant, one can obtain the discrete energetic



6.3 Mapping for the Periodic—Driven Morse Oscillator 127

levels of the Morse oscillator

Hy,, =D [1 - (1 — h(m+ 1/2)/1())2] . (6.66)

For the lowest energetic levels, mh < Iy, we have the energy levels of the
harmonic oscillator: H,, ~ fiwg(m + 1/2).

The motion on the separatrix h = 0 is given the formula
wo (t — tc)

ps(t) =2p0—%— 3 (6.67)

1+ w3t —t.)?
n 0 2 20
14+ wi(t—t.)

stzl )
zs(t) =a 5

where pg = mawy = v2Dm. The orbits of unbounded motion, h > 0, are
given

exp(xz/a) = h™' | =14 V1 + hcosh (w(h)(t —t.))| . (6.68)

6.3.1 Mapping

We formulate the Hamiltonian system (6.62) in the extended phase space of
the action-angle (I,¥) and the time-energy (¢, po) variables in the form (5.12)
with the Hamiltonian (5.13):

Ho(I)=—(1-1/Ip)* ,

9
eH (1,0, po) = €2 C’LPO) cos(2t + x) (6.69)

where ¢ = Egad/D is the dimensionless perturbation parameter. We intend to
construct the Poincaré return map (tg, hx) — (tg+1, hr+1) near the separatrix
to the cross sections X5 and X. on the phase space. The geometry of this
mapping is plotted in Fig. 6.11. The cross sections Y. and X consist of the
segments on the z-axis covering the left, z1, and the right, x5 turning points
of unperturbed motion, respectively. The general form of the corresponding
mapping in the first order of € is given by (5.20) with the generating function
(5.18). Non-symmetric forms of the mappings are given by (5.29) or (5.32)
with the generating function (5.30).

The stochastic layer formed near the separatrix of the Morse oscillator
is sufficiently large even for small perturbations. The variation of energy in
the stochastic layer may be large enough that the deviation of the generating
function S(H,t) (5.30), (5.27) from its value S(H = 0,t) at the unperturbed
separatrix H = 0 would be not negligible. In this case the dependence of the
generating function S(H,t) on the energy variable H becomes important.

6.3.2 The Symmetric Mapping

According to the relations (6.69), (6.63) the perturbation function V,,(H, 1)
is equal to V,, = (¢, H)/a. Using (6.65) for the frequency w(h) the integrals
(5.27) can be reduced to:
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Fig. 6.11. Geometry of the separatrix map to the section X5 for the periodically
driven Morse oscillator. A thin curve describes unperturbed separatrix

0 O
RE(h,Y = +71) =a”! / a(r, h)e T dr = —— / eimdi;dT
Frjw(h) 0
V1—=1h] eiAlRI T 2y
Ll sin 7y (6.70)

dn
i§2 1—«/1—\h cos

where A = 2/wg. Then according to (5.24), the generating function takes
the form

S(t 0, H) = K*(H) 2" cos (@t £ mAH| /2 + x)
_LE(H)Q 'sin (th + mA|H| Y2 +X) . (671

where K+(h) = —K~(h) = —K(h), L*(h) = L~ (h) = —L(h), and

1/2
m/ sin 7 sin(A7/|h| )dT,
—+/1—|h|cosT

1/2
- Vi=Thl | " sin cos(Ar/I ) ) (6.72)
mcosr

These integrals also can be also presented as a sum of regular and oscillatory
parts: K (h) = K("¢9)(h) + K(°*9)(h). The asymptotical estimations of both
parts of K (h) are given in Sect. B.3 of Appendix B.3. The dependence of
the integral K (h) on h is shown in Fig. 6.12 at fixed value of the parameter
A =4
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Fig. 6.12. Dependence of the integral K (h) on h: (a) in the whole interval of h.
(b) in the interval —0.1 < h < 0. Solid curve 1 corresponds K (h), and dashed curve
2 describes its regular part K ("9 (h). Parameter A = 4

Using the generating function (6.71) the symmetric mapping (5.20) can
be written as

H = hg + e(K(H)sinay + L(H) cosay,)

K(H) cos oy, — dL(H) sin «v
dH T TaH i

(K(H)sinay + L(H) cosay) (6.73)

D =t + ¢ (d
A

+672|H|3/2

hi+1 =H+ e (K(H)sinagy1 — L(H) cos agt1)

2mA |, (AK(H) o dL(H)
2 T\ T an R TR

(K(H)sinag41 — L(H) cosagy1) , (6.74)

thJrl =dp + sin ak+1>

A
PITIEE
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where

mA

= 0t + \H\l/z

+ X, Qg1 = 1 — +Xx

T
e

The first set of equations (6.73) is implicit with respect to the energy
variable H, and the second set (6.74) is implicit with respect to the time
L1

The mapping (6.73), (6.74) can be simplified using a smallness of the
perturbation parameter e. Carrying out the transformations similar to ones
made in Sect. 5.3.2 and neglecting the terms of order €? one obtains

hk+1 = hp — QEK(thrl) sin ((pk +

A A dK(hk:+1)
_ -2
Pk+1 = Pk + |hk|1/2 + |hk+1|1/2 ¢ dhy+1

+X
(6.75)

|h |1/2 )
Ih |1/2 )
A straightforward calculation shows that det|0(hgt1,tr+1)/0(hi, k)| = 1,

i.e., the mapping (6.75) is a area—preserving. It is also invariant with respect
to the time reversing: k «— k + 1.

6.3.3 A Nonsymmetric Mapping

We present also the nonsymmetric form of the separatrix mapping. Particu-
larly, we consider the mapping in the form (5.29). Putting ¥ = —x in (5.27),
one can show that L(h) = 0 and K (h) is determined by (6.72). Then the
generating function (5.30) becomes

A
S(tkahk+1) = —QK(hk+1)971 Ccos th+W7+X .
|hoa |2

Then the separatrix mapping (5.29) takes the following form:

. A
Bacts = iy = 26K (his)sin (p + o= +x )
( ) |hgegr M
2w /A dK (hj41 A
= -9 _
Pr+1 = Pk T |hk+1|1/2 € Doy cos + |hk+1|1/2 +
A

€K (hy41) sin (@k + + X

™
o2/ g |12

(6.76)

This map can be also transformed into the form (6.75) by eliminating the last
term in the second equation (6.76) using the first equation, and neglecting
the terms of order €.
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Fig. 6.13. (a) Phase space of the separatrix map (6.75); (b) A corresponding
section obtained by a direct numerical integration of Hamiltonian system (6.62).
Perturbation parameter e = 0.01, normalized frequency A = 4

6.3.4 Comparison with a Numerical Integration

The phase space of the separatrix mapping (6.13) near the separatrix region
is plotted in Fig. 6.13a for the perturbation parameter ¢ = 0.01 and the nor-
malized frequency A = 2/wy = 4. It is supposed that the orbit leaves the
system when the energy h exceeds the zero, h > 0, which corresponds to the
unbounded motion. We have compared the separatrix map with the direct
numerical integration of Hamiltonian system with (6.62) using the symplec-
tic integrator presented in Sect. 1.5. The results are shown in Fig. 6.13b. As
seen from Figs. 6.13a,b the separatrix map quantitatively well reproduces all
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features of the regular and chaotic motion of the system: locations of KAM
islands and their widths.

6.4 The Kepler Map

The developed method can be directly applied to construct mappings near
the separatrix of Hamiltonian systems with a saddle point located at in-
finity. Particularly, the separatrix mapping of type (6.75) can be directly
obtained for one-dimensional hydrogen atom in the field of a monochromatic
electromagnetic wave. The latter problem has been subject of the numerous
studies related to the chaotic ionization of highly excited hydrogen atom in
a microwave field (see a review by Jensen et al. (1991); Sanders and Jensen
(1996)). This problem is similar to the mentioned above problem of dissocia-
tion of molecules in a microwave field. In several publications by Casati et al.
(1987); Gontis and Kaulakys (1987); Casati et al. (1988); Jensen et al. (1988);
Kaulakys and Vilutis (1999) the so called Kepler map has been introduced
to study this problem. Here we present the simplified form of mapping which
describes the classical motion of an electron in a one dimensional model of
hydrogen atom in the field of monochromatic electromagnetic field similar to
the map (6.75) for the driven Morse oscillator.

In atomic units (m. = h = e = 1) the system is described by Hamiltonian

2
H:H(Jc,p,t):%— + zF cos(2t + x) , x>0, (6.77)

8|~

where {2 and F' is the microwave frequency and amplitude, respectively. In
the absence of microwave field (F = 0) the classical orbit, z(t — to, H) of
bounded electron (H < 0) is given by

9 = w(H)(t — to) = arcsin\/Z— wi (1 - j) : (6.78)

where tg is the moment of time when electron reflects from boundary x = 0
(perihelion), and x. = 1/|H| is the turning point of classical motion (aphe-
lion). The frequency of motion w(H) is determined by the relation between
the action (I) and energy (H):

o) = TN _ Ly =

1
212"

(6.79)

From the perturbed Hamiltonian eH; = xF cos(£2t + x) in (6.77) we have
Vn(H,7 = x(7, H), and using the relation (6.78) one obtains the Melnikov
type integral K, (H) (5.31)
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w/w(H)

2 f
K(H)= / x(1, H) cos 27dr = fﬁ/sin 7 (z)dx
—m/w(H) ) Zf
— m / _ ™ 2/3 7/

= L) = 95/3V J,(v),

w/w(H)
L(H) = / x(r, H)sin 27dr =0, (6.80)

—m/w(H)

where v = 2/w(H), and J;(z) = dJ,(z)/dz is the derivative of the Anger

function L
J.(2) = 7/ cos(vx — zsinzx)dx . (6.81)
T Jo

For v <1 (or |H| > £23/2/2) the function J;(V) is approximated by a poly-
nomial function

3
J,//(V) = Z/Zakl/k ,

k=0
ao = 0.49819, a; =0.0183892 ,
az = —0.280396 , a3 = 0.0888974 . (6.82)

For v > 1 (or |H| < £23/2/2), it has the following asymptotics

, . a ad P, b = I SIN VT o= S
T )~ v2/3 [1 + P I/Qk] IRZE ];)ﬁ C 4Am? p2k (6.83)

where the coefficients a, b, and the first three coefficients vy, d, si are

22/3 21/3

g — b= — =~
‘T 3sr(1/3) 32/31(2/3) °

23 - _
"= 3Eg e = —9.373 ;4;0 4 g =4.44 x 107,

8o =0.2 5 =— 8y = 6.047 x 1074
0 ’ L= 7346500 2 % ’
64 =—3.8x107*, so=1, 51 =—1/8, 59 =1/32.

The maximal relative deviation of the asymptotical formula (6.83) from the
value of J, (v) obtained by numerical integration of the integral (6.81) is
6.3 x 1073 at v = 1.34.

At |H| < £2%/2/2 (v > 1) the integral K (h) can be presented as a sum

K(H)= K9 (H) + K°°(H) , (6.84)

where
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(reg) _ _
K Q(H)—Ko{a 1+k 11/21@] Vg/ngQk}

sin Ty Sk

K©9)(H) = —K, oy B D (6.85)
k=0
47 (9]

The oscillatory part K (°5¢) (H) has zeros at the primary resonant values of H,
determined by mw(H,,) = £, i.e., K(°*)(H,,) = 0. From (6.80) follows that
the normalized integral K (h) / Ky depends on H only through the quantity v.
The dependence K (h)/Kj on v is plotted in Fig. 6.14 by the solid curve 1, the
dashed curve 2 corresponds to the normalized regular part, K("¢9)(H) / K.
The dependence of the normalized integral K(H)/Ky on the energy H is
shown in Fig. 6.15 by the solid curve 1: a) in the interval —1 < H < 0; b) in
the interval —0.1 < H < 0. Dashed curve 2 describes the normalized regular
part, K9 (H) /K.

0.4

0.3

0.2 r

K(h)/K,q

0.1

\Y

Fig. 6.14. Normalized integral K (H)/Ky versus the parameter v (curve 1); curve
2 describes the normalized regular part, K(TE’”(H), forv>1

The simplified form of the map given (5.45) takes the following form

re Q
hii1 = hy — FQEKT9 (b)) sin (‘pk + |hil372 +X> ’

n 2 n {2
Pr+1 = Pk |hk|3/2 |hk+1|3/2

dK (9 (hy 1) 702
_pdt T \k+l) 6.86
dhy41 cos <<pk * [P |hy.[372 ) ’ (6.86)
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Fig. 6.15. (a) Dependence of the normalized integral K(h)/Ko on the energy
h (curve 1) for the frequency 2 = 0.325; (b) Its expanded view in the interval
—0.1 < h < 0. Curve 2 describes the normalized regular part, K9 (H)

In this map the both variables ¢y = 2t, hy = H(t)) are defined at the same
section X5 of phase space (x,p) located at the maximum distance from the
center x = 0 (aphelion).

In the region very close to the separatrix H = 0 the quantity K (9 (h)
can be approximated by aKy = K9 (0). Then the mapping is reduced to

. w2
hig41 = hy — FQ2aK,sin (‘Pk + W +X) )

— ot w2 LT
Pk+1 = Pk hel32 " Ty [32

(6.87)

The mapping obtained by Gontis and Kaulakys (1987); Kaulakys and
Vilutis (1999) can be recovered from (6.86) shifting the time ¢ (or the phase
) by the half period of unperturbed motion, 7/w(H) (or 72/w(H)), i.e.,

w2 B
<Pk+W:SOk_>%0k .

In the number works by Petrosky (1986); Casati et al. (1987); Gontis
and Kaulakys (1987); Casati et al. (1988); Jensen et al. (1988); Sagdeev and
Zaslavsky (1987); Petrosky and Broucke (1988); Chirikov and Vecheslavov
(1989) the conventional Kepler map has been derived calculating the incre-
ments of energy H and phase ¢ over one phase rotation in phase space. It
has the following form (in our notations)

hig+1 = hg — FQKjsin Pk
272
b = —_— 6.88
Pr+1 Pk + |hk|3/2 ( )

This mapping can be formally obtained from the canonical mapping (6.87)
by shifting the phase ¢, — Py
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We should note that the variables in the map obtained by Gontis and
Kaulakys (1987); Kaulakys and Vilutis (1999) as well as in the Kepler map
(6.88) are defined at the different sections of the phase space: the energy H
is at the maximum distance from the center (aphelion), and the phase, ¢ (or
time ¢) at the minimum distance (perihelion). Because of this the variables
H and ¢ are not canonically conjugated. The Kepler map in canonical vari-
ables has been constructed by Nauenberg (1990) and later by Pakoriski and
Zakrzewski (2001) by integrating Hamiltonian equations in extended phase
space. However, the map obtained in such a way has a complicated form al-
though it is in a good agreement with direct numerical integrations. On the
other hand, the Kepler map is valid only for the small perturbations F' and
in the area close to the separatrix.

Casati et al. (1987); Gontis and Kaulakys (1987); Casati et al. (1988);
Jensen et al. (1988) applied the Kepler map in the form (6.88) to study the
classical chaotic ionization of hydrogen atoms in a microwave field which
has been investigated experimentally (see Jensen et al. (1991) and references
therein). The map obtained by Gontis and Kaulakys (1987); Kaulakys and
Vilutis (1999) which is equivalent to the map (6.86) allows one to analyze the
frequency dependence of ionization process and to study the adiabatic and
chaotic regimes of ionization.

The Kepler map (6.88) has been also proposed by Petrosky (1986);
Sagdeev and Zaslavsky (1987); Petrosky and Broucke (1988); Chirikov and
Vecheslavov (1989) to study the chaotic motion of comets near parabolic or-
bits in the Solar system. Particularly, Chirikov and Vecheslavov (1989) have
shown that the motion of Halley’s comet is chaotic.

6.5 Comments on Separatrix Map Methods

During the last decade there were a number of studies devoted to the deriva-
tion of the separatrix mapping and its generalization (see Chirikov (1979);
Zaslavsky et al. (1991); Ahn et al. (1996); Abdullaev and Zaslavsky (1995,
1996); Shevchenko (2000); Luo and Han (2000, 2001); Luo (2002)). These
studies were mainly based on the calculations of the increments of the time,
t, and the energy, h, over phase rotation in phase space, similar to the deriva-
tion of the perturbed twist map, described in Sect. 3.2. This approach leads
to the mappings near the separatrix with time and energy variables defined
at the different sections of phase space (Escande (1988)). Therefore, the vari-
ables of these separatrix maps are not canonical which makes it difficult, in
principle, to compare the phase space structure of a system with ones of the
separatrix mapping. On the other hand the these approaches, in general, does
not allow estimate the accuracy of the separatrix mapping.

For this reason there were several studies to construct the separatrix maps
with variables defined at the same sections of phase space. Particularly, in
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Abdullaev and Zaslavsky (1995, 1996) the so-called shifted separatrix map-
ping has been proposed where both time and energy variables are defined at
the sections near the saddle points. The separatrix mapping to the section
Y. (in our terminology) for the periodically driven-pendulum (5.2) has been
also obtained in Shevchenko (1998, 2000). These mappings has been obtained
from the conventional form of the separatrix map (6.61) by the calculation
of the increment of the energy to the corresponding sections. However, the
map proposed by Shevchenko (1998, 2000) unlike the one (6.59) obtained
here, is implicit in both, time and energy variables, which makes it difficult
for practical calculations.

Nauenberg (1990) and later Pakonski and Zakrzewski (2001) constructed
the implicit symplectic map for canonical variables defined at the same sec-
tions of phase space in the perturbed Kepler problem. Since they employed
the method of calculations of increments in time and energy over one phase
rotation in phase space, it requires to set additional assumptions on depen-
dence of these increments on time and energy variables.

Ahn et al. (1996); Shevchenko (1998, 2000) have proposed the so-called
ezact separatriz mappings to describe the dynamics of system for large per-
turbation parameter e. For instance, for the periodically driven pendulum
Shevchenko (1998, 2000) obtained the exact map from the conventional sep-
aratrix mapping (6.61) by replacing the asymptotics of frequency of motion
w(H) = 27/In(32/|H|) by its exact expression, w(H) = 2rk/K (k=) for
H > 0and w(H) = 2 /K (k) for H < 0, while keeping the same integrals K+
taken along the unperturbed separatrix. However, these maps cannot exactly
describe Hamiltonian system, at least, because of two reasons. Firstly, since
for the large energy variations one should calculate the energy increments
not only along unperturbed separatrix, but along the unperturbed closed or-
bits inside and outside the separatrix. Secondly, the construction of maps by
calculating the increments of time and energy along the unperturbed orbits
is valid only in the first order of the perturbation theory e (see Sect. 5.2.1).

The Hamilton—Jacobi method discussed in this chapter gives a system-
atic and rigorous way to construct mappings near the separatrix. It allows to
construct mappings to the arbitrary sections of phase space which is impor-
tant in different applications.

6.6 Bibliographic Notes

The separatrix mapping has been first proposed by Filonenko and Zaslavsky
(1968) and later by Chirikov (1979). The geometrical interpretation was first
given by Escande (1988). In early works it has been used to estimate the
width of the stochastic layer near the separatrix (see Filonenko and Zaslavsky
(1968); Chirikov (1979); Zaslavsky et al. (1991)). Later the application of the
separatrix mapping has been extended not only to study the mixing and
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transport processes in the stochastic layer in the abstract Hamiltonian sys-
tems Rom-Kedar (1994, 1995); Vecheslavov (1996); Treschev (1998); Vech-
eslavov (1999) but also in specific physical systems: fluid dynamics, plasma
physics, dynamical astronomy.

A number of studies by Ahn et al. (1996); Abdullaev (1999); Treschev
(2002); Abdullaev (2004b) were devoted to the rigorous derivation of the
separatrix mapping. The different forms of the separatrix map or its general-
izations have been discussed in Abdullaev and Zaslavsky (1995, 1996); Vech-
eslavov (1996, 1999); Luo and Han (2000); Shevchenko (2000); Luo and Han
(2001); Luo (2002); Vecheslavov (2002). Among the mathematical studies to
construct separatrix maps one should mention the works by Treschev (2002,
2004). He has constructed a multidimensional analog of the separatrix map
which determines the chaotic dynamics in the vicinity of asymptotic (separa-
trix) surfaces of a hyperbolic torus. The systematic and rigorous method to
construct mappings near separatrix is developed by Abdullaev (2004b, 2005).

Rom-Kedar (1994, 1995) has applied the separatrix mapping to study the
mixing and transport processes in chaotic Hamiltonian systems. The sep-
aratrix mapping has been used by Treschev (2004) to obtain the rigorous
estimations for the diffusion rates in Hamiltonian systems with many de-
grees of freedom. The separatrix mappings were also played an instrumental
role in a study of the rescaling invariant properties of Hamiltonian systems
near the separatrix and the chaotic transport in the stochastic layer (Ab-
dullaev and Zaslavsky (1994); Zaslavsky and Abdullaev (1995); Abdullaev
(1997); Kuznetsov and Zaslavsky (1997); Abdullaev (2000); Kuznetsov and
Zaslavsky (2002)).

The separatrix mappings have been widely used to study a chaotic trans-
port of passive particles in structured fluids in Weiss and Knobloch (1989);
Ahn and Kim (1994); Latka and West (1995); Weeks et al. (1996); Ahn and
Kim (1997); del Castillo-Negreto (1998); Kuznetsov and Zaslavsky (1998), to
study magnetic field lines in tokamaks in Yamagishi (1995); Abdullaev and
Zaslavsky (1995, 1996); Abdullaev and Finken (1998), and transport in plas-
mas (Escande (1988)), to describe a particle motion in electromagnetic fields
in Lichtenberg and Wood (1989); Zaslavsky et al. (1991). In Shevchenko and
Scholl (1997); Shevchenko (1998, 1999) the separatrix map has been used to
study the dynamics small planetary bodies, asteroids, in the Solar system,
and rotational motion of a satellite.

The Kepler map , which is a specific form of the separatrix map in the
systems with along-range interaction, has been introduced in several publica-
tions by Casati et al. (1987); Gontis and Kaulakys (1987); Casati et al. (1988);
Jensen et al. (1988); Casati et al. (1990); Kaulakys and Vilutis (1999); Pet-
rosky (1986); Sagdeev and Zaslavsky (1987); Petrosky and Broucke (1988);
Chirikov and Vecheslavov (1989). It has been used to study a classical ion-
ization of hydrogen atoms in a microwave field and the motion of comets in
the Solar system.



7 The KAM Theory Chaos Nontwist
and Nonsmooth Maps

In this chapter we will discuss some problems of dynamics and chaos in non-
standard Hamiltonian systems. First of these problems is the dynamics of
Hamiltonian systems in which a so-called twist condition is violated. Par-
ticular example of these system is a one-degree-of-freedom system with a
non-monotonic dependence of the frequency of oscillations on action vari-
able. The second problem is a study of systems subjected to non-smooth
perturbations. These problems have been mainly investigated in the last
decade, and they are less discussed in monographes and reviews. Regular
and chaotic dynamics of these Hamiltonian systems are outside the scope of
the Kolmogorov—Arnold—Moser (KAM) theory. Before discussing these prob-
lems we recall the KAM theory and the onset of chaotic dynamics in stan-
dard Hamiltonian systems. We will use the mapping approach to study these
problems.

7.1 Conservation of Conditionally Periodic Motions.
The KAM Theory

In this section we recall the main ideas of the Kolmogorov-Arnold-Moser
(KAM) theory emphasizing on conditions of its applicability. This theory
concerns the conservation of conditionally —periodic motion of Hamiltonian
systems subjected to small perturbations in infinite time interval. The corre-
sponding theorem has been first formulated by Kolmogorov (1954) with the
sketch of its proof. The theorem has been later proven by Arnold (1963a,b)
and Moser (1962) (see, e.g., Arnold et al. (1988), Arnold (1989)).

Consider an integrable Hamiltonian system described by Hamiltonian
Hy(Iy, ...,Iy). The orbits in phase space lie on the surface of the invari-
ant torus determined by the actions (I; = const) (i = 1,..., N). The invari-
ant torus is called irrational (or non-resonant), if the frequencies of motion,
w; = 0Hy(I)/01;, (i =1,...,N) are rational independent,

k1w1+k2w2+---+kNwN7éO,

for all integer numbers k; not all of which are zero. If the frequencies w; (i =
1,...,N) are rationally dependent then the tori are rational (or resonant).

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 139-174 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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The unperturbed system is nondegenerate if the frequencies are functionally
independent:

02H
det (8120> £0. (7.1)

Suppose that the integrable system is subjected to a small perturbation.
The perturbed system is described by Hamiltonian (2.3). The Kolmogorov’s
theorem (Kolmogorov (1954)) states that under sufficiently small perturba-
tion € the majority of non-resonant tori are not destroyed, but slightly de-
formed. For the unperturbed system with Hy satisfying the nondegenerate
condition (7.1) the motion on these tori is still conditionally-periodic with
the perturbed frequencies slightly different from the unperturbed ones w(.J).
Orbits densely fill these invariant tori.

Formally, it means that the dynamical system with the Hamiltonian (2.3)
can be transformed to the integrable Hamiltonian system (2.5) with the
Hamiltonian H(.J,€) by the canonical change of variables (J,I) — (v,J)
(2.4). Then the invariant tori is determined by new action variable J; =
const (¢ =1,...,N), and the motion on tori is conditionally—periodic with
the frequencies w(J,e) = OH(J,€)/dJ. The proof of the Kolmogorov’s the-
orem is based on the convergence of perturbation series by the successive
canonical changes of variables which eliminate phases in higher orders of e.
(see Sect. 2.4).

7.1.1 Invariant Tori for Mapping

Below we present the variant of the theorem on invariant tori for the mapping
of 2n dimensional annulus to itself (9,1) — (9,1) (see Moser (1973); Arnold
et al. (1988)):

= 0S(9,1,¢
N
6:&+a([‘)+e%, (7.2)
satisfying to the so-called twist condition,
detag(f ) 20, (7.3)
where a(I) = (o, ..., ay) is rotation angles (or transforms). This condition

corresponds to the nondegenerate condition (7.1). The map (7.2) coincides
with the perturbed twist map (3.5) (see Sect. 3) with the frequency w(I) =
a(I)/T.

For the case N = 1 (7.2) describes the mapping of the annulus on the
plane to itself. In the unperturbed case (e = 0) the orbits lie on circles I =
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const. If the rotation angle «(I) is incommensurable with 27, i.e., the ratio
a(I)/2x is irrational, then orbits completely fill the circle. The corresponding
circle is said to be nonresonant. When «(I) is commensurable with 27, i.e.,
a(Lmn) /27 = n/m with n and m are integer numbers, the circle is resonant.
The orbit consists of m periodic points on the circle I = I,,,,. The twist
condition (7.3) means that the rotational angle monotonically changes from
one circle to another one.

The nonresonant and resonant orbits in the (,I) plane are shown in
Fig. 7.1a'. The horizontal lines correspond to the circles.

In the presence of perturbation (e # 0) the nonresonant circles satisfying
the irrationality condition

a(l) — 27% > cv/em™ (7.4)

are not destroyed, but they are slightly deformed. (Here v= 2.5, and ¢ is a
constant). The invariant curves have the form

I'=J+ef(J.ie), =1+ eg(J,¢se) (7.5)

where f, g are continously differentiable functions of period 27 in ¢: f(J, ¢;€) =
f(T o+ 2m5€), g(J, 5 €) = g(J, 9 + 27;€), and of order of f,g ~ 1. The vari-
able J is a constant, and the angle variable v is determined by the mapping

J = const , V=10 +w(J;e)T, (7.6)

where w(J;¢€) is a perturbed frequency on the invariant curve.
To illustrate this theorem consider the example of a Hamiltonian system
given by Hamiltonian

8
HW,I,t) = /w([)d] +e Y cos(mi —t), wI)=1". (7.7
m=4
The rotation angle a(I) = 27w(I) = 27/I, and the resonant circles are

I, = m/n. Several nonresonant and resonant orbits on the (¢, I) plane are
shown in Fig. 7.1a in the absence of perturbation (¢ = 0). The horizontal
lines correspond to the circles, and the periodic points describe the resonant
orbits.

Figure 7.1b shows the corresponding orbits in the presence of perturbation
with € = 4 x 107%. As seen from Figure the non-resonant orbits are deformed
about the unperturbed ones.

! Furthermore all calculations throughout the book will be performed using the
mappings (4.6)—(4.8) with the first order generating function (2.35) unless it is
specially noted.
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2 ()

V21

Fig. 7.1. (a) Non-resonant and resonant orbits for m : n = 5:1, 6:1 and 13:2 in the
absence of perturbation (¢ = 0). (b) Corresponding to these orbits invariant curves
in the presence of perturbation (e # 0). The resonant orbits are destroyed. Dashed
straight lines correspond unperturbed orbits

7.1.2 Destruction of Resonant Orbits: Nonlinear Resonance

The resonant orbits as well as orbits nearby are completely modified in the
presence of perturbation. The behavior of system in this case is described by
the Poincaré-Birkhoff theorem (Poincaré (1892-99); Birkhoff (1927)). In the
physical literature this phenomenon is known as a nonlinear resonance (see
Zaslavsky and Chirikov (1971); Chirikov (1979); Zaslavsky (1985); Sagdeev
et al. (1988)). Here we consider the dynamics of resonant orbits using von
Zeipel’s method of the perturbation theory (see Sect. 2.1.4).

Consider for simplicity the Hamiltonian system (2.19) with N = 1 near
the resonant value I, mw(IL,) —nf2 = 0. We introduce a canonical change
of variables (I,9) — (J,v) = (I/m,md — nf2t) in the Hamiltonian system
(2.19) by means of the generating function F' = (md —nf2t)J +eS(9, J, t,€).
Hamiltonian H is transformed to the new one H (¢, J,t) = H(H (), I[(J),t)+
OF/0t, which can be written as
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H(Ja 7% t) = H’(’es (¢a ']) + 67-(/1 (% ‘]7 tv 6) ) (78)

where H' (¢, J,t) = H{(9(),I(J),t) does not contain the resonant (m,n)
term, and

Hres(w7 J) = HO(mJ) —n2J+ 6];IWLn(WLJ) COS#& (79)

is an integrable resonant Hamiltonian.

First we consider the behavior of the resonant Hamiltonian system (7.9).
Suppose that the deviation of action J from the resonance action I,,/m is
small, i.e., |[AJ| = |J = Imn/m| < Imn/m. We expand the Hamiltonian (7.9)
in series of powers of AJ. As we will see below that max|AJ| oc v/e. Then
retaining only the terms up to the first order of € and taking into account the
resonant condition mw(ly,,) — nf2 = 0, one obtains

= 1 )

where H,.os(J, %) = Hyes (¥, J) — hog — n821,,,/m and

(AT + (k+ K AJ)cosp (7.10)

df,,
ho = HO(Imn) ) k= €Hmn(lmn) , k' =em . s
al I=Imn
dH, d2H,
Imn = ) ! Imn = .
W( ) dl I=Imnn ¢ ( ) dIQ I=Inn

According to the twist condition (7.3) the quantity w’(l,,,) does not van-
ish, i.e., dw(I)/dI # 0. For a certainty suppose that w'(1n n)Hmn(Lm,n) <
0. When the derivative k' is neglected the Hamiltonian (7.10) coincides
with Hamiltonian describing the pendulum studied in Sect. 1.4. Introduc-
ing the momentum y = m2w (I, ,)AJ and the normalized Hamiltonian
H = Hyesm*w'(I,;,,,) the Hamiltonian (7.10) can be reduced to the stan-
dard form (1.41)

H=1y?/2 - wicosy ,

with the frequency

1/2
wo = m|eHmn (I n)w' (Lm,n) . (7.11)

The phase space of the pendulum was shown in Fig. 7.2a. In the (¢, y) plane
the system has the elliptic fixed point at (¢ = 27,y = 0), and the hyperbolic
fixed point at (¢ = m,y = 0). Since ¥ = mI—n{2t there exist m elliptic points
and m hyperbolic points in the original (¢4, I) plane shown in Fig. 7.1b. The
hyperbolic points are connected by heteroclinic orbits. They sharply divide
the trapped motion with H < w? from the un-trapped motion with H > w3.
The maximum variation of the trapped motion in momentum y is equal
Ay = 4wy which defines a width of the nonlinear resonance. The width of the
resonance in the action variable I is
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Fig. 7.2. Phase space of Hamiltonian (7.2): (a) ¥’ = 0; (b) ¥’ = 0.05. The para-
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(7.12)

When %’ is not small enough that could be neglected, the Hamiltonian
(7.10) is reduced to

H=1y?/2 — (wi + k'y) cos . (7.13)

This system has the elliptic point (¢p = 7,y = k'), and the hyperbolic fixed
point at (¥ = 0,y = —k’). The separatrix dividing the regions of trapped
and un-trapped motion becomes asymmetric with respect to the resonant
line y = 0. The topology of phase space of the Hamiltonian (7.13) in this
case is plotted in Fig. 7.2b.

Such asymmetric nonlinear resonances appears when the perturbation,
Hy(9,1,t), has a strong dependence on action variable I. It occurs, for in-
stance, in the study of magnetic field lines in a so called ergodic divertor
tokamaks (see Chap. 11).

7.1.3 Chaotic Layer Near a Separatrix

Now we consider the influence of the nonresonant perturbation H; (¢, J,t) in
(7.8) near the separatrix of system. Under the time-periodic perturbations
the majority of invariant curves are preserved: they may be only slightly
deformed. However, the orbits on the separatrix which asymptotically (¢ —
+00) approach the hyperbolic points, i.e., stable and unstable manifolds, do
not coincide any more. This phenomenon known as splitting of separatrices
was discovered by Poincaré (1892-99) (for more details a reader may consult
Lichtenberg and Lieberman (1992); Guckenheimer and Holmes (1983)).
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A behavior of orbits sufficiently close to the separatrix becomes very sensi-
tive to the small change of initial conditions. As was noted by Poincaré “. ..t
may happen that small differences in the initial conditions produce very great
ones in the final conditions. A small error [change] in the former will produce
an enormous error [change] in the latter. Prediction becomes impossible ... ”.
In general, any small error in initial conditions will be growing exponentially,
that the prediction of results will be practically impossible. In other words
the distance, d(t), between two orbits with close initial conditions grows ex-

ponentially,
d(t) = d(0)e’" (7.14)

where d(0) is an initial distance, and the exponent o, (¢ > 0), is the mea-
sure of divergency of orbits. An example of such exponential divergence of
two orbits near the separatrix with very close initial conditions is shown in
Fig. 7.3. This phenomenon is known as a dynamical chaos or simply chaos.

Fig. 7.3. Exponential divergence of orbits near the unperturbed separatrix with
very small differences in the initial conditions (curves 1 and 2). Dashed curve 3
describe the unperturbed separatrix, curve 4 — stable orbit

The region near the separatrix with chaotic orbits is known as a stochas-
tic layer. The stochastic layer is formed for any small magnitude of pertur-
bation?. It constitutes a seed or as called by Chirikov an embryo of chaos
(Chirikov (1979)). For sufficiently small perturbation e the width of the sto-
chastic layer is exponentially small and the chaotic motion is confined in
this very small region. The chaotic orbits cannot diffuse far from its initial
positions because of existence of invariant curves.

In the Chaps. 5, 6 we have developed mapping methods to study a motion
near the separatrix. The structure of the stochastic layer, its properties and
chaotic transport in a stochastic layer will be also studied in Chaps. 8, 9.

2 As was recently shown by Vecheslavov (2001); Vecheslavov and Chirikov (2002)
that for a certain class of Hamiltonian systems the resonance separatrices are
not destroyed even for moderately strong perturbation; see Sect. 7.5
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7.1.4 Lyapunov Exponents

The Lyapunov exponent is the important characteristic of chaotic systems.
It gives a precise quantitative measure of exponential divergence of nearby
orbits. Below we give a definition of the Lyapunov exponent and the method
of its calculation for symplectic mappings (3.2). For simplicity we consider
the system described by the two-dimensional map. Let

dL,, — (%’;) (7.15)

be an infinitesimal vector separating neighboring orbits at the k-th step. The
evolution of the vector dIj, for one map iteration is described by the following
equation

dljy1 = Jidl, (7.16)

where J, is the Jacobian matrix of the mapping (3.2):

<2 Y Oy

oIy 0V
Ji = . (7.17)
00,11 OV
aln 0,

We recall that detdJ, = 1. Consider the evolution of the distance ds; =
\/dI? + d¥% between orbits in the (9, I) plane. According to (7.16) its square,
dsi, can be written as

dsi = dIf dly, = dT} | JFJpdI,_y
=dit 3t 313, Jydly (7.18)

Let )\gk), )\ék) be the eigenvalues of the matrix J; which satisfy the eigenvalue
problem,

JLA = )\A

where A is the corresponding eigenvector. The eigenvalues are found as so-
lutions of the equation

81k+1 _ A 81k+1
oIy, oL _
det CXT TN 0,

oIy, 0V

from which it follows that
A\ =D+VvD-1, (7.19)

where
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In (7.19) we have taken into account that according to the volume-preserving
condition (3.3) the determinant of the Jacobi matrix J, is unity.

In general, the eigenvalues A(lk),A(Qk) are functions of local coordinates
(Ok, Ir). In the case D > 1 the eigenvalues A1j, Aai are real, and satisfy the
condition

A >1 a8 <, A =1,

In this case the orbits is locally unstable. If D < 1 the eigenvalues A1; and
Ao are complex numbers, with the unity modules, || = |Aax| = 1. The
orbits in this case are locally stable.

The Lyapunov exponent, o, is defined as

1
c= lim —In dsy

—— 7.20
N—oco N dSO ’ ( )

or ds, = exp(No)dsg, i.e., it characterizes the degree of exponential diver-
gency of orbit per one map iteration. According to (7.18), it is determined by
(k) )\(k)>
1 72

the largest eigenvalue, A\(*) = max (A , of the Jacobian matrix Jg:

N
1
RF (k)
o= th In kl_ll A (7.21)

When the eigenvalue A(*) does not depend on the local coordinates (9, I,
i.e., \(®) = X\, then o = In \;. The Lyapunov exponent, o, is positive for the
unstable orbits, and it vanishes, o = 0, for the stable orbit.

We conclude this section with calculation of the Jacobi matrix of the
mapping (4.12)—(4.14) determined by the generating function (2.35). Use the
presentation of the mapping in the form (4.67) of three successive mappings
(4.68) each of them are given by (4.12), (4.13) and (4.14), respectively. Then
the Jacobian matrix (7.17) can be written as a product of three Jacobian
matrices, corresponding to three successive mappings,

Jk = Mk+1MOMk , (722)
where
. O, OJk
Vo= (2 2. )
8l 0V
9y Ok . 0
Y Oy Oy,
Mo=1 au. ou :( ) : 7.24
" (2??: 2$:> ST (s — t) 1 (7.24)
y aJ i
M1 = <6'l9k~kkl a?ffil ) . (7.25)
ol 0vn
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The derivatives in the matrices (7.23), (7.25) are easily calculated from
the mappings given by (4.12) and (4.14)):

Ok _ 1 0y edm(ty)
oIy, 1 + 6A12(tk)’ 0V, T + EAlg(tk) ’
Oy, €Ay (tr) 0Py €2 Ay (ty)Asa(tr)
—— =" —= =1+eAp(ty) — , (7.26
8Ik 1+ €A12(tk) 81916 ¢ 12( k) 1+ €A12(tk) ( )
o) (A A (tri1) Ao (trs1)
=14+ €eAx(ts —
a7, +e€ 12( k+1) 1+6A12(tk+1)
(9];#1 _ €Aaa(tkt1)
8’(/)k 1 + €A12(tk+1) ’
1 _ €A1 (trs1) 51913+1 _ 1 (7.27)
0Jk 14 eAjo(tryr) Oy, 1+ eAia(tiyr) '
where
0251 (9, J,t,to) 0251(9, J,t,to)
=T e
1t

Obtained formulae can be used to calculate the Lyapunov exponents for
generic Hamiltonian systems (2.2), (2.3), (2.15) using the mapping proce-
dure (4.12)—(4.14).

7.2 Applicability of KAM Theory

Conditionally periodic motion of Hamiltonian systems subjected to small
perturbations is preserved only when the certain conditions on the unper-
turbed Hamiltonian and perturbation are satisfied. We list these conditions
of applicability of the KAM theory on invariant tori. They are following;:

1. Perturbation e is sufficiently small.

2. Perturbations Hy(I,9,t) or S(I,9) are sufficiently smooth functions.
3. Rotation angles a(I) satisfy the twist condition (7.3).

4. Rotation angles a(I) are sufficiently irrational (7.4).

The case of violation of twist condition will be considered in Sect. 7.3. Here
we discuss the first two conditions.

7.2.1 On the Smallness of Perturbations

The smallness of the perturbation parameter € is an important condition for
the existence of invariant tori. With the increase of € the width of destroyed
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Fig. 7.4. A case of global chaos in the Hamiltonian system (7.7) for e = 1.8x 107 >
€c

rational tori (or nonlinear resonances) located between invariant tori grows.
At certain level of € > €. neighboring resonances start to overlap destroying
all invariant tori. Orbits are no longer confined near the resonant tori but
they may diffuse far from its initial positions (see, e.g., Chirikov (1979);
Lichtenberg and Lieberman (1992). The system becomes globally chaotic. Tt
is illustrated in Fig. 7.4 for the Hamiltonian system (7.7) at the perturbation
€ = 7.6 x 10~3 which exceeds the critical perturbation e.. The case (e < €.)
was shown in Fig. 7.1b.

The qualitative condition for the onset of global chaos is described by the
resonance overlapping criteria or the Chirikov criteria (Chirikov (1979)). It
states that the global chaos occurs when a sum of half widths of neighboring
resonances, (Wp,.n + Wint1.,)/2 exceeds the distance between them, 61 =

|Im+1,n - Im,n

b

Wm n Wm n
o= ot Wi, >1.
2(Im+1,n - Im,n)

For simple Hamiltonian systems the exact condition of global chaos can
be found using the renormalization group theory (see, e.g., MacKay (1983,
1993)). For instance, the critical perturbation threshold K. for the global
chaos in the standard map is K. = 0.98. In more complex systems the exact
critical perturbation €. may be found by numerical calculations.

In the case of systems with more than two degrees of freedom, N > 2, a
global chaotic motion may happen at any small perturbations € > 0. In these
systems trajectories could wander arbitrarily far from their point of depar-
ture. However, such a chaotic motion known as Arnold diffusion occurs only
at special initial conditions (Arnold (1964), see also Arnold (1989); Lichten-
berg and Lieberman (1992)). The diffusion rate of such a chaotic motion is
very small and decays with € as exp(—C/¢) (C' is a constant).

The prediction of particle orbits in the stochastic zone becomes practi-
cally impossible because of the exponential growth of small errors in initial
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conditions. For this reason we need a statistical approach to study the dy-
namics of system. The elements of the statistical description of dynamically
chaotic systems will be recalled in Sect. 9.1.

7.2.2 On the Smoothness of Perturbations

The term “smooth” means that the function has a finite number of continuous
derivatives. One introduces a smoothness parameter, 3, which is related with
the dependence of Fourier coefficients, H,,(I), of the perturbed Hamiltonian
Hy(9,1,t) (2.15) on harmonics number m. For the analytical functions H;
the coefficients H,,(I) decay exponentially, H,,(I) x exp(—Cm). For the
smooth Hamiltonian the coefficients H,,,(I) has the power-law dependence,
H,,(I) o< |m|~B+D (Chirikov (1991)).

The original proof of the Kolmogorov’s theorem given by Arnold was
based on the analyticity of perturbation function (Arnold (1963a)). Moser
(1962) has first proven the theorem for 5 > 3. = 333. Later it was improved
by Riissman to § > 3. = 4 (see, Moser (1973)). At these cases there exists
a threshold value of perturbation e.(3) that a global chaos takes place only
for perturbation € > e.(3). The critical perturbation e.(3) goes to zero as
8 — B.. As was shown by Chirikov (1991) (see also Vecheslavov and Chirikov
(2002)) for simplest two dimensional maps there exists the non zero threshold
e.(0) of onset of global chaos if 8 > (. = 3.

On the other hand it has been proven that in the case of Hamiltonian
systems with § = 1 the invariant tori do not longer exist for any small €
(Takens (1971)). However, the similar statement has not been proven for
the case 8 = 2. Nevertheless, the existence of the global invariant curves in
Hamiltonian systems with 8 < (. were shown in a number mathematical
studies by Wojtkowski (1981); Hénon and Wisdom (1983); Bullet (1986). Re-
cent extensive numerical and analytical studies of Hamiltonian systems with
B = 2 revealed the existence of invariant resonance structures (Vecheslavov
(2001); Vecheslavov and Chirikov (2002); Chirikov and Vecheslavov (2002)).
These structures act as barriers preventing a global chaotic motion in phase
space. These problems will be shortly mentioned in Sect. 7.5 for simplest two
dimensional maps.

7.3 Non-Twist Maps

A behavior of the system described above may be significantly changed in the
case when the twist condition (7.3) is violated. It takes place, for instance,
when the frequency of nonlinear oscillations w([) is a non-monotonic function
of action I and it has local maximum or minimum. At these points

det (&g;)) ~0. (7.29)
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This case occurs in many problems, for instance, in the problem of passive

advection in shear flows (del Castillo-Negreto and Morrison (1993a,b); Morri-
son (2000)), in condensed matter physics (Soskin (1994); Soskin et al. (2003)),
rays dynamics in waveguides (Abdullaev (1994b)), in tokamak magnetic fu-
sion devices with reversed magnetic shear (see, e.g., a review Wolf (2003) and
references therein), in the study of E x B transport in magnetized plasmas
(Horton (1990)) and others. More detailed investigation of these problems
has been started at the beginning of 90s. The recent review by Soskin et
al. (2003) summarizes achievements of these activities called by authors as
“zero-dispersion phenomena”.

In this section we study this phenomenon in Hamiltonian systems from
the perspective of mappings. We restrict ourselves with one-degree-of-freedom
systems. In this case the non-twist condition (7.29) determines local extremal
points of the frequency w(I), where w’(Iy) = 0. For one-degree-of-freedom sys-
tem (N=1) the curve I = Ij is called a shearless curve (del Castillo-Negreto
et al. (1996)). These extremal points may be local maximum, minimum or
bending points. At the local maximum point I = Iy, w”(Ip) < 0, for local
minimum w”(Iy) > 0, and the bending point w”(Iy) = 0.

7.3.1 Dynamics of Systems with a Non-Monotonic Frequency

To be specific we consider a Hamiltonian system similar to (7.7) but with a
non-monotonic frequency w(I)

10
I
H®,I,t) = /w([)d1+ e;cos(mﬁ —1), w(l) = Ei (7.30)

The profile of w(I) is plotted in Fig. 7.5. The unperturbed frequency has
maximum at I = Iy. The resonant values of I, (w(lnn) = n/m),

0.3

02+ 1

0.1 r

Fig. 7.5. Non-monotonic dependence of w(I) on I (curve 1). Curve 2 describes the
case w(I) = I"'. A value Iy = 2.49
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m 2 , 1/2
o= 2 <4n2_10> |
with the same numbers (m,n) are located up and down the shearless curve
I = Iy. The resonant actions I, for the primary resonances (m,n), (m =
5,...,10;n = 1) are shown in Fig. 7.5 by vertical lines. The distance between
neighboring resonant curves is relatively large near the shearless curve. Below
the shearless curve it becomes more dense, while above the shearless the
corresponding distance is large. There is a pair of resonances (m,n)=(5:1)
just about the shearless curve I = Ij.

Consider the dynamics of the system under influence of perturbation.
Poincaré section of the Hamiltonian system with (7.30) is shown in Fig. 7.6
for three values of the perturbation parameter e: (a) € = 5.97 x 1074, (b)
e = 5x 1073, (c) e = 1072, As seen from Fig. 7.6 for sufficiently small
perturbation (¢ = 5.97 x 10~%) most non-resonant curves located far from
the shearless curve are survived in accordance with the KAM theorem. The
resonant curves are destroyed. The motion below the shearless curve becomes
chaotic because of interaction of closely located resonances. However, the
dynamics of pair of resonances (m : n = 5 : 1) near the shearless curve is
different from one predicted by the KAM theory. When € < ¢, = 5.97 x 10~*
they are separated. At ¢ = 5.97 x 10~ the separatrices of resonances of
reconnected as shown in Fig. 7.6a.

With increase the perturbation e the resonances above the shearless curve
start to overlap breaking invariant curve. It is shown in Fig. 7.6b when € =
5x1073. The pair of resonances near the shearless curve is modified. However,
for this value of perturbation there are still invariant curves just above the
these resonances. These invariant curves are “hard” to break. These curves
are destroyed for larger perturbation. This case is shown in Fig. 7.6c when
€ = 1072. Nevertheless, even for this relatively large perturbation there exists
an invariant curve between pair of resonance about the shearless curve. This
invariant curve prevents a diffusion of orbits from the highly chaotic bottom
region of the system to the another chaotic region above the shearless curve.
Described picture of transition to global chaos in the system with the non-
monotonic frequency is completely different from the one with monotonic
frequency considered in the previous section.

In the following two subsections we analyze specific features of system near
the shearless curves. A study will be based on analysis of the Hamiltonian
(7.9) with only one resonant term located near the extremal point I = Ij.
The effect of non-resonant terms eH/ (v, J, t) will be studied by constructing
symplectic mappings.

7.3.2 Behavior Near Local Maxima or Minima

First consider the case when a local minimum or maximum point Iy close
to the resonant action I,,,. Dynamics of the system near this point can
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W2r

Fig. 7.6. Poincaré section of the Hamiltonian system (7.30). (a) € = 5.97 x 1074,
(b) e=5x 1073, (c) e = 1072, A value Iy = 2.49
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be studied by expanding the right hand side of Hamiltonian (7.9) near the
extremal point Iy up to third order term AJ = J—1Iy/m. Taking into account
that w'(Ip) = 0 we obtain

[0
Hyes(¥, J) = Ho(lo) — %Io + (mwo — n2)AJ

m3w6/ 3 !
+T(AJ) + (ko + K'AJ)cos v, (7.31)

where

dHnm 7 dgHO

= H I I: =
ko = eHpmn(lo) , k' =me i 1:10’ wy e

I=Io

Introducing a new canonical variable y = /m3|w{|/2AJ and H = (Hyes —
Ho(Ip) — n2Iy/m)+/m3|wf|/2 the Hamiltonian (7.31) is reduced to

3
H(w.y) = ay + 0% + (b-+ K'y) cosv (7.32)

where a = mwg — nf2, b = koy/m3|w{|/2, and o = sgn(wj). The quantity a
describes mismatch between the frequency wy at the extremal point Iy and
the resonant frequency: a = m(wo — w(Imy)). The number o =1 (or wj > 0)
when the frequency w(I) has a minimum at Iy, and therefore a < 0. The
value o = —1 (or w”’(Ip) < 0) when the frequency has a maximum at Iy and
a > 0. Furthermore we put k&’ = 0 for the sake of simplicity.

The fixed points of the Hamiltonian system with (7.31) are determined
by

. OH
b=""=atoy® =0,

dy
OH
For 0 =1 (a < 0) there are two kind of fixed points: elliptic fixed points at
W = a1yt = Vlal) and W) =0,y = —+/]a]). The up and down
hyperbolic fixed points are ( ,(l+) = O,y}(f) = +/|a]) and (¢£L_) = my,(l_) =
—+/lal), respectively. Similarly, one can find fixed points for the case o = —1.

The phase space of Hamiltonian (7.32) is plotted in Fig. 7.7 for the different
values of the perturbation parameter b.

For small values of b the up and down hyperbolic points are connected
only with themselves by heteroclinic orbits similar to the case of the standard
nonlinear resonance. At the certain level of perturbation b. the up and the
down hyperbolic points are reconnected. It occurs when
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According to the Hamiltonian (7.32) we obtain the reconnection threshold
be = 2[al?/?/3 . (7.33)

When b > b, the lower hyperbolic point starts to connect itself homoclinically.

The maximum variation of the action variable J near resonant orbits
is proportional to €'/3, which is larger than for the conventional nonlinear
resonance where it is proportional to €'/? (see Eq. (7.12)).

Under influence of the perturbation term eH] (¢, J,¢) (7.8) the stable and
unstable homoclinic orbits are split. The motion near the separatrix becomes
chaotic. This and other features of dynamics of system near extremal points
of non-monotonic frequency will be discussed in the next section.

7.3.3 Behavior Near a Bending Point

Near the bending point where w”(I,,,) = 0 one can expand Hamiltonian
(7.9) near the resonant action I,,, up to term of order of (AJ)*. Supposing
k" = 0 one obtains

_ miu!

H,es = Hy(Iy) — n2Iy + aAJ + 2740(41)4 +kocosy,  (7.34)
where wj)’ = dsw(I)/dﬁ‘I:Io. In a new canonical variable y = (m*w{’ /6)'/3 AJ
the Hamiltonian (7.34) is reduced to

4

H(,y) = ay + yz +beost) (7.35)
where b = k(m*w"” /6)'/3, and H = (H,es — Ho(Io) — n21y) (m*wf’/6)'/3.
When a # 0 the elliptic point of Hamiltonian (7.35) is ¥e = 7, ye = (—a)'/?,
and the hyperbolic point is ¢, = 27,4, = (—a)'/?. In the case a = 0 the
latter becomes a non-hyperbolic fixed point v, = 27, y, = 0. At this point
the orbit on the separatrix approaches the fixed point parallel to the y axis.
The phase space of the Hamiltonian (7.35) is plotted in Fig. 7.8 for the
perturbation parameter b = 0.01 and for different values of a: a) a = 0.09;
b) a = 0. When a = 0 the phase space is symmetric with respect to the
resonance line y = 0. The maximum variation of variable y for the trapped
motion is larger than in cases of the standard nonlinear resonance and of the
local maximum (or minimum), and it has the order of ¢'/4. When a # 0 the

phase space becomes asymmetric with respect to the line y = y,.

7.3.4 Non-Twist Standard Maps

Described a behavior of the system near extremal points of frequency is not
valid when the system is subjected to any small time-periodic perturbation
with more than one harmonics. Then homoclinic (or heteroclinic) connections
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Fig. 7.7. Phase space of Hamiltonian (7.32) for the three different perturbation
parameter b: (a) b = 0.01; (b) b = 0.018; (¢) b = 0.025. The parameter a = —0.09
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Fig. 7.8. Phase space of Hamiltonian (7.35): (a) a = 0.09; (b) a = 0. The parameter
b=0.01

are split, and the motion near the separatrix becomes chaotic. The most effi-
cient way to study this phenomenon is to use symplectic maps. Near extremal
point these maps has a specific non-twist property, since the twist condition
(7.3) is violated. For this reason the corresponding maps are called non-twist
maps. Formally, we will define these maps corresponding to the Hamiltonian
systems (2.3) for which the nondegenaracy condition (7.1) is violated, i.e.,
det (0?Hy/0I%) = 0. In general, the non-twist maps have the forms of sym-
metric maps (4.6)—(4.8) with the unperturbed frequencies w(I) satisfying the
nontwist condition (7.29) at certain values of action variables Iy. If the per-
turbation has a broad spectrum the maps can be reduced to the simpler form
(4.31)—(4.33) with generating functions of type (4.34).

These mapping can be simplified near the extremal point Iy (w{ = 0) by
expanding the frequency w(I) in series of powers of I — Ij:

1 1
w(I) =wy + 5wg(f — 1)+ 6wg’(f —Ip)3+ . (7.36)
and approximating the generating function S(d, J) by

S(9,.J) = So(9) = % S [ Hon (I0)] cos(md) + xom) - (7.37)

When the frequency has a local maximum (or minimum), w{ # 0, one can
neglect the last term (7.36). Then introducing a dimensionless variable u =

|wi | /2wo(I — Ip) the map (4.31) - (4.33) can be reduced to
Up = uy, + g ZmHm(Io) sin(mvdy + xm)

i1 =9 +a(l —oU}), (7.38)
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Upy1 = Uy + g ZmHm(IO) sin(mdg41 + Xm),

m

where o = sgn(w(]) = +1,

042271'(4}()/9, ﬁ:271'6 |w6’|/2w0/(2, U:\/|w6’|/2w0(J—IO).

If the perturbation contains only one harmonics with m = 1, H,,(Ip) =
—1 and x,,, = 0, we obtain the following map

U = up — gsinﬁk ,

Ipy1 = O +a(l —oU?), (7.39)

Uk+1 = Uk - gsinﬂkﬂ s
This map can be rewritten in a nonsymmetric form as the map (9, Ux—1) —
(k+1, Uk) of the variables (9, U):

Up = U,_1 — Bsindy, V1 = O +a(l —oU}), (7.40)

When ¢ = 1 this map coincides with the map introduced in del Castillo-
Negreto and Morrison (1993a), which was called a non-twist standard map.
This map as well as its symmetric form (7.39) describes dynamics of sys-
tem near a local maximum or minimum of frequency. The properties of the
non-twist standard map (7.40) have been discussed in detail in del Castillo-
Negreto et al. (1996, 1997). Particularly, the periodic points and transition
to chaos have been studied. In del Castillo-Negreto and Morrison (1993a)
obtained the map (7.40) from the Hamiltonian

3 o0
au
H(,u,t) = —au + —5 +4 Z cos(¥ — nft)

n=-—oo

ou’ 2w > 2w
= —au+ —— + 5 cos¥ > (5<t—k9) , (7.41)

k=—o0
identifying Uy, = u(ty — 0) and 9y = ¥(ty, — 0), where t,, = k(27/12).
The map parameters «, 3, and the variable u are related with the corre-

sponding parameters a, b, and the variable y in the Hamiltonian (7.32) near
the primary resonances (m = 1,n):

a—z—w(a—i—nﬂ) ﬁ—jSb w=—t
N ’ 2 Va+n2’  Va+n2’

The nontwist standard maps (7.39) and (7.40) describe all features of the
separatrix reconnection and chaotic motion near a maximum (or minimum)
point Iy of frequency w([).

(7.42)
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Symmetry properties. The symmetric nontwist standard map (7.39) has a
symmetry with respect to transform

keok+1, Vg 21 — Vg1 (7.43)

which corresponds to the time-reversal symmetry of continuous Hamiltonian
equations, t - —t, H — —H.

7.3.5 Fixed Points and Transit to Chaos

The periodic point of order n , x = (¥,u) is defined as Mn"x = x, where
M stands for the map (Fg41,Upt1) = M(ﬁk,uk). In general, a determina-
tion of periodic points is a difficult two—dimensional root finding problem.
In del Castillo-Negreto et al. (1996) this problem for the nontwist standard
map (7.40) has been reduced to a one-dimensional root finding problem. For
instance, the periodic points with odd n are found as zeros of the function
F(u) =sin 27 (0 — a(1 — U?)/2)] = 0, where J(u), U(u) are functions of u:
(O(u),T(u)) = MO+D/2(0,u).

The periodic points of the nontwist standard map come in pairs due to
violation of twist condition: there are two periodic points with the same
rotation number «. With the variation of map parameters the periodic up
and down points may collide. This bifurcation phenomenon accompanying
with the separatrix reconnection has been studied in del Castillo-Negreto et
al. (1996). For instance, the one-period periodic points (m : n =1 : 0) are
located at (¥ = 0,u = £1) and (¥ = m,u = £1). The reconnection occurs
when the orbit emerging from the up hyperbolic point (0,1) joins the down
hyperbolic point (7, —1). The threshold, 8. = 2a/3, of such a reconnection
found from the condition H(¥ = 0,u = 1) = H(Y = w,u = —1), where
H(¥,u) is the Hamiltonian (7.41) containing only n» = 0 term in the sum.
Using the relations (7.42) for n=0 is easy to see that it coincides with the
reconnection threshold (7.33).

Periodic points of the symmetric nontwist standard map (7.39) can be
expressed through the ones of the map (7.40) using the relation between
corresponding variables v and U: v = U + (3/2sind. Due to the symmetry
property (7.43) they are symmetric with respect to the axis ¢ = 7 unlike
the periodic points of the nontwist standard map (7.40) (see Figures 7.10a,
b). One should note that the phase space locations of periodic orbits of the
continuous Hamiltonian system (7.41) coincide with the periodic points of the
symmetric map (7.40) rather than the nontwist standard map (7.40). This
can be easily confirmed by direct integration of corresponding Hamiltonian
equations with a finite number of harmonics in (7.41).

The phase space of the symmetric nontwist map (7.39) for the primary
resonance (m : n) = (1:0) are plotted in Fig. 7.9 for the two values of the
perturbation parameter §: a) 8 = 0.02094; b) for the reconnection threshold
B = 0.37699, and o = 0.5655. They correspond to the parameter b = 0.01,
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Fig. 7.9. Phase space of the symmetric nontwist map (7.39) for the resonance
(m:n)=(1:0): (a) 8 =0.02094; (b) b = 8. = 0.37699. The parameter o = 0.5655

b, = 0.018 and |a| = 0.09 in the Hamiltonian (7.32). As seen from Figures 7.9
a, b the symmetric nontwist map well reproduces the phase space and the
separatrix reconnection in the integrable Hamiltonian (7.32) near the ex-
tremal point (see Figs. 7.7a, b). Figures 7.9 b shows the destruction of the
reconnected separatrix and the formation of the chaotic layer due to the high
frequency perturbations in the Hamiltonian (7.41).

The phase space of the nontwist standard maps (7.39) and (7.40) in
the case of secondary higher order resonances (m : n = 5 : 2) are shown
in Fig. 7.10 for the parameters taken in del Castillo-Negreto and Morrison
(1993a): (a) and (b) a = 2.565, 3 = 0.664, and (c) o = 2.8, § = 0.7. The
cases (a) and (c) correspond to the symmetric nontwist standard map, while
(b) — to the nontwist standard map.

These figures show that even at these relatively large perturbations there
are still barriers near the shearless curve which prevents a diffusion between
the highly developed stochastic zones located on the upper and down re-
gions. In order to break these barriers one needs to significantly increase the
perturbation e.

7.4 Non-Smooth Mappings

As was mentioned in Sect. 7.2 the invariant curves of non smooth Hamiltoni-
ans with § = 1 do not survive for any small perturbation. In the latter case a
Hamiltonian is the continuous function of angle variable but it has a discon-
tinuous first derivative. Such Hamiltonian systems appears in problems of ray
propagations in waveguides (Abdullaev and Zaslavsky (1988); Tappert et al.
(1991); Abdullaev (1993, 1994b)), in models of the Fermi mechanism of accel-
eration of cosmic rays (Zaslavsky and Chirikov (1965), and see Lichtenberg
and Lieberman (1992)).

In this section we study some new features of dynamics of Hamiltonian
systems subjected to non-smooth perturbations which have been found
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Fig. 7.10. Separatrix reconnection and chaotic motion for the higher order reso-
nance m : n =5 : 2 obtained by the symmetric nontwist map (7.39) (a), (c¢), and

the nonsymmetric nontwist map (7.40) (b). Parameters are (a), (b) — a = 2.656,
B =0.664; (c) a =28, 3 =07
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recently. It takes place in systems when the twist condition is violated. Al-
though, the global chaos in system occurs for any small perturbation, the
diffusion through the layer formed near the shearless curve is significantly
reduced due to an intermittent nature of motion.

7.4.1 Intermittence in Nontwist Systems

In this section we present a specific example of system in which the two
conditions of the KAM theory applicability, a twist condition (7.3) and a suf-
ficiently smoothness 8 > 8. = 3, are violated (Abdullaev (1994b)). Consider
a motion of particle of unit mass m = 1 in the potential well subjected to
time-periodic perturbation with a broad spectrum:

2
H(z.p.1) = 5+ U(x) + cHi(e.p.1) . (7.44)

where € is a dimensionless perturbation parameter and the potential function
U(r) is given by (see Fig. 7.11)

_JL/z? forO<z<1,
Ulz,t) = {UO7 forx>1. (7.45)

We present the perturbation H; in the form

xQ/ZZy:?Mcoant, for0<az <1,
Hy(z,p,t) = (7.46)
0, for x > 1,

where M is the largest harmonics number. In (7.45) L is constant parameter.
When M — oo the sum in (7.46) can be replaced by the periodic delta
function &1 (t) = Y po . 6(t — k27/£2). Then the problem is reduced to the

b

0.5 ¢

Ux)/U,

0 0.5 1
X

Fig. 7.11. Profile of the potential U(r) for L = 0.2



7.4 Non-Smooth Mappings 163

dynamics of a particle in a potential well under action of periodic kicks. In
this case and when L = 0 the model (7.44) is known as a “kicked oscillator”
which is pertinent to problems in classical and quantum chaos in Hamiltonian
systems (see, e.g., Dana et al. (1989); Schwéger] and Krug (1991); Casati et al.
(1979)). As was shown in Abdullaev (1994b) the problem of ray propagation
in a waveguide with the circular cross section and with a periodic array of
lenses along its axis is reduced to the Hamiltonian problem (7.44).

In the absence of perturbation (¢ = 0) the system is integrable with
energy E as the integral of motion. The orbit of particle can be found using
the action-angle variables (¢, I). For the action I we have

1 L1/2
125 p(x)dr = p- (¢ — arctang) , (7.47)
where
L\"? 2F — L
I)=(2E() - — = .
saen=(26m-5) . 4=y

The permissible energy E of particle in the potential well is E > E,,;, = L/2,
E < Up. The relation between the angle variable ¢ and the coordinate z is

@ Va2 — b2, for0< ¥ <m,
_9 (2’ I)dx'*L
“oar] -

%,
V2E 21 =02 — 22— b2, form <V <2m,

where b? = L/2F, and w(I) is the frequency of oscillations

_OHo() __2wB() (7.48)

oI " BRI

Inverting the relation (7.48), we obtain

w(I)

22(9,1) = b* + (1 - b*)F() ,

I 172 (1, for 2an <9 < (2n + 1)m,
p= (2600~ o) (7.49)
(9, 1) 1, for 2n+1)7 <9 <2(n+ ),
where n is an integer number, n = 0,1,2,---, and
(9 —27n)? /72, for 2mn < ¥ < (2n + 1),
F9) = (7.50)

(2m — 9+ 2mn)? /72, for 2n+ V)7 <9 <2(n+ )7 .

The profile of the function F'(+J) is shown in Fig. 7.12a. It is the continuous
function of ¥ with the discontinuous derivative dF'(¢})/dd at 9 = 7.
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Fig. 7.12. (a) Profile of the function F(¢) (7.50); (b) Frequency of oscillation w(E)
versus the energy E: curve 1 corresponds to L = 0, curve 2 — L = 0.2, curve 2 —
L=04

When L # 0 the frequency of oscillations w(I) is the non-monotonic
function of energy E (or action I) as shown in Fig. 7.12b. It has a minimum
at E=1L.

In the presence of the perturbation (e # 0) the full Hamiltonian (7.44) in
the action-angle (14, I) takes the form

9 M
H(,1,t) = Ho(I) + ol (;9’ D Z cosnf2t . (7.51)
n=—M

In the limit M — oo the evolution of the perturbed system (7.51) can be
reduced to the mapping (9, I;) — (Ok+1, [k+1) in the symmetric form (4.31)
- (4.33) with the generating function

o
20
[We recall that (9, Ii) = (9 (tk), I (tr)), t = s2m/82, s = 0, £1,£2,..].

S(0,J) = %mj(ﬂ, J) = = [0®+ (1 = *)F(9)] . (7.52)
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The Hamiltonian H (7.51) and the generating function S(d9, J) (7.52) are
continuous functions, but their first derivative with respect to ¥ are discon-
tinuous (see Fig. 7.12a), i.e., the smoothness parameter 3 = 1. Therefore the
KAM theory is not applicable to this case. The invariant curves do not exist
for any small perturbations, and the orbits of system may diffuse far from its
initial state.

First we consider the case when L = 0 describing a monotonic frequency
w(I) (curve 1 in Fig. 7.12b). The phase space of system obtained by the
mapping (4.31)—(4.33) is shown in Fig. 7.13. As seen from Figure that the
phase space consists of stability islands of various sizes surrounded by thin
chaotic layers formed by destroyed resonant separatrices. The chaotic layers
of neighboring resonances are connected and form a so-called stochastic web
which extends to the whole phase space of the system. Orbits with initial
conditions located on the stochastic web can diffuse far from their initial
positions. The orbits with initial coordinates inside the islands are always
confined and do not diffuse. Described behavior of Hamiltonian systems is
known as a weak chaos.

05 Fri et S e
0.4
0.3
02|

0.1}

0 1 1 1
0 0.2 0.4 0.6 0.8 1

V21

Fig. 7.13. Phase space of the Hamiltonian system with (7.51) for the case L = 0.
The perturbation parameter ¢ = 0.01, and the perturbation frequency 2 = w

Let us turn to the case L # 0 when the frequency w(I) becomes non-
monotonic, and the twist condition dw(I)/dI # 0 is violated at the shearless
curve I = Iy, w'(ly) = 0 (curves 2, 3 in Fig. 7.12b). The dynamics of such a
system under smooth perturbations has been studied in Sect. 7.3. Here, we
consider the case of non-smooth perturbations.

From the relations (7.48) and (7.47) it follows that Iy = VL(1 — 7/4) /7.
The phase space structure of system for the value L = 0.6 is plotted Fig. 7.14.
One can see that the phase space consists of two clearly distinct zones of the
weak chaos and the strong chaos separated by the region along the shearless
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Fig. 7.14. Phase space of the Hamiltonian system (7.51) on the (¢, I)-plane for
the case L = 0.6. The perturbation parameter ¢ = 0.0146, and the perturbation
frequency {2 = 1.795

line I = Iy ~ 0.053 (for L = 0.6). The zone of strong chaos is located down
the shearless curve, 0 < I < Iy (or L/2 < E < L). In this region all orbits are
completely chaotic without any stability islands. The region of weak chaos is
on the upper side of the shearless curve, I > Iy (or E > L). There is a very
thin transitional layer near the shearless curve I = I connecting the areas of
weak and strong chaos. The width of this layer depends on resonances near
Iy. As we will see below the dynamics of the system in this transitional layer
has an intermittent nature.

When the shearless action Iy coincides with the resonant action I,,,
(W(Iin) /2 = n/m) with the low resonance numbers (m,n) the transitional
layer becomes fairly large. The case of m : n= 3/2 resonance is shown in
Fig. 7.15 for the same values of parameters L and € as in Fig. 7.14. The
perturbation frequency 2 that creates this resonance is {2 = 3.244. As seen
from Fig. 7.15 the transitional layer surrounds stability islands whose center
coincide with two periodic fixed points. The motion over a considerably long
time interval exceeding the perturbation period T' = 27 /{2 occurs along a
regular phase curve which loops the stability island. After one loop of the is-
land the motion switches to another regular phase curve in an irregular way
and the process may be repeated, or it may transit into the region of strong
chaos. Such a behavior of dynamical systems is known as intermittence. The
evolution of energy F(t) with time shown in Fig. 7.16 clearly demonstrates
the intermittent nature of motion in the transitional layer. A more detailed
analysis of this phenomenon will be given below in Sect. 7.4.3 using simplified
non-smooth mappings near a shearless curve.

The term “intermittency” originated in the theory of turbulence is usually
understood a weak chaotic dynamics with a certain quasiregular structure in
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space or time (see, for example Paladin and Vulpiani (1987); Stanley and
Meakin (1988)). The examples of intermittent dynamics in Hamiltonian sys-
tems can be found in Zaslavsky et al. (1991).

7.4.2 Simplified Non-Smooth Mappings

In order to study a local behavior of system near the certain resonance (m,n)
we simplify the mapping (4.31)—(4.33) by expanding the frequency w(I) near
the resonant action I,,,. Consider first the case when the resonant action I,,,,
does not lie on the shearless curve Iy. Then w(I) = w(Imn)+w (Tmn)(I—Lnn)-
Approximating the generating function (7.52) at the resonant action I,,:
S, J) =~ S(9, Ly,) and introducing notations

z=19/2m, y=w (Lnn)I — In) /2,
o cew' (Ipn) 5
K = d4—3 [1—b*(Lnn)] (7.53)

the mapping (4.31)—(4.33) can be reduced to

K
Yio=yr — 5 fzn)
Tpyr1 = xp +m/s+ Yy, (7.54)

K
Y1 = Vi — Ef(karl) ,

where f(z) is the discontinuous function

|z, for0<x<1/2,
fla) = {ler, for1/2<z<1. (7.55)

The map (7.54) can be also written in the form
Y. =Y. 1 —Kf(xk) , Th41 :xk+m/s+Yk R (756)

for the variables (z,Y). It is known that mappings of type (7.56) with a
discontinuous perturbation function f(x) are chaotic for the arbitrary small
perturbation K (Rokhlin (1961); Chirikov (1969); Aubry (1978); Percival
(1979)). The dynamics of these maps either is completely chaotic (without
stability island), or their phase space is covered by a stochastic web with sta-
bility islands of various sizes. To determine the regime of motion one should
find the Lyapunov exponent, o, (7.20), determined by the maximum eigen-
value, g, of the Jacobian matrix (7.17). For the map (7.54) we obtain

1-K/2 —K(1-K/4)
Jk( 1 1-K/2 )

The eigenvalues of the matrix are
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K 4
ke =1+ —=1+4/1—=] . )
Mg =1+ < VIi- % (7.57)

When the parameter K > 4 or K < 0 the eigenvalues Ao are real, \; >
1,A2 < 1, (AiA2 = 1), and the Lyapunov exponent ¢ = In)\; is a positive
everywhere on the phase space (z,y). In these cases all orbits are chaotic. On
the other hand when 0 < K < 4 the eigenvalues A 2 are complex, A\] = A,
(|A1] = 1), and the Lyapunov exponent ¢ = 0. For this case there are stable
orbits inside the resonance structures.

According to (7.53) the condition K < 0 is satisfied in the region below
the shearless action, i.e., I < Iy, where w'(I,,,) < 0. Similar, the parameter
K > 0 in the region I > Iy (W' (1) > 0). This explains the formation of
regions of strong chaos for I < I, and of weak chaos for I > Ij (see Fig. 7.14).

7.4.3 A Nontwist Map and Intermittency

Consider now the dynamics of system near the shearless action Iy. The sim-
plified map in this case can be obtained in a similar way. It has the same form
as the nontwist map (7.39) but with the discontinuous perturbation function

f(@):

K
Ys Zyk—gf(xk) ,

Tpi1 = Tk + g + Y72, (7.58)
K
Yk+1 =Y — Ef(karl) )

where the following notations are introduced

//I I 2 //I
o) p gy, ag= D) V2 o)
20 2 2372

y:

For the non-canonical variables (z,Y’) the map (7.58) can be written in the
nonsymmetric form

Yo=Y 11— Kf(xk), Th4+1 = Tk + g + Y,CQ s (7.59)

which has been obtained by Abdullaev (1994b).

The phase space of the mapping (7.58) is shown in Fig. 7.17a for the
resonant case g = n : m = 1:1. As seen from Fig. 7.17 that over fairly
long time interval of order of 10>T the orbit near the curve y = 0 follows
the regular curve. During this interval there exists the following approximate
integral of motion along this curve:
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Fig. 7.17. (a) Phase space of the nontwist map (7.58) for the resonance m :
n = 1:1. (b) Evolution of the approximate integral of motion h = y*/3 + K F(z).
Perturbation parameter K = 0.03, ap =1

h=y*/3+KV(z), (7.60)

2?2/2, for0<z<1/2,

V(z) = / f(x)dz =
(1-x)2/2, for1/2<xz<1.

The evolution of h is plotted in Fig. 7.17b. After passing the discontinuity
point z = 1/2 the motion randomly jumps to another regular curve with
the different value of h, and the process repeats itself. This constitutes the
intermittent behavior of the system. Below following Abdullaev (1994b) we
give a qualitative analysis of this phenomenon.

For the sake of simplicity we consider the case cg = 1. Since the function
f(z) (7.55) is a periodic with a period 1, f(z) = f(x+1), the second equation
in the mapping (7.58) can be replaced by x4+ = z + Y,f. Then according to
results of Sect. 4.3 Hamiltonian function, [see Eqgs. (4.24), (4.35) and (4.34)],
corresponding to the mapping (7.58) has the following form:
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3 M
H(z,y,t) = % + KV(z) Z cos(2mnt) , (7.61)
n=—M
The generating function of the mapping (7.58) is €S(x) = (K/2)F(x). The
canonical equations of motion can be written in the form

dr dy
a - w(y) ’ dt - eY(x,t) ) (762)
where
_OH
OH M
€Y (x,t) = ~ %5 = —Kf(x) n:Z_M cos(2mnt) , (7.63)

For the small values of y the period of motion along the coordinate x is of
order of T, = 27 /w(y) = 27 /y? which is much greater than the period of
perturbation T'= 1, T, > 1. Thus (7.62) describes the effect of small ampli-
tude fast—oscillating perturbations on a nonlinear system. Such a system can
be effectively analyzed using the method of averaging of perturbations (see
Arnold (1989); Arnold et al. (1988); Bogolyubov and Mitropol’skij (1958)).

Consider the domain D of the phase space (z,y): [y| < C < 1, 2rnz € S,
where S is a circle, (0 < z (mod 1) < 1). The functions w(y) and Y (x,t) in
the domain are smooth functions, except a discontinuity line at = 1/2. We
also suppose that the perturbation parameter ¢ = K is small. Then in the
domain D where the line z = 1/2 is excluded the system of equations (7.62)
can be replaced by the averaged equations

a _ d<

o0, T, (7.64)
where
1 T
Q) = 7 [l =w(0)
o/
T
Yo(e) = 3 [ Y(n0)it = ~K50) . (7.65)
0

According to Bogolyubov (1945) (see, also Bogolyubov and Mitropol’skij
(1958); Arnold et al. (1988)) the solutions, x(t), y(t), of the exact equations
(7.62) are close to the solutions, £(t),((t), of the averaged equations (7.64)
with the identical initial coordinates at ¢t = 0: z(0) = £(0),y(0) = ¢(0), i.e.,
lx(t) — £(@)|, ly(t) — ((t)| < €, on the interval 0 < ¢t < 1/e. Particularly, the
exact integral
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h=C/3+KV(E), (7.66)

of the averaged equations (7.64) will be also close to the numerically found
approximate integral of motion h (7.60) of the exact equations (7.62) (or the
corresponding mapping (7.58)). Phase space curves of the averaged system
of equations are shown in Fig. 7.18. They are very close to those shown in
Fig. 7.17b for the same perturbation parameter K.

0.3

0.2

0.1

e
N
S

-0.3

(=)
o
o
oL
£
o
o
o
©
-

Fig. 7.18. Phase space curve of the averaged system (7.64) for perturbation para-
meter K = 0.03

The averaging procedure is not applicable near the line z = 1/2 of the
phase space domain D where the smoothness of the function Y (z,t) is vio-
lated, i.e., the following condition (Bogolyubov (1945), see also Bogolyubov
and Mitropol’skij (1958))

|Y(£U,t) - Y(l‘/,t” < O|1’ - $,| )

where C is a some positive number, is violated because of the presence of the
discontinuous function f(z). Therefore, the averaged equations (7.64) does
not describe the original system (7.62) (or the mapping (7.58)) near the line
2z = 1/2. A numerical analysis shows that the system evolves along a smooth
orbit (x(t),y(t)) until it crosses the lines x = 1/2. After crossing this line
it jumps to another smooth orbit with the different constant of motion h.
Direction of a jump occurs along the y-axis is random. However, the rigorous
analytical proof of this numerical finding has not yet been given.

The existence of a transitional layer between the regions of weak and
strong chaos with intermittent nature significantly reduces the global diffu-
sion. It acts as a partial barrier to the global chaotic motion in Hamiltonian
systems.
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7.5 Suppression of Chaos
in Smooth Hamiltonian Systems

As was mentioned in Sect. 7.2 global invariant curves exist in Hamiltonian
systems with sufficiently smooth perturbations whose Fourier coefficients,
H,,(I), decay as H,,(I) x m~¥*1) with the exponent 3 > 3. = 3. However,
the opposite statement that for § < B, = 3 there are no global invariant
curves suppressing a global diffusion for any small perturbation has not been
proven (except the case § = 1) (see Moser (1973)). For the case § = 2 a
specific example of a Hamiltonian system has been found where there exists
a so called invariant resonant structure suppressing the global chaos for a
certain set of perturbation parameter (see, Vecheslavov (2001) and references
therein). Below we shortly discuss this example.
Consider the mapping (Vecheslavov and Chirikov (2001))

Ykt1 =y — K f(zr), Thi1 = Tk +Yrt1, (mod 1), (7.67)

where f(z) is the periodic, f(z) = f(z + 1), and antisymmetric, f(—z) =
—f(x), sawtooth perturbation function

2¢/(1—d), forlz|<(1-4d)/2,

f(z) = (7.68)
(1-2x)/d, for|l/2—x|<d/2,

Here d is the distance between the sawteeth |f(z)| = 1. The function f(z)
and the corresponding potential function U(z) = — [ f(z)dz are plotted in
Fig. 7.19. In the limit d — 0 we obtain the discontinuous function (7.55).

Bullet (1986) and recently, Ovsyannikov® considered the mapping (7.67)
in the case d = 1/2. They have shown that for a certain countable set of
special values K, of the perturbation parameter K the resonance separatrices
of integer number m of Hamiltonian system are un-split, and it acts as a
barrier to the global chaos along the momentum variable y.

The extensive numerical experiments by Vecheslavov (2000, 2001) have
shown that not only integer but also fractional resonances m : n of arbitrary
orders have critical numbers K, ,, whose separatrices do not split. The theory
of the separatrix conversation based on the Melnikov method has been de-
veloped by Vecheslavov (2001); Vecheslavov and Chirikov (2001). Previously,
this approach has been used by Hénon and Wisdom (1983) to study the sep-
aratrix conversation in the oval billiard problem. The diffusion processes in
the mapping (7.67) are studied recently by Vecheslavov and Chirikov (2002);
Chirikov and Vecheslavov (2002).

3 The Ovsyannikov’s theorem has not been published. It is given in Vecheslavov
(2001)
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Fig. 7.19. Sawtooth perturbation function f(z) (7.68) and the potential U(x)

7.6 Bibliographic Notes

A phenomenon of stochastic instability or chaos in Hamiltonian systems is
discussed in many review papers and monographs. Introduction to this phe-
nomenon in dynamical systems including also Hamiltonian systems intended
for general audience can be found in a review by Jensen (1992) and in a book
by Hilborn (2000). The first comprehensive review of chaos theory has been
given by Chirikov (1979). A systematic description of regular and chaotic
motion in Hamiltonian systems is given in the books by Lichtenberg and
Lieberman (1992); Zaslavsky (1985); Sagdeev et al. (1988). More rigorous
mathematical approach to study dynamical systems is discussed in the books
by Guckenheimer and Holmes (1983); Wiggins (1990); Ott (1993). Renor-
malization theory in Hamiltonian dynamics is discussed in a review paper by
Escande (1985) and in a monography by MacKay (1993). Different aspects of
Hamiltonian chaos theory can be found in the collection of papers selected by
MacKay and Meiss (1987). In the review paper by Meiss (1992) a mapping
approach to Hamiltonian dynamics and chaos is discussed.



8 Rescaling Invariance
of Hamiltonian Systems Near Saddle Points

In typical Hamiltonian systems chaotic motion appears because of the sepa-
ratrix destruction by any small time-periodic perturbation (see Sect. 7.1.3).
It forms a stochastic layer, a zone, of chaotically unstable motion near the
unperturbed separatrix. In this section we study important properties of the
stochastic layer, namely, a rescaling invariance of phase space of systems near
the saddle points. This property of motion is generic for typical Hamiltonian
systems subjected to time-periodic perturbations. The rescaling invariance
cousists of that the phase space (z, p) of system near hyperbolic saddle points
is invariant with respect to the scaling transformation of the perturbation pa-
rameter € — e, the shift of perturbation phase x — x + 7, and the phase
space coordinates (x,p) — ()\1/230, )\1/2p). The rescaling parameter A depends
only on the frequency of perturbation, {2, and the divergence exponent  of
unperturbed orbits near the saddle point, A = exp(27y/{2). It means that
the topology of phase space near the saddle point is a periodic function of
log € with the certain period, log A.

The rescaling invariance property of motion has been first found in Ab-
dullaev and Zaslavsky (1994); Zaslavsky and Abdullaev (1995) in numerical
simulations, and later it has been explained by Abdullaev and Zaslavsky
(1995, 1996) using the separatrix mapping method. The analytical proof of
the rescaling invariance has been given in Abdullaev (1997) for some class
of Hamiltonian systems. Existence of additional rescaling properties near the
saddle points due to the symmetry of Hamiltonian system in phase space
has been found in Abdullaev (2000). Rescaling invariance properties in au-
tonomous two-degrees-of-freedom Hamiltonian systems has been studied in
Kuznetsov and Zaslavsky (1997). Recently Kuznetsov and Zaslavsky (2002)
have studied a condition at which the phase space structures near the saddle
points of different systems are similar.

This property of motion plays important role in understanding of the
chaotic transport in the stochastic layer. Particularly, it predicts to the uni-
versal periodic log e— dependence of chaotic transport in the stochastic layer
(Abdullaev and Spatschek (1999); Abdullaev (2000)).

Below we study these generic rescaling properties of motion near the hy-
perbolic saddle points in typical Hamiltonian systems. The study is mainly
based on using the separatrix mappings approach described in the previous
Chaps. 5, 6.

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 175-195 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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8.1 Rescaling Invariance Near Saddle Points
and Separatrix Maps

In this section we consider one degree of freedom Hamiltonian system sub-
jected to time-periodic perturbation, and discuss its rescaling invariant prop-
erties near hyperbolic saddle points. Existence of this property is proven by
the direct numerical integration of Hamiltonian equations and using the sepa-
ratrix mappings. One should note that the conventional separatrix mappings
of type (5.7), (5.52) are not suitable for these analysis. It is because a time
and energy variables in these mappings are defined at the different sections
of phase space, and therefore they cannot be compared with Hamiltonian
equations. For this reason we will use the separatrix mappings at the section
Y5 (5.46) located near hyperbolic saddle points.

First we consider the universal rescaling invariance property of system,
and then the rescaling invariance due to the symmetry of Hamiltonian system
in phase space.

8.1.1 Structure of Phase Space Near Saddle Points
Consider the Hamiltonian system given by Hamiltonian

H = Hy(q,p) + €H1(q,p, t +to) , (8.1)

describing the effect of time dependent perturbation on one degree of freedom
Hamiltonian system Hy(g,p). The perturbation Hi(g,p,t) is a periodic in
time with the frequency £2: Hi(q,p,t) = H1(g,p,t + 27/2). A constant tg is
related to the phase of perturbation, y = 2.

Suppose that the unperturbed Hamiltonian system Hy(q,p) has hyper-
bolic fixed points. Let (¢s = 0,ps = 0) be coordinates of one saddle point.
The Hy(q,p) may be presented as a power series near the saddle point:

062 2
Ho(q,p) = Holgs,ps) + 514" F 50 + 0(5%) , (8.2)

where a, and 3, are the expansion coefficients, O(6%) is higher order expan-
sion terms (6 ~ z,p). By a linear rotational transformation

T = \/ﬁ (asq + ﬁsp) ; Y= \/ﬁ (—asq + ﬁSp) ’ <83)

the Hamiltonian (8.2) can be reduced to

HO(‘]ap) = HO(QSvps) +ysxy + 0(63) ) (8'4)

where vs = asfs is a coefficient determining the exponential growth (or de-
crease) of coordinates near the saddle points: © ~ exp(£7yst), y ~ exp(Fyst).
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p
y untrapped orbit

/ separatrix

X-point
trapped orbit

Fig. 8.1. Phase space structure near the hyperbolic fixed point

The phase space of the unperturbed Hamiltonian near the hyperbolic saddle
point is shown in Fig. 8.1. Further suppose that all hyperbolic saddle points
which lie on the same energy surface H(gs,ps) = constant have the same
increments v = 5. These saddle points are connected heteroclinically (or
homoclinically in the case of one saddle point). The examples of homoclinic
and heteroclinic connections of saddle points were shown in Fig. 5.1a, and
Fig. 5.1b, respectively.

The frequency of closed motion w(H) has the universal asymptotics when
orbit approaches to the separatrix:

27y

w(H) =

= , H— H,, (8.5)
In

A
‘H7H5|

which depends on the increment, ~, and a certain constant parameter, A. In
(8.5) Hj is then energy on the separatrix.

In typical Hamiltonian systems any small time-periodic perturbation de-
stroys the separatrices, and motion near the unperturbed separatrices be-
comes chaotic (see Fig. 5.2). However the stochastic layer formed in the small
vicinity of the unperturbed separatrices is not uniform. There are regions in-
side the stochastic layer with regular motions (KAM-stability islands). The
examples of stochastic zone are shown in Fig. 8.2. The mutual positions of
these islands and their relative sizes determine the topology of the stochastic
layer. As we will show later that it plays main crucial role in chaotic trans-
port along the stochastic layer. Particularly, the structure of the stochastic
layer near saddle points mainly determines the statistical properties of chaotic
motion because particles spend relatively large times in regions near saddle
points.

8.1.2 Universal Rescaling Invariance

By numerous simulations of different Hamiltonian systems of type (8.1) it
has been found that the phase-space, (x,y), of the perturbed motion near
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saddle points is invariant with respect to the rescaling transformation
€ — € = e, X=X =x+m,
r— a2 ~ A\, y—y ~ A2y (8.6)
with the rescaling parameter,
A =exp(2mvy/$2) , (8.7)

depending only on the perturbation frequency (2 and the coefficient v de-
scribing the behavior of the unperturbed Hamiltonian Hy(x,y) near saddle
point (8.4). Here x = tof2/27 is the initial phase of perturbation.

This rescaling property is illustrated in Fig. 8.2 by plotting Poincaré sec-
tions of the Hamiltonian system (6.23) of the periodically driven pendulum
near the saddle point (x = 7 (mod 1),p = 0) for the two set of parameters:
(a) € = 0.02, x, = 0, and (b) ¢ = Ae, = 0.08, xp = m. The perturbation
frequency {2 is chosen equal to {2 = 4.53236w in order to have the rescaling
parameter A\ = exp(27y/{2) = 4. One can see that the phase-space topologies
of the stochastic layer near hyperbolic saddle points (gs, ps) corresponding to
the two set of parameters (€4, x4) and (ep, xp) are similar, i.e., mutual posi-
tions of islands of types 1, ..., 6 are similar. The coordinates of their elliptic
fixed points, (x.,p.), are related according to (8.6). Numerically calculated
ratios of these coordinates are presented in Table 8.1. (In Table (z4,y,) and
(b, y») stand for the coordinates of fixed points for the case (a) and (b),
respectively, x5 = 7 is a hyperbolic fixed point of the unperturbed system.)
As seen from the Table these ratios are approximately equal to \'/2 ~ 2,
which confirms the rescaling law (8.6).

0.6 =

0.5 : 03 04 05 06 07
X/2m X/2m
Fig. 8.2. Poincaré sections of the Hamiltonian system (5.2) near the saddle point

(g=mp=0):(a) g =0.02, xa =7+ 1, (b) €& = Aéa = 0.08, xo = Xa — 7. The
rescaling parameter is A =4, Ay = B_ =1
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Table 8.1. Ratio of relative x- and p-coordinates corresponding the two set of
perturbation parameters (€q, Xa) and (ep, Xb)

L [1[2]3]4]5][6]
Zo—%2 12.000(2.033|2.026|2.000(2.033|2.028

Tg—x

v 11.995(1.855(2.052(1.995(1.848|2.048

Due to stickiness of orbits to the islands of types 2, 3, 5, 6 particles may
be trapped for a long time while the stickiness to the island 1 (or 4) may lead
long distance flight along positive (or negative) direction of the z-axis. The
variation of perturbation amplitude, €, periodically changes the topology of
phase space of perturbed motion near saddle points. One expects that this
property can lead to the quasi-periodic dependencies of statistical properties
of chaotic transport in the stochastic layer Abdullaev (2000) (see Chap. 9).

8.1.3 Proof of the Rescaling Invariance of Hamiltonian Equations

Below we present an analytical proof the rescaling invariance of Hamiltonian
equations near saddle points following by Abdullaev (1997). Consider an
arbitrary Hamiltonian system subjected by time-periodic perturbation,

dr  OHy(x,y)
dt - 8p +€gl(xay7t+t0) ’
dy _ 6H0(‘ray)
i on +ega(z,y,t +1to) . (8.8)

The canonical variables (z,y) are chosen in such a way that the unperturbed
Hamiltonian Hy(x,y) near the saddle point (z = 0,y = 0) has the form (8.4).
The perturbation is given by the time-periodic functions g;(z, p,t), (i = 1,2),
with period T' = 27/2:

gi(xvyvt) = gl(xayvt—’_T) ) (Z = 172) ) (89)

We does not require that the perturbations to be Hamiltonian, when the func-
tions g;(x,p,t), (i = 1,2) are determined by the perturbation Hamiltonian:
g1(z,y,t) = OH1 /9y, ga2(x,y,t) = —OH;/Ox. Suppose also that the average
value of the perturbation functions, g;(x, p,t), over one period, T, are zero

/T Gp At =0,  (i=1,2). (8.10)
0

The dimensionless perturbation parameter € is small, 0 < € < 1.
Consider the behavior of the system (8.8) near the hyperbolic saddle point
(z =0,y = 0) by expanding its right hand side in a series of powers of z,y.

gi(,y,t) = a;(t) + ca(O)z + co(t)y + O(2% %, wy) ,  (i=1,2), (8.11)
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where
a/z(t) = gl(ov 07 t) )

_ 891'(.%', Y, t)

agz xvyat
Cil(t> — e — g

. cie(t) =
r=y=0 ay

rz=y=0

The coefficients a;(t), ¢;;(t) (i,j = 1,2) are periodic functions of time with
the period T' = 27/42, ¢;;(t) = ¢;;(t +T), and

T T
/ ai(t)dt = / cr®dt=0,  (i=1,2). (8.12)
0 0

Neglecting the small terms of order of O(x2,4?%, ry) the equations (8.8)
are reduced to

dx
i —yx + elar(t +to) + c11(t +to)x + cr2(t + o)y
d
dit’ =y + elas(t +to) + o (t+to)x + et +t0)y] ,  (8.13)

Let (24(t), yo(t)) be a solution of (8.13) for a certain small value of € = ¢,
and the phase x, = 2tg,to = t,. Suppose that the solution (z(t),ys(t)) of
the same equation (8.13) corresponds to the transformed parameters

e=e =€/, X=Xb=Xa—T, (8.14)

where the parameter A = exp(277y/(2). Then one can show (see Appendix C)
that there exists the following relation between solutions (z4(t),y.(t)) and
(2p(t), yp(t)) corresponding to (eq,t,) and (ep, tp), respectively:

Ty = )\71/256& — € (Ail/chzya +p(1J) + O(Eg) )

v = A" 2y0 — e (N2 +8) + O(eD) (8.15)
where the coefficients
T/2 T/2

=2 [ ent-1/2d, = [ Spie-1/2d
0 0
0 0

Gi=2 [ eFen-T/ar. = [ mae-T/2,
—T/2 —-T/2

are constants of order of O(1). The relation (8.15) confirms the numerically
found rescaling law (8.6). It also shows that the rescaling invariance may be
violated in a small neighborhood of the saddle point (x = 0,y = 0) with a
radius of the order of e.
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Consider now the case when the (n — 1), (n > 2), derivatives of the
perturbation functions g;(z,vy,t), i.e., 3 g;(z,y,t)/0zk0yI=F (0 <k < j,1 <
j < n —1), at the saddle point (xr = y = 0) are zeros. Then the lowest
order non-zero terms in expansions of g; in powers of x,y are given by the
homogeneous polynomial functions of order n,

n

gilz,y,t) =3 el (Hakynh (i=1,2), (8.16)
k=0

where the coefficients

™)y _
() = T — 1 dwkaynF

)

x=y=0

are periodic functions of time ¢ with a period T'. In this case the equations
of motion (8.8) take the form

d n
ditc =—yr+e Z cip(t)xFyn k|
k=0
dy - k, n—k
- = Wte Z cor(t)x"y" ™" . (8.17)
k=0

Analysis of the equations of motion (8.17) with the perturbation functions
(8.16) is provided in Appendix C.2. It was shown that the relations between
solutions (z4(t),ya(t)) and (z4(t), ys(t)) of these equations corresponding to
the parameters (e, X,) and (e, xp) related according to (8.14) are given by

= N2, + O(eg) + eO()\_2) ,

Uy = A2y, + O(e2) + eO(N72) . (8.18)

It follows from (8.18), that the rescaling law (8.6) is valid for large values
of the rescaling parameter A, that A2 > 1. On the other hand, the rescaled
perturbation parameter €, and e, A should be small.

8.1.4 Separatrix Mapping Approach

The rescaling invariance of system near saddle points immediately follows
from the property of the separatrix mapping for time and energy variables
defined at the section of phase space near saddle points. Consider, for exam-
ple, the system with a several hyperbolic saddle points shown in Fig. 8.3. The
orbit crosses the branches 1, 2, ..., 4 of the cross sections X5 near the saddle
points. The each step of the map connecting the branches of the sections X
is described by the separatrix mapping (5.46). Suppose the perturbation is a
periodic with a single frequency 2. Then the frequencies (2,, of higher har-
monics n are simply related to 2: £2,, = n{2. Using the asymptotics (8.5) of
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Z:s Zs
1 4
2 3
Z:s Zs

Fig. 8.3. Scheme of the separatrix mapping in the system with a several saddle
points

the frequency of unperturbed motion, w(H), near the separatrix the mapping
(5.46) can be presented as

. A
hip1 = h Q| K, si oo+
o He;n [ Sm(w”n%nlhkl+x>

(94 A
+L,cos(npr+n—In— +xn | |,
2y |hal
A

+ L (l A +1 ) (8 19)
= —_— n— n . .
Pk+1 = Pk 2y |hk| \hk+1|

Since the phase ¢ = (2t is defined by module 27, the mapping (8.20) is
invariant with respect to the transformation

€— €N, Xn — Xn + N7, h — hX, (8.20)

where the rescaling parameter A is determined by (8.7). This rescaling in-
variance property of the separatrix mapping corresponds to the rescaling law
(8.6).

8.1.5 Rescaling Invariance in Parameter Space

The separatrix mapping (8.19) uniquely determines the dynamics of sys-
tem near saddle points. It depends on a few parameters: v and A in the
asymptotics of the frequency of oscillations w(H) (8.5), the perturbation
frequency {2, and the Melnikov-Arnold type integrals K,,, L,, (5.28). We an-
alyze the rescaling invariance properties of the mapping in the parameter
space v, A, 2, K,,, L,,. It is easy to check that the separatrix map is invariant
with respect to the transformation of the parameters (v, A, 2, K,,, L,,) —
7, A, 2, K, Ly,):
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A— A=A\, (s=0,1,2---),
K, — K, = K,9, L,—L,=L,5,
Xn = Xn = Xn + SNT h—h=ho, (8.21)

at the fixed perturbation parameter ¢ and the ratio £2/y = 2/4. The para-
meter J is arbitrary, and A is the rescaling parameter (8.7). One should note,
that the transformations K, — K, = K8, L, — L, = L,,0 are equivalent
to the transformation of the perturbation parameter ¢ — € = €, at the fixed
parameters K,,, L.

The rescaling invariance (8.21) means that the two different systems have
the similar structure of phase space in the neighborhood of saddle points with
the rescaling law

r—z=06"z, p—p=206"p,

if their parameters (v, A, 2, K,,, L,) and (¥, A, §2, K,,, L,,) are related accord-
ing to (8.21).

In a particular case, s = 0, this rescaling invariant property of system coin-
cides with the one which has been recently found in Kuznetsov and Zaslavsky
(2002). They have shown that the phase space of two different systems near
saddle points has a similar structure if the separatrix mappings correspond-
ing to these systems are equivalent, i.e., the separatrix mapping of the first
system can be transformed to the one of the second system by the rescaling
transformation of mapping parameters.

8.2 Rescaling Invariance due to the Symmetry
of Hamiltonians

If Hamiltonian system (1.1) has some symmetries in the phase-space of canon-
ical variables (z,p) then there exists additional rescaling invariance of sys-
tem near saddle points with respect to the transformation of perturbation
amplitude and its phase. Consider, for example, the motion of particle in
the perturbed double — well potential studied in Sect. 6.1. The hyperbolic
saddle point is located at (z = 0,p = 0) and the parameter v is equal to
~v = 1. Therefore the rescaling parameter is A = exp(27/{2). The unper-
turbed Hamiltonian, Hy(z,p), in (6.1) is symmetric with respect to © — —z,
p — —p, i.e., Hy(—z,—p) = Ho(z,p), and but the perturbed Hamiltonian
Hi(z,p,t) is antisymmetric, i.e., Hy(—z, —p,t) = —Hy(z,p, t).

The time—periodic perturbation destroys the separatrix, and the motion
near becomes chaotic. Poincaré section of the system in the (x,p) plane ob-
tained by direct symplectic numerical integration is shown in Fig. 8.4 for the
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0.8

Fig. 8.4. Poincaré sections of the Hamiltonian (6.1) for e, = 0.0025, xo = 7 — 1.
The frequency 2 = 27/In A (the rescaling parameter is A = 16)

perturbation parameter ¢ = 0.0025, and phase y = m — 1. The frequency
of perturbation {2 is chosen to have the value of the rescaling parameter
A = exp(27/82) equal to 16, i.e., 2 = 27/In A = 2.2662. The perturbed mo-
tion near the saddle point beside the universal rescaling property (8.6) has an
additional rescaling property due to the symmetry properties of Hamiltonian
(6.1) above mentioned. By direct numerical integration of the equations of
motion we have found that the system near the saddle point (x = 0,p = 0)
is invariant with respect to the following transformation

e— € =A%, X=X =x*7/2,
r— '~ N, p—p ~EA g (8.22)

Poincaré sections of the system (6.1) near the saddle point are shown in
Fig. 8.5 for the two values of perturbation amplitude e and phase x: (a)
€a = 0.0025, xo = 7 — 1 and (b) & = A\/?%e, = 0.01, xp = Xa — 7/2.
(The rescaling parameter A = exp(27/f2) = 16). Note that in Fig. 8.5b
the coordinate ¢ is along the vertical axis, and the momentum p is along
the horizontal axis. As can see from Fig. 8.5 the ¢- and p-axes are rescaled
according to (8.22).

8.2.1 Separatrix Mapping Analysis

The existence of the rescaling invariance (8.22) can be proven by the sep-
aratrix mapping. To prove this we will use the separatrix mapping (6.21)
obtained in Sect. 6.1. The geometry of the mapping was shown in Fig. 5.4.
The rescaling transformation (8.22) may be also formulated as

e— A% Yo ytn/2, h— —\Y2h. (8.23)
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(

0.4 o

Fig. 8.5. Poincaré sections of the Hamiltonian (6.1) near the saddle point (z =
0,p = 0): (a) €a = 0.0025, xa =7 — 1, (b) & = A/%¢, = 0.01, xp = xa — 7/2. The
rescaling parameter is A = 16

We study the rescaling invariance property of fixed points of motion
near saddle points. Consider the cross-sections of orbits at the branches

p = 1,2,3,4 of the section X, shown in Fig. 6.3. Let (@é@,hé{’s)) be the
(g, s) fixed point at the p-th branch of X defined as

AN
(F) + 275, W) = (By) (o 2), 1)) (8.24)
where ¢,s = 1,2,... are integer numbers. The maps ﬁ‘p, (p = 1,2,3,4) are
composed by the consecutive application of the separatrix maps M)
P = (_]\}[(*)M(Jr))q ’ Fy = (M(H)q’
By = (M) Fy = (M), (8.25)

Although each of the separatrix maps M) is not invariant with respect
to the transformation (8.23), but their combinations of type MF) M (),

(M (i))2 are transformed as
N s & MO ()2
(M) : (M),
(M(—))2 N M(?)M(i)’ MO =) - (M(i)Q , (8.26)

which can be easily proved by direct calculations. Therefore the rescaling
transformations (8.23) transform the maps F), as follow

F1—>F4, FQHF;),, F?,HF27 FA‘4—>F4 (827)
for x — x + /2, and

F1*>F2, Fgﬂﬁi 5 Fgﬂﬁh, FA'44>F3 (828)
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for x — x — /2. One can see that the transformations (8.23), (8.27), (8.28)
are equivalent to the rescaling invariance of perturbed motion equations near
the saddle point (8.22) found by the numerical integration of the equations
of motion.

The rescaling property (8.23) is demonstrated in Fig. 8.6 by plotting
Poincaré sections of orbits at the section X by the separatrix map for
the same parameters as in Fig. 8.5: (a) ¢, = 0.025, x, = m — 1; (b)
e = AN/2%¢, = 0.01, xp = Xa — 7/2. They are obtained using the rules of
application of the separatrix mapping (6.22). The region h > 0 corresponds
to the 1-st branch of the section X, and h < 0 corresponds to its 4-th branch,
respectively (see Fig. 6.3). Note that the axis h in Fig. 8.6b is inverted. One
can clearly see that the rescaling transformations (8.23) indeed conserves the
topology of phase space with the rescaling law h — —A/2h.

0.008 : : (a)
0.006
0.004 |
0.002

-0.002
-0.004 -

-0.006

0 02 04 08 08 1
@2

Fig. 8.6. Poincaré sections of orbits at section Xs obtained by the separatrix
mapping (6.21) for the same parameters as in Fig. 8.5: (a) €, = 0.0025, xo = 7 — 1,
(b) & = A/%e, = 0.01, xp = Xa — 7/2. The rescaling parameter is A = 16
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Such a rescaling invariance near saddle points with respect to the transfor-
mation (8.22) occurs only due to a specific symmetry of Hamiltonian system.
The periodically driven pendulum studied in Sect. 6.2 also has such a prop-
erty for certain type of perturbation. Indeed, one can show that the motion
near the saddle points described by Hamiltonian (6.26) is invariant with re-
spect to the transformations (8.22) if the amplitudes of perturbation waves
A and B, propagating in opposite directions are A = B. In this case the
perturbation parameter K* (6.50) in the mapping (6.49) is reduced to

4 A?
K* = +|Ay|—————
| +‘cosh(7r/1/2) ’

where the sign (+) corresponds to the map along the upper half of phase
space, p > 0, and the sign (-) corresponds to the one along the down half of
phase space. Then the separatrix map (6.49) takes the form similar to (6.21).
For the latter we have proven the existence of the rescaling invariance (8.23).

8.3 2D-Periodic Vortical Flow

In this section we consider the rescaling invariance of motion in Hamiltonian
systems with a several types of hyperbolic saddle points. This system is a
two—dimensional periodic vortical flow. It is well known that the Lagrangian
trajectories of fluid elements in a plane are given by the solution of the
Hamiltonian equations of motion

e o0 dy_ 0w

dat -~ oy’ dt oz’

with the stream-function v playing role of Hamiltonian, H and the spatial
coordinates (z,y) as canonical variables in Hamiltonian dynamics

(see Ottino (1989); Pedlosky (1982)).

8.3.1 Model

Consider two dimensional periodic vortical flow subjected to small time—
periodic perturbation. The system is determined by Hamiltonian function
(see Bertozzi (1988))

H = H()(.T,y) + 6H1(£7y7t) )
1
Hy(x,y) = o cos(2mx) cos(2my) . (8.29)
T
For convenience we have chosen the unperturbed Hamiltonian Hy(z,y) in

(8.29) with the z-coordinate shifted by a half of spatial period in comparison
with one given in Bertozzi (1988); Ahn and Kim (1994). Hamiltonian (8.29)
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is a good model for many convective flows, including the axisymmetric Taylor
vortex, as well as the Rossby waves in geophysical fluid dynamics (Pedlosky
(1982)).

The phase—space of the unperturbed flow is shown in Fig. 8.7. It has
elliptic fixed points at (xsfb) = (m-1)/2, y,(f) = (n—1)/2) and hyperbolic fixed
points at [z, = (m—1/2)/2,y, = (n—1/2)/2], (n,m = 0,£1,£2,...). There
are four different types of saddle points: (Zm,¥n), (Tm,¥Yn+1); (Tm+1,Yn),
(Tm+1,Yn+1)- Because of periodicity of the system along z— and y— axes
with the period of 1 all other hyperbolic fixed points (Zm+2k; Ynt2p), (K, =
0,+1,42,...) whose coordinates are shifted on integer numbers belong to
the same type. Therefore there are only eight independent saddle-saddle
connections.

n/2+3/4 — -
> A !
n/2+1/4 - —
1 ! |
n/2-1/4 - —
m/2-1/4 m/2+1/4 x m/2+3/4

Fig. 8.7. Phase space of the system (8.29)

Near the saddle points the unperturbed Hamiltonian Ho(z,y) in (8.29)
has the following expansion in powers of (z — x,,), (¥ — Yn):

Hy(z,y) = (=1)™""2m (2 — 2m), (¥ — yn) , (8.30)

and according to the expansion (8.4) the parameter + is equal to 2.
For H = Hy(x,y) = 0 the saddle points are connected along horizontal
z— and vertical y— axes. These saddle connections are described by orbits

cos(2mas(t)) = 1/ cosh2m(t — tg)], a=uz,y, (8.31)

where t; is a time instant when a trajectory passes a midpoint between two
adjacent saddle points.



8.3 2D-Periodic Vortical Flow 189

Inside of each cell the trajectories are closed with the frequency of oscil-
lations

k* =1—4n’H?. (8.32)

Near the separatrices H — 0 the frequency w(H) has the following asymp-

totics:

2

W) = 5

+O(H) . (8.33)

8.3.2 Rescaling Invariance Property

Any time—periodic perturbation destroys the separatrices. The motion near
the unperturbed separatrices becomes chaotic forming a stochastic web along
unperturbed separatrices. The structure of the stochastic web near the sad-
dle points are invariant with respect to the universal rescaling transformation
(8.6) with the rescaling parameter A\ = exp(2my/(2) = exp(4mw?/(2) for arbi-
trary small time—periodic perturbation H(z,y,t).

For some wide class of perturbations H;(x,y,t) it may also exist a rescal-
ing invariance with respect to the rescaling transformations of type (8.22).
Specifically, we consider the time-periodic perturbation of the flow (8.29) in
the form of traveling waves with the same spatial periods as the unperturbed
flow and the phase velocity {2 coinciding with the perturbation frequency:

Hy(z,y,t) = QL[ay sin(2ry — 2t — x) — az sin(27x — 2t — x)], (8.34)
s
where a;, and a, are the relative amplitudes of traveling-waves along the -
and y-axes, respectively. The perturbed Hamiltonian has a following symme-
try property in the (z,y) space:

Hy(x+1/2,y+1/2,t) = —Hy(z,y,t) . (8.35)

To integrate the Hamiltonian system (8.29), (8.34) we used a fifth order
Bulirsch—Stoer Runge-Kutta method with adaptive step size control, and
10~7 accuracy (Press et al. (1992)). Poincaré sections of orbits near the saddle
points are presented in Fig. 8.8 for the two different amplitudes, €, and phases
x of the perturbation related with the rescaling parameter A = exp(472/$2) =
16: (a) €, = 0.0208, xa = 0; (b) & = A\"2¢, = 0.0052, xp = Xa + 7/2.
The relative amplitudes of waves are chosen as a, = 1 and a, = 0.5.
Figure 8.8a shows Poincaré sections near the saddle points (Zm—o,Yn=0) =
(=1/4,-1/4) and (=0, yn=1) = (—=1/4,1/4). Corresponding plots near the
points (=1, Yn=1) = (1/4,1/4) and (=1, yn=0) = (1/4, —1/4) are similar
to those near (=0, Yn=0) and (=0, Yn=1), and they may be obtained from
the latter by rotating plots by 180° around the corresponding points. Fig-
ure 8.8b presents Poincaré sections near points (1/4,—1/4) and (—1/4,—1/4)
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-0.05 m=0,n=0 __ (a) 0.45
[
> -0.25 > 025 [
-0.45 0.05
20.45 -0.25 -0.05 -0.45 -0.25 0.05
X X
-0.35 -0.35 m=0,n=1 (b}
> -0.25 > 025
-0.15 -0.15 :
20.15 -0.25 -0.35 0.35 0.25 0.15
X X

Fig. 8.8. Poincaré sections of orbits in perturbed 2D lattice flow (8.29), (8.34) near
the four different saddle points for the perturbation amplitudes: (a) e, = 0.0208,
phase xa = 0; (b) & = A~/%¢, = 0.0052, phase x5 = Xa + 7/2. The rescaling
parameter A = exp(47®/(2) = 16. Other parameters are a, = 1 and a, = 0.5

with the inverted coordinates (x — —z, y — —y). In the inverted coordinates
(z,y) they correspond to the points (z;m—0,Yn=1) and (Tym=1, Yn=1)-

As can see from Fig. 8.8 that the topology of phase space near the saddle
points are conserved with respect to the rescaling transformation of parame-
ters

e— A%, X—XxX+7/2,
(x —zpm) — —)\*1/4(m — Ty )
(Y —yn) = =2y —ywr) - (8.36)

One should note that unlike the rescaling law (8.22) for systems with a
single saddle point, in this case the structure of phase space near the saddle
point (z,, ¥,) is transformed to the one near the other saddle point (2,7, Yn’).
For the even sum m+n the transformation (m,n) — (m/,n’) is the following
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4 1
n/2+1/4
N (Hy, )
3 2
z:mn+l
e 5.
= F . [ —
(His 15 tiee 1) H tee)
k42> k+2
Zmn ZC \ Zm+in
n/2-1/4_. :

m/2-1/4 X m/2+1/4

Fig. 8.9. Geometry of the separatrix map for the periodic vortical flow (8.29)

(m,n) = (myn+1),
(myn+1)— (m+1,n+1),
(m+1,n+1)— (m+1,n),
(m+1,n) — (m,n) . (8.37)

The rescaling invariance with respect to the transformations (8.36), (8.37)
occurs only due to a symmetry of perturbed Hamiltonian (8.35). The analysis
of this property will be also given below.

8.3.3 Separatrix Maps of the System

To construct the separatrix maps for this system we introduce sections X,
(m,n =0,%1,42,...) centered at the hyperbolic fixed points (z,, y») shown
in Fig. 8.9. Each of sections X, consists of two segments perpendicularly
crossing each other at the hyperbolic point with 45° to the z-axis. There are
four branches of the each section X,,,, denoted as p = 1,2, 3, 4. Define maps
as

(m'n’) MZI(Gmn)

Zg+1 0 T
where z,(gm") = (t, hg) is the crossing point of orbit with the section X,
at the k-th step of the map. We denote them as Xﬁz)mil, YTETLL The map

)A(ff;)mﬂ transforms the point z; at the section X, to zx41 at Xp,41 p, along
)

the horizontal axis x at fixed y = y,,. Similarly ?TETZ /., connects points at the
sections X, and X, 41 along the vertical axis y at fixed x = z,,. Because
of the periodicity of the system in the (x,y) space with the period 1 there

are following symmetry properties of the maps
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& (n+2 >(n o (m+2 o-(m
Xr(n,m:i):l = Xr(n,)m:th Yn(,nil) = Yn(,nztl ’
Xv:J)rz,mHﬂ = Xn:l,)mil ’ Y’rETQ),n+2i1 = Yrgz)il : (838)

Since there are only eight independent saddle—saddle connections, there are
only eight independent maps M which fully determine the dynamics of
system.

For small perturbations € < 1 when the stochastic layer near the unper-
turbed separatrices is sufficiently thin the maps (8.38)can be approximated
by the separatrix maps of type (5.46) along the each saddle—saddle connec-
tions. They describe the evolution of energy (h) and time (t) variables at the

sections Ly, .., (hig1, togr) = M(hy, ty), (M = Xﬁ?%ﬂ,fﬁ%il) Using
the orbits at the separatrices (8.31) and the perturbed Hamiltonian (8.34)
one can show that the integrals K,, and L,, (5.34) along the saddle saddle

connections are determined by

Kr(r?,)mil =(—1)" ay K(i), for m+mn =2k,
Kr(::l)il =" ay K& , form+n=2k+1, (8.39)

where k = 0,+1,42,... and

g _ 2 exp(x2/4)

27 sinh(£2/2)

The coefficients L,, identically vanish. Then the separatrix maps along the
saddle saddle connections take the form

8 9 2
hit1 :threKé’iilcos <<pk+47rln7r|hk+x> ,

n 2 2

k1 =9¢r+—|In + In } 8.40

Pt v 4 |: 7T|hk| 7T|hk+1| ( )

Because of the symmetry of the perturbed Hamiltonian (8.35) with re-

spect to translation along the z- and y-axes we have the following properties
of the coefficients ngc)yil:

KM =KD KM =K (8.41)

m,m+l — mFl,m nFl,n

Existence of rescaling invariance of motion near saddle points (8.36),
(8.37) established by numerical integration of the equations of motion can
be proven using the separatrix maps (8.40). It is given in Abdullaev (2000)
by constructing maps Fy(fr)“ (p =1,2,3,4) for fixed points (¢4 s, Hy s) near
the saddle points (z,,,y,) at the each branches p of the section X,,,, i.e.,

N q
(Pas + 275, Hop) = (B)) (20,00 Ho) (3.42)
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as similar to those maps Fp introduced for determination of the fixed points
(8.24) in the model studied in Sect. 8.2.1. The rescaling transformation (8.36)
is equivalent to the following transformation applied to the mappings (8.42):

e — A%, X—x—7/2,
H— —\'/?H, t— —t. (8.43)

The last expression in the second line in (8.43) corresponds to © — —z,y —
—y.
It was shown by Abdullaev (2000) that for even m+n the rescaling of the

mapping parameter (8.43) transform the mappings 2 (8.42) according

to the following way:

(3 . A (4
F(l,)n — F} ,)n+1 ) Fv(r?,)n - F7(n,)'n+1 )
ED = Frins ED = B (8.44)
Similarly, for odd m + n we have
> (3 £(4
ngnl,)n - Frsm—)i-l,n ’ Fvgr?,)n - F’rsq,—%-l,n ’
ES, = B, O (8.45)

These transformation properties (8.44), (8.45) of the phase space near the four
saddle points with respect to the rescaling transformations (8.43) are fully
equivalent to the rescaling properties (8.36), (8.37) found by the numerical
integration of Hamiltonian system (8.29), (8.34).

Poincaré sections of orbits at the Xy, and Xy; obtained using the sepa-
ratrix maps are shown in Fig. 8.10a for the same parameters as in Fig. 8.8a:
—€, = 0.0208 and x, = 0. Similar plots for the rescaled parameters
e = A"H2%¢, = 0.0052 and Xb = Xa + 7/2 are presented in Fig. 8.10b at
the sections Xo; and X7;. The rescaling parameter A\ = exp(47?/2) = 16.
Corresponding plots at the sections X'1; and Y7y may be obtained from the
Poincaré plots at Yy and Yo by shifting the phase ¢ by m, respectively. Note
that the axes ¢ and H in Fig. 8.10b are inverted. These plots confirm the
rescaling invariance of motion with regard of transformations (8.36), (8.37).

8.3.4 On the Validity Conditions
of the Rescaling Invariance Property

The rescaling invariance of phase space of Hamiltonian system near the sad-
dle points with respect to transformations given by (8.6), (8.20), (8.21) is
exact property of the separatrix mapping (8.19). Therefore the validity of
the rescaling law coincides with the validity of the separatrix mapping itself.
As was shown in Chap. 5 (see Sects. 5.3.1, 5.3.3) the separatrix mapping
(8.19) is derived at the following conditions:
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Fig. 8.10. Poincaré sections of orbits of the periodic vortical flow (8.29), (8.34)
obtained by the separatrix mapping: (a) at the sections XYoo and X' for the para-
meters: €, = 0.0208 and x, = 0; (b) at the sections X1 and X for €, = A2, =
0.0052 and x» = Xa + 7/2. The rescaling parameter A\ = exp(4w2/2) = 16. Other

parameters are a; = 1 and a, = 0.5

a. in the first order of perturbation parameter ¢ by neglecting all terms of

order of € (n < 2);

b. the frequency of motion w(h) is replaced by its logarithmic asymptotics

(8.5);

The condition (a) means that the rescaling invariance is an effect in the
first order in a small perturbation parameter e. From the second condition
(b) follows that the effect is valid in the regions of phase space sufficiently
close to the separatrix where the frequency of motion w(h) can be replaced

by its asymptotics (8.5).
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8.4 Summary

In this chapter we have studied the structure of the stochastic layer in one
degree of freedom Hamiltonian systems subjected to a time-periodic per-
turbation. It was found the structure of phase space of these systems in
the neighborhood of saddle points is invariant with respect to the rescaled
transformation of the perturbation amplitude with the shift its phase and the
rescaling the coordinates (8.6). Beside this universal property of Hamiltonian
systems we have established additional rescaling invariance properties of mo-
tion due to symmetries of system in phase space (8.22). These properties gives
rise to the periodic change of the topology of phase-space near the saddle
point with varying the perturbation amplitude e. As we will see in the next
chapter it leads to the log e-periodic dependence of statistical characteristics
of chaotic motion in the stochastic layer.



9 Chaotic Transport in Stochastic Layers

In this chapter we study the statistical properties of chaotic motion in a
stochastic layer in the context of their relation with the structure of phase
space near saddle points. Before discussing this problem we briefly recall the
statistical methods of description of chaotic transport in a stochastic layer of
dynamical systems.

9.1 Statistical Description
of Chaotic Dynamical Systems

In dynamically chaotic systems the motion of particles becomes practically
unpredictable: any small error in initial conditions leads to the enormous
error in the final conditions. In this situation it does not have a sense to
follow each individual orbit, and the statistical description of the dynam-
ics of system becomes appropriate. This approach is based on the concepts
and methods of statistical mechanics. Below we recall the main notions of
statistical description to study dynamically chaotic Hamiltonian systems.

9.1.1 Ergodicity and Mixing

Let (g(t),p(t)) be the position of system in phase space (g,p) at the time
instant t. The time-evolution of system over time period T is given by the
map

(Qk+17pk+1) = M(qk7pk) )

where (qx,pr) = (¢(tr),p(tr)), (tx = kT). Consider the evolution of the
arbitrary integrable function f(g,p) of (g, p). Suppose the system’s orbits lie
in a finite domain W of phase space. Then the motion is called ergodic if the
time averaging of the function f defined as

N
F= i 3 flam) (01)

is equal to its value, (f) obtained by averaging over phase space,

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 197-218 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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() = /Wf(q,p)dqdp, 9.2)

f=1{- (9.3)

In order to introduce the mixing property of dynamical systems we define
the correlation function. Let f and g be two arbitrary integrable functions of
(¢,p): f= f(q,p) and g = g(q,p). The correlation function C4(7) is defined
as

Cry(1) = M*f-g - fg, T=sT, (9.4)

where

Msf g = f(qk+s>pk+s) . g(Qkapk)

N
. 1
= ngnoo N ];1 F(@rts, Prts)9(qrs Pk - (9.5)

The correlation function C4(7) gives a quantitative measure of correlation
of functions f and g separated by time delay 7.

The dynamical system is called a mizing if the correlation function (9.4)
vanishes at the limit 7 — oco:

Ciq(1) =0, for 7 — 0. (9.6)

Mixing represents a more subtle property of system than the ergodicity
and it is related with the exponential divergence of neighboring orbits (7.14).
In systems with the mixing property the initial small finite domain of phase
space acquires the complicated shape with the same area (due to Liouville
theorem) but with the stretched and bended regions as illustrated in Fig. 9.1.
Ergodicity of system follows from the mixing property. However, the opposite
statement that mixing follows from the ergodicity is not generally true.

The law according to the correlation function tends to zero significantly
depends on the structure of phase space. In the case of systems with a highly
developed chaotic zone with no KAM stability islands the correlation function
decays exponentially with 7,

Ctg(7) ~ exp(=7/7c) , (9.7)

where 7. is the correlation time. Usually, it is inverse proportional to the
Lyapunov exponent o (7.21) averaged over the phase space area W:

1
Te~ — .

(o)
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(b)
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O

Fig. 9.1. Example of mixing property of system: initial phase space area (a) of
circular shape turns into the stretched and bended area (b) with complicated shape

However, in typical partially chaotic Hamiltonian systems with the em-
bedded KAM stability islands in the chaotic zone the correlation function
decays slowly according to power-like law,

Ofg(T) ~ Tﬁp7 (98)

with the constant exponent p. As we will see later it significantly depends on
the structure of chaotic zone.

In analogy with the notion of entropy in the statistical mechanics
Kolmogorov (1958) introduced a dynamical entropy, hy, for dynamically
chaotic Hamiltonian systems to characterize a degree of stochasticity (see,
e.g. Zaslavsky (1985)). The dynamical entropy also known as the Kolmogorov
entropy has an order of the averaged Lyapunov exponent

hi ~ (o) ~ 771, (9.9)

For dynamically chaotic systems the Kolmogorov entropy is positive, hx > 0.

9.1.2 Kinetic Description

In statistical mechanics of many body problems kinetic equations are ob-
tained from the dynamical equations of motion with assumptions like ran-
dom phase approximation. Dynamically chaotic systems with a few degrees
of freedom can be also described in terms of the kinetic equations describing
the irreversible behavior of system. One of the features of dynamically chaotic
systems is concluded in that the kinetic equation for them can be obtained
without above mentioned assumptions of random phases. In typically highly
developed chaotic systems the kinetic equation can be obtained thanks to
exponential decay (9.7) of the correlation functions (9.4).
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Specifically consider a dynamically chaotic system with the Hamiltonian

H= Ho([) +€H1(I,19,t) s
eHy(I,9,t) = € Hppp(I) cos(md) — nd2t + Xmn) - (9.10)

mn

Let F(I,9,t) be a probability distribution function (PDF) of particles in
phase space at the moment of time ¢. Then dN = F(I,9,t)dIdv is a number
of particles in the element of area dV = dIdv. According to (1.3), (1.4), (9.10)
the time-evolution of the function F'(I,9,t) is described by the equation

OF ~ OF <8F8H1 6F8H1> 0.11)

ot Yy ~\ar a9 a9 o1

We introduce the distribution function, f(I,t), averaged over phases 9,

2T

F,t) = %/F(I,ﬂ,t)dﬂ.
0

Supposing that in dynamically chaotic systems the correlation functions
Cme (7) of phases ¥ decay exponentially,

1 T .,
Crm (T) :TILH;OT/O im0 (t+r)—im/9(t) gy exp(—7/7.) |

from the equation (9.11) one can obtain the following Fokker—Planck equation
for the function f(I,t) (see Lichtenberg and Lieberman (1992); Zaslavsky
(1985); Sagdeev et al. (1988)):

af 10 of
o =991 (D(I)a]) , (9.12)
where
D(I) = 7€y m?|Hppn (1?6 (mw(I) — ns2) (9.13)

is the diffusion coefficient in the space of action variable I. This statistical
approach to study irreversible behavior of chaotic dynamics is known also as
the quasilinear theory because of its analogy with the corresponding theory
of plasma oscillations® (see, e.g., Sagdeev and Galeev (1969)). The diffusion
coefficient (9.13) is called the quasilinear diffusion coefficient. The quasilinear

! Recently Elskens and Escande (2002a,b) have rigorously proven that diffusion
coefficient D(I) takes on the quasilinear value (9.13) for the chaotic motion of
an electron in plasmas with a set of strongly overlapping Langmuir waves with
random phases. As a result, the macroscopic irreversible evolution of a plasma
is described by its microscopic chaotic dynamics.
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approximation usually is valid for the statistical description of Hamiltonian
systems with highly developed chaos.

Qualitatively, this diffusion process can be considered a random walk
along the action variable I with a step size AI and with time step At = 27/f2.
The diffusion coefficient of such a process defined as

((AD)?)

D(I) =73

is given by (9.13).

9.1.3 Anomalous Diffusion

In typical Hamiltonian systems the zone of chaotic motion is not uniform, es-
pecially the stochastic layer near the separatrix. It consists of KAM-stability
islands embedded in a so-called stochastic sea. The structure of the stochas-
tic layer is determined by the mutual positions and sizes of KAM-islands.
Existence of these islands leads to the deviation of chaotic motion from the
normal diffusion processes described by the Gaussian random walk approx-
imation. This is because of long-time range correlations of type (9.8) due
to particles trapped near the islands. In general, such a chaotic motion in
the stochastic layer is not described by the normal random transport process
with the Fokker—Planck equation (9.12). It is one of the important features
of typical deterministic chaotic systems. Departure of the statistics of chaotic
motion from the Gaussian one is called anomalous diffusion. It has been the
subject of extensive studies for more two decades starting from pioneering
works by Karney (1983); Chirikov and Shepelyansky (1984) (see, also reviews
by Bouchaud and Georges (1990); Chirikov (1991); Shlesinger et al. (1993);
Klafter et al. (1996); Metzler and Klafter (2000); Zaslavsky (2002)). In one
dimension the anomalous diffusion along space, z, (or momentum p) coor-
dinate is characterized by a nonlinear time dependence of a second moment
displacement,

o*(t) = ((a(t) - (2))*) = 2D, (v#1) (9.14)

of random coordinate x. For the normal diffusion process the exponent v = 1
and D determines a diffusion coefficient. The case v > 1 is known as en-
hanced (superdiffusive) transport, while the case v < 1 describes a reduced
(subdiffusive) transport. At the present time it is well established that the
anomalous transport occurs in partially chaotic Hamiltonian systems where
the regions of phase space with the regular motion [so-called the Kolmogorov-
Arnold-Mozer (KAM) stability islands] are embedded in a stochastic zone.
Due to stickiness of orbits to the KAM stability islands chaotic motion al-
ternates with a time intervals with a regular behavior. Then the type and
rate of anomalous transport depend on the structure of the stochastic layer
determined by the mutual positions of the KAM islands and their size.
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Presently several theoretical approaches have been developed to describe
anomalous diffusion in partially chaotic Hamiltonian systems. Among them
one should mention the continuous time random walk (CTRW) method (see,
e.g., Metzler and Klafter (2000)), the fractional kinetic equations (see Za-
slavsky (2002)), the lobe dynamics (see, Wiggins (1990b)). Particularly, the
kinetic theory of the standard map in different diffusion regimes has been
studied by Balescu (2000a,b).

9.2 Non-Gaussian Statistics in Stochastic Layers

In the case of the stochastic layer formed near the separatrices the chaotic
transport is mainly determined by its structure near the saddle points where
particles spend more time than in other parts of the phase space. As was
shown in the previous Chap. 8 the perturbed motion near saddle points is
invariant with respect to the rescaled transformation of the perturbation
amplitude € and the shift of phase x and the phase space coordinates (8.6),
i.e., the topology of the stochastic layer in the neighborhood of saddle points
is a periodic function of log € with the period log A. Therefore, one can expect
that by varying e one can periodically change the statistical and transport
properties of chaotic motion in a stochastic layer. Below we demonstrate
these properties for the different models of Hamiltonian systems considered
in the previous chapters. All calculations are carried out using the separatrix
mappings obtained in Chaps. 6 and 8.

9.2.1 Mean Residence Time

We first consider a statistics of residence time of particle in one of wells
in a double—well potential field affected by time-periodic perturbation. The
system is described by Hamiltonian (6.1). Suppose that in the absence of
perturbation a particle is trapped in one of the wells. A motion of particle
may be described in the (x,p) plane by the closed curve 1 in Fig. 6.1b, and
it is separated from the other well by the separatrix (curve 2). The time-
periodic perturbation destroys the separatrix replacing it by a stochastic
layer which is illustrated in Fig. 8.4. If the initial position of particle is inside
the stochastic layer it leaves the potential well by crossing the unperturbed
separatrix during a certain residence time 7 which is known as a residence
time. Its value is very sensitive to the small changes of initial coordinate
of particle. The statistics of residence time depends on the structure of the
stochastic layer. Below we study a dependence of mean residence time on
perturbation amplitude e.

In the quasilinear approximation the mean residence time () on e can
be estimated using the following arguments. If one does not take into ac-
count trapped particles one could expect that (7) is proportional to the char-
acteristic period of particle’s orbit T'(h,,) inside the stochastic layer with
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<t>/T

loge /logh

Fig. 9.2. A mean residence time (7) in the potential well normalized to the pertur-
bation period Ty versus a perturbation parameter € (curve 1). Curve 2 describes the
fitting of (7) vs € by a linear function a —bloge (a = 21.87+£2.64,b = 3.92+0.462).
The rescaling parameter A = 10

effective energy h,,, i.e., (1) ~ T(hy). The latter, h,, counted with re-
spect to the separatrix energy, is of order of the width of the stochastic
layer wy(€e) ~ €, and taking into account the logarithmic asymptotics of the
period T'(hy) ~ In(A/hy) (6.8), we have (1) ~ a — bloge, where a and b are
constants independent on e. Therefore, neglecting the stickness of particles
to the KAM stability islands one expects that the mean residence time (7)
linearly decreases with loge.

The calculations of (7) were performed using the separatrix map (6.21)
and it is presented in Fig. 9.2. The value of the perturbation frequency (2 is
chosen to have the rescaling parameter A = exp(27/2) = 10. Averaging is
made over N = 10° orbits. Curve 1 describes a dependence of (1) on e, curve 2
corresponds to it’s fitting with the linear-log law (7) ~ a—bloge. From Figure
one can clear see that the mean residence time does not monotonically depend
on €. There are strong periodic oscillations around linear—log dependence.
These oscillations are due to a periodical variation of the topology of phase—
space near saddle point with the change of perturbation amplitude €. The
period of oscillations are determined by the rescaling parameter A, i.e., equals
to log \.

9.2.2 Statistics of Poincaré Recurrences

According to Poincaré recurrence theorem any orbit of bounded Hamiltonian
system returns to the small neighborhood of its initial position (see, e.g.,
Arnold (1989)). The distribution function P,..(7) of recurrence time 7 is
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the important statistical characteristics of dynamically chaotic systems. It is
defined as

N(T)
P = "= >
(n="1
where N (7) is the number of recurrences with ¢ > 7 and N is the full number
of recurrences. The function P,...(7) is related to the correlation function of
dynamical variables, C(1) = (&(t+7)Z(t)) (see, e.g., Chirikov and Shepelyan-
sky (1984)):

C(1) ~ TPrec()/(T) ,

where (7) is the mean recurrence time. The diffusion coefficient (rate) D is
directly related to the correlations,

DNAwQﬂm.

In a fully developed chaotic system P,...(7) decays exponentially with 7,
Prec(T) ~ exp(—art) (Lichtenberg and Lieberman (1992)). Numerous studies
show that in partially chaotic systems with the KAM islands the recurrence
distribution has a power-law Pr..(7) ~ 7P at a large time. First calculations
of the exponent p performed by Chirikov and Shepelyansky (1984); Karney
(1983) for the separatrix map and others different maps gave p ~ 1.5. During
last decade the values of p &~ 1—2.5 have been found for different Hamiltonian
systems (Chirikov and Shepelyansky (1984); Chirikov (1991); Geisel et.al
(1987); Shlesinger et al. (1993); Klafter et al. (1996); Artuso (1999); Zaslavsky
(2002)). However, Chirikov (1983) presented some arguments that the value
of p should be equal to 3, which is strongly different from p ~ 1.5. Murray
(1991) maintained that in order to achieve the exponent p = 3 one requires
larger times. Recently in Chirikov and Shepelyansky (1999) the power—law
decay Prec(T) ~ 77P with p = 3 was numerically observed at very large
times for the dynamical chaos in the standard map with the critical golden
KAM-invariant curve, i.e., m:n = 2/w = (v/5 —1)/2.

We have studied a dependence of the Poincaré recurrence statistics on
the structure of the stochastic layer by varying perturbation parameter e.
For this purpose we have calculated statistics of first return times to the 4-
th branch of the section Xy in Fig. 6.3 in the double—well potential affected
by the time-periodic perturbation. All calculations are performed using the
separatrix map (6.21) for the same parameters as in Sect. 9.2.1. The mean
recurrence time () as a function of the perturbation parameter € is shown
in Fig. 9.3. Similar to the mean residence time (see Fig. 9.2) it is also a
quasiperiodic function of log e with the period log \. However maxima of the
mean residence time correspond to minima of the mean recurrence time (1)
and vice versa.
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Fig. 9.3. Average recurrence time (1) as a function of perturbation amplitude e
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Fig. 9.4. Exponents p of asymptotics of Prec(7) ~ 7P as a function of the per-
turbation parameter €

Probability of recurrences P(7) computed up to the moderate times 7 <
10527 /12 shows that it decays oscillating near to the power-law 77 which
were also observed in Chirikov and Shepelyansky (1984). The amplitude of
these oscillations varies with perturbation parameter €. The estimations of
the exponent p for different € were performed by a fitting of the probability of
recurrences P(7) with the power-law C77? in the time interval 10? < 7/T <
10°. The latter is of order of oscillation period of P(7) around the power-
law 77P. The dependence of the exponent p on € is shown in Fig. 9.4 from
which one can recognize a periodic dependence of p on log e with the period
log A = log 10. The values of p vary between 1 and 2, and it is oscillating near
the average value p =~ 1.5 which was observed in most previous calculations
mentioned above.
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9.3 Chaotic Transport in Stochastic Layers.
Three-Wave Field Model

In this section we consider a chaotic transport of particles in a stochastic
layer for three-wave field model (6.23)—(6.25) (see Sect. 6.2). We will study
statistical properties of transport along the (infinite) 2 - axis, in particularly,
an advection and diffusion by calculating the first, (), and the second mo-
ments of the spatial displacement, o2(t) (9.14), respectively, as well as the
probability density function (PDF) P(xz,t) for a particle with position x at
time instant ¢ as a function of perturbation amplitude e.

Calculations of the statistical moments were performed using the separa-
trix map (6.49) as well as direct numerical integrations of motion equations for
the Hamiltonian (6.23)—(6.25) using the symplectic integrator (1.58), (1.59).
The rescaling parameter is chosen equal to A = 4 which corresponds the per-
turbation frequency 2 = 4.53236wg. A set of initial data at ¢ = 0 consisting
of N = 5 x 103 trajectories were taken in a square region centered at the
hyperbolic fixed point (z = 7, p = 0).

9.3.1 Advection

An advection in the stochastic layer takes place in the direction of the per-
turbation wave with the larger amplitude a4, = max(A, B). The maxi-
mum advection occurs if only one perturbation wave is present. We consider
this case putting A = 1 and B = 0. Calculations show that at least up to
t < 2 x 10T the mean coordinate (x(t)) is linear function of time ¢, i.e.,
(x(t)) = vt with an advection speed v. It has been found that the advection
speed v is not a monotonic function of perturbation parameter e. Similar to
the mean residence time (7) (see Fig. 9.2) it varies quasi-periodically with
log € with the period log A as shown in Fig. 9.5.

9.3.2 Anomalous Diffusion

To study an anomalous diffusion we have calculated the second moments
o%(t) (9.14) for A = B = 1. In this case the perturbation in the Hamiltonian
(6.23)—(6.25) acts symmetrically on particles traveling in both positive and
negative directions along the x-axis without advection, i.e., the mean value
(x) =0.

Figure 9.6 shows the dependence of o%(t) on the perturbation amplitude
€ at two different time instants: curve 1 corresponds to t = (27/£2) x 10* and
curve 2 to t = (4m/f2) x 10*. The thick curves correspond to the numerical
integration of the equations of motion, while the thin curves corresponds to
the separatrix map calculations (6.49) [with an average over N = 10* orbits].
One can see that the separatrix map (6.49) correctly reproduces the results
of direct numerical integrations with a good accuracy up to the relatively
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Fig. 9.5. Advection velocity v versus perturbation amplitude € as obtained by
direct numerical integration. Rescaling parameter A = exp(2rwo/v) = 4

large value of ¢ = 0.1. Fig. 9.6 clearly shows the strong quasi-periodical
dependence of the second moment ¢2(t) on perturbation parameter e. There

are local maxima of o2(t) at the values 6%2135 = A emars Emaz = 0.192,
and local minima at e(rftzn = X emin, €min ~ 0.08, (j = 1,2,--+). For large

perturbation amplitudes € > 0.1 the quasi-periodical behavior of o%(t) is
less pronounced since the rescaling property of Hamiltonian system starts to
violate for large perturbations. With increasing time, the periodic dependence
of 02(t) on € becomes even more pronounced.

A quasiperiodic dependence of o2(t) on € is a consequence of the periodic
change of the structure of the stochastic layer near saddle points. Minima of
o2 (t) correspond to the situations when a majority of particles are stuck to

‘-4” ‘-3””-‘2””-1‘
log e /log A

Fig. 9.6. Second moment o>(t) versus perturbation amplitude e as obtained by
direct numerical integration. Solid curve 1 corresponds to ¢t = (27/£2) x 10* and
solid curve 2 to t = (47/£2) x 10* (thick lines). The corresponding thin line curves
describe the results obtained by the separatrix map (6.49)
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the islands of type 2, 3, 5, 6 (see Fig. 8.2) responsible for trapping particles
by the main wave. Similarly, maxima of o2(t) describes the case when a
majority of particles are stuck to the islands of type 1, 4 (see Figure 8.2) in
which particles are running along x-axis for a long time without changing the
direction. The variation of € periodically alternates the domination of these
different types of islands. More detailed discussion of this phenomenon can
be found in Abdullaev (2000).

For large times ¢t we have the following asymptotics of o2(t) ~ t7. The
exponent vy is also a strong quasi-periodic function of loge with the period
log A. The dependence v on e obtained using the separatrix map (6.49) is
shown in Fig. 9.7. The chaotic transport along the z-axis is superdiffusive
(v > 1) for all perturbation amplitudes. The exponent 7 takes maxima and
minima values at the same e values as 02(t) does. The regions with v > 2
correspond to the acceleration regimes.

25
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10

loge/log A

Fig. 9.7. Exponent ~ versus perturbation amplitude e. It is obtained by fitting
o (t) with 2Dt” in the large time interval 10*Tp < t < 10°Tp

9.3.3 Probability Density Function

The separatrix map (6.49) is also applied to calculate PDF P(x,t). It was
calculated at the time instant ¢ = (27/2) x 10* for perturbation parameters
€ in the interval [0.002, 0.1]. The statistics is taken averaging over N = 10°
orbits. The PDF is almost symmetrically localized near x = 0. The width
2A0 of P(x,t) is defined as an area —Ao < x < Ao where a half of orbits is
localized, i.e.,

Ao
/ P(z,t)dz =0.5.
— Ao
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Fig. 9.8. (a) PDF P(z,t) for the two values of e: curve 1 — € = 0.016, curve 2 —
e = 0.03; (b) Width of the PDF Ao versus perturbation amplitude e

The PDF P(x,t) for two values of € and the dependence of the width Ao on
the perturbation parameter € are plotted in Fig. 9.8a, b, respectively. Curve
1 in Fig. 9.8a corresponds to ¢ = 0.016, and curve 2 — to € = 0.03. These
values of € correspond to the local maxima and minima of Ag. Similar to the
second moment o2(¢) it has also a strong periodical dependence on log € with
the period log .

One should note that the square root of the second moment o(t) and the
width Ao describe the width of the probability density functions. However,
in the case of anomalous (non-Gaussian) transport they describe different
physical situations of transport process. The width Ao describe the PDF near
its central part where half of particles are located. The main contribution
to Ao comes from random particles and particles trapped by islands due
to stickiness. On the other hand, contributions to o(t) mainly comes from
particles with long distance flights. Therefore, o(t) always exceeds the width
Ao: o(t) > Ac. In the case of normal Gaussian transport both o(t) and Ao
would have the same physical nature.

The main feature of P(z,t) is its long tail asymptotics for |z| > Ao. The
latter significantly depends on the perturbation parameter €. The comparison,
for instance, of the two PDF at € = 0.048 and e = 0.08 for which the second
moments ¢2(¢) have maximum and minimum values, respectively, shows that
while the PDF for € = 0.048 has a slowly decaying tail, the PDF for ¢ = 0.08
decays much faster. We have approximated P(z,t) asymptotically by power—
exponential law,

P(x,t) ~ |z| =% Pl

with the fitting exponents o and (. They are found at the time instant
t = (47/02) x 10*T, and presented in Fig. 9.9: (a) describes a versus ¢, while
(b) describes [ versus e. It shows the strong quasi-periodic dependence of
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Fig. 9.9. Fitting parameters o and 3 for a power—exponential law P(z,t) ~
||~ exp(—B|z|): (a) « versus ¢; (b) B versus e. A time instant ¢ = (47/02) x 10*

these parameters on loge appears with the period log A similar to that for
the exponent v in the time-asymptotics of o2 (t).

Overall the results show that the asymptotics of PDF P(x,t) for |z| > Ao
significantly depends the structure of the stochastic layer, and it is mainly
determined by the outermost KAM-stability islands at the chaos border.

9.4 Chaotic Transport in 2D-periodic Vortical Flow

In this section we consider a chaotic transport in a stochastic web of the two
dimensional time-dependent periodic vortical flow. This example shows that
depending on the perturbation parameter e the chaotic transport may have
the superdiffusive, normal or subdiffusive characters.

Suppose the periodic vortical flow (8.29) is perturbed by the time-
dependent perturbation

Hy(z,y,t) = 26 [sin(27y) — sin(27x)] cos(£2t + x) , (9.15)

™
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which may be considered as combination wave perturbations sin(2wz — 2t —
X) +sin(2rx + 2t + x), sin(2my — 2t — x) + sin(27y + 2t + x) propagating in
opposite directions of x- and y-axes, respectively. Thanks to the symmetry
property (8.35) of the perturbation (9.15) there exists an additional rescaling
invariance property (8.36), (8.37) of the system. Therefore one expects that
all statistical characteristics of chaotic transport in such a system are to be
quasi-periodical functions of the perturbation amplitude log € with the period
(log M) /2.

For the perturbation (9.15) one can expect that the chaotic transport
along x- and y-directions are equivalent, in particularly, mean spatial dis-
placements (x) = (y) = 0, and mean squared displacements (z?) = (y?).

The chaotic transport in a stochastic web was studied using the separatrix
map constructed in Sect. 8.3.3. The separatrix map for the perturbation
(9.15) has the form (8.40) with the perturbation coefficients

K(g 3 02 1

a,atl = (-1) Em . (9.16)

9.4.1 Variation of Diffusion Regimes

The rescaling parameter A\ = exp(47%/f2) has been chosen equal to 16. The
statistics of transport is studied averaging over N = 10* orbits. The second
moment of the radial displacement o2(t) = (z2(t) + y*(t)) is displayed in
Fig. 9.10 as a function of € at the time instant ¢t = (27/62) x 10%. As seen
02(t) is a quasiperiodic function of loge. Its period, 0.5log \ is twice smaller
than in the case of transport along the 1D stochastic layer (Section 9.3).
There are sharp periodic peaks of 02(t) at certain values of €. As we will see
below they appear due to flights in the stochastic web.

The exponent v of asymptotics o2(t) ~ t7 shown in Fig. 9.11 also pe-
riodically varying with loge. There are large periodic intervals of e where
~ is less but close to 1. Minima values of the exponent v are about 0.9
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Fig. 9.10. Second moment of radial displacement o = (x* + ¢?) versus e. A time
instant t = (27/2) x 10*. Rescaling parameter A = exp(47?/v) = 16
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Fig. 9.11. Exponents 7 of the asymptotics o2 ~ ¢”. Parameters of the system are
the same as in Fig. 9.10

in small intervals of €, where the transport may be considered as a weakly
subdiffusive.

For the most values of € the exponent - is close 1 and the chaotic transport
may be well approximated by the normal diffusion (Gaussian) process intro-
ducing a diffusion coefficient D. We have calculated the diffusion coefficients
using its two definitions: (¢) through the squared radial displacement:

D, = o%(t)/2t, t— o0,

and (i7) through the Gaussian PDF

P ( t) T 7'12
rt)=——e T —
G\ = Dot CP\ Tapgt )

which describes PDF to find a particle with radial position r = y/x2 + y2 at
a time instant ¢ corresponding to the initial distribution Pg(r,0) = 27rdé(r)
of particles at the time instant ¢ = 0. For the normal diffusion process the
diffusion coefficients D, and D¢g should coincide.

Diffusion coefficients D, and D¢g are presented in Fig. 9.12 as functions
of e. Curve 1 describes the diffusion coefficient D, determined from the mean
squared radial displacement o2(t) in the time interval 10* < ¢/T" < 105, and
curve 2 corresponds to D¢ obtained by fitting the numerically determined
PDF P(r,t) at the time instant ¢ = 10°T with the radial Gaussian PDF
Pg(r,t). Figure 9.12 also shows a quasi-periodical dependence of both values
of D on loge similar to those ones in Figs. 9.10, 9.11. For most values of €
the diffusion coefficients D, and D are close, but D, systematically exceeds
D¢. The reason of such a behavior was discussed in Sect. 9.3.3, and consists
of fact that there exists a difference between the second moment o2(t) and
the width of the PDF P(r,t) in a case of anomalous diffusion. The coefficient
D¢ is mainly determined by the central part of the PDF while rare events
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Fig. 9.12. Diffusion coefficients D determined by the asymptotics D, = o?/2t
(curve 1) and by fitting with the radial Gaussian distribution Pg(r,t) =
r(Dgt) "' exp[—r?/2Dgt] (curve 2). Parameters of the system are the same as in
Fig. 9.10

with long flights may contribute to the D,. Results shown in Fig. 9.12 suggest
that in large periodic intervals of € where differences between D, and D¢ are
small the transport process may be considered as a normal diffusion process.

9.4.2 Superdiffusive Regime. Levy Flights

As seen from Fig. 9.12 there are large difference between D, and D¢ in the
narrow periodic intervals of e located near values € = \*/2¢), g = 0.0031
(k = 0,41,42,...). They corresponds to the peaks in o2(t) (see Fig. 9.10)
and to the large exponents v in Fig. 9.11. For these values of € the Gaussian
approximation fails and the chaotic transport becomes superdiffusive. En-
hanced transport is connected with long distance flights, known as the Levyj
flight at these values of €. A single flight event is shown in Fig. 9.13a in the
(z,y) plane and in Fig. 9.13b in the (¢, H) plane for the specific value of
e = 0.0124.

These flights are connected with stickiness of orbits to the specific KAM—
stability islands. They are shown in Fig. 9.14 on the Poincaré sections of
orbits in the (z,y) plane near the saddle point: (z; = 0.25,ys; = 0.25). Four
types of islands continuously labeled by 1-4 are seen as dark sticks. A close
up view of the region near the 1-st island is shown in Fig. 9.14b. The islands
1-4 have different flight directions: 1-st island flies in the direction of 45°
with respect to positive direction of the z-axis, the 2-nd island in 315°, the
3-rd island in 225° and the 4-th island in 135°.

Figure 9.15a shows the structure of these KAM-stability islands on the
section X1 obtained by the separatrix map: (b) shows close up view of the
region near the tiny-size KAM-stability island shown in (a). The island with
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Fig. 9.13. Long distance flight event: (a) orbit in the (x,y) plane, (b) orbit in the
(H,t) plane. Parameters are e = 0.0124, x = 0
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Fig. 9.14. (a) Poincaré section near the saddle points — (zs = 0.25,ys = 0.25);
Four tiny-size islands of regular motion responsible for long distance flights are
shown by arrows 1-4; (b) Close up view of the region near the 1-st island shown in
(a). Parameters are the same as in Fig. 9.13

H >0 (H <0) in Fig. 9.15a corresponds 1-st (2-nd) and 3-rd (4-th) islands
in Fig. 9.14a, respectively.

The elliptic fixed points (¢, = 0,7, H. ~ £1.495 x 10~ in the (¢, h)-
plane correspond to the fixed of the 1- and 3-islands (., y.), and the elliptic
fixed points (. = 7/2,37/2, H, &~ 6.4565 x 10~* — correspond to the 2- and
4-islands in Fig. 9.14a.

One should note that although the applied numerical integration scheme
sufficiently well determines the positions of these island on the phase-space
(z,y) but it cannot resolve fine details of their structure because of loosing
accuracy. The fine structure of these tiny-size KAM-stability islands may be
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Fig. 9.15. Poincaré plots obtained by the separatrix map in the (H,t) plane at the
sections: (a) Y19 (b) Y11. The small-size islands (with dark edges) are responsible
long distance flights. (¢) — close up view of one of theses islands shown in (a).
Parameters are the same as in Fig. 9.13

seen on Poincaré plots in the (¢, H) plane obtained by the separatrix map
(see Fig. 9.15¢).

9.4.3 Fixed Points of Flight Islands

Islands responsible for flights have a specific feature. As seen from Figs. 9.13b,
9.14 and 9.15 the energy h for trapped orbits takes successively positive and
negative values near the saddle points, for instant, if Ay > 0 then hry <
0 and vice versa. The elliptic fixed points (¢(¢), H(®) of flight islands at
any section X, (or at the equivalent sections X, 40¢ nt2p, ¢, 0 =1,2,...)

can be determined by the fixed points of the map i) (8.42) imposing the

requirement that if h,(:) > 0 then h,(:_gl < 0 and vice versa. The maps Fy(,f)l
(n)

m,m’’

are constructed consecutive mappings X }A/Tgn;,) . For example, the map

~ -(m—+2 > (n+1 >(m—+1) - (n
F'r(nZ)n = va+1,nl—2X7(n+1,)m+2Yn(,n+1)Xr(n,)m+1 (9~17)

transforms the fixed point of the 1-st island at the section X,,,,, with the even
m + n to the equivalent one at the X, o ,,1o. It is illustrated in Fig. 9.16.
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Fig. 9.16. Construction of the map F{?) for determination of fixed points of the
1-st island responsible for flights

To be specific we determine the principal fixed points of the 1-st island
corresponding to ¢ = 1. Using (8.40), (9.16) the equations for the fixed points
(¢(®), h(®)) may be written as

ho = hi +eKcoswy , wy=ws+ g(ha),
hs = hy —eKcosws, w3 =ws+ glhs) ,
hy =hs —eKcosws, ws=ws+ g(hy),
hi =hys+eKcoswy, wy+2rs=ws+ght), (9.18)

where g(h) = (£2/27)In(2/7|h|), w = ¢ + g(h)/2+ x, and s = 1,2,.... In
(9.18)

(wi,h1) € Xppns Xmt2,nt2 (w2, h2) € Xgin »
(ws, h3) € D141 s (wa, hy) € Ymt2,n+1 -

Fixed points of the 1-st flight island should also satisfy the condition: h; < 0,
ho > 0, hg < 0, and hy > 0. From the equations for the angular variables
w;, (i =1,2,3,4) in (9.18) follow that

4 4

> g(hi) =2ms, or  [] Il =16/(x*)"), (9.19)

i=1 i=1
where A is the rescaling parameter. First we consider the case when h1 = hg
and hy = hy. In this case (9.18) may be reduced to
ho = hy + €K coswy
hl = hQ —eK COS(’LU1 + Q(hg)) s
|hiho| = 4/(72X3/2) .
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Taking into account that h; < 0, ho > 0, we obtain the transcendental
algebraic equation for wi:

coswy — cos [wy + 2(ha(wy))] =0, (9.20)
where ho(w1) is a positive solution of the quadratic equation
h2 — K coswihg +4/(72X\/2) =0 . (9.21)

We determined the fixed points for the values € near its specific value € =
0.0124. The corresponding number s is equal to 11. Numerical study of (9.20),
(9.21) shows that the fixed points, (¢(©), h(¢)), exist for 0.0121 < e < 0.031. At
the section X the phase ¢(¢) = 7 (mod 2r), and h(®) changes in the interval
[—1.542623x 1074, —7.518702x 10~°], and at X; the phase ¢(¢) = 37/2 (mod
27) and 6.263842 x 10~ < h(e) < 1.285161 x 10~3, respectively. However, the
fixed points are elliptic only for 0.0121 < € < 0.0131, and they are hyperbolic
for € > 0.0131.

Determination of fixed points in the cases hy # hg or hg # hy is more dif-
ficult. We have studied them by direct plotting Poincaré sections in the (¢, h)
plane. Such islands appear for ¢ > 0.0132 when the fixed point with h; = hs,
ho = hy becomes a hyperbolic and generating two elliptic fixed points. With
increasing the perturbation e the stochastic layer near the separatrix grows.
The islands dissappear for € > 0.0133.

Therefore the flights may occur for the perturbation parameters 0.0121 <
€ < 0.0132 due to stickiness to the KAM islands. One can obtain similar
results for the principal fixed points with ¢ = 1 of 2-nd, 3-rd and 4-th islands.

One can conclude that the chaotic transport in the stochastic web of two
dimensional time-dependent periodic vortical flow may exhibit three types of
stochastic processes: subdiffusive, normal Gaussian and superdiffusive. Vary-
ing the perturbation parameter € one can control the types of chaotic trans-
port.

9.5 Conclusions

Obtained in this chapter results reveal the important relationship between the
structure of the stochastic layer and statistical properties of chaotic transport
in it. It was shown that systems with topologically similar stochastic layers
have similar statistical properties of transport. This property of dynamical
systems was extensively studied in one- and half-degree of freedom Hamil-
tonian systems. Established in the previous chapter the rescaling invariant
property of systems near saddle points gives rise to the periodic change of
the topology of phase—space near saddle points with varying the perturbation
amplitude. It leads in turn to the quasi-periodical oscillations of statistical
characteristics of transport with the change of perturbation amplitude. The
period of these oscillations is determined by the universal rescaling parameter
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A = exp(27y/£2) which depends only on the expansion coefficient v of the
unperturbed Hamiltonian near saddle point and the frequency of external
perturbation (2.

This effect is universal for one-degree-of-freedom Hamiltonian systems
subjected to small time-periodic perturbations regardless on the specific fea-
tures of the system. One can expect the effect occurs in chaotic transport
problems in structured flows, for instance, in chaotic mass transport in a
chain of vortices in a shear layer (see, for instance in del Castillo-Negreto
(1998)). Similarly, it may also be observed in models of physical systems
which are described by a stochastic web (see e.g., Zaslavsky et al. (1991);
Shlesinger et al. (1993); Klafter et al. (1996)).

Our study shows that the chaotic transport rate is not monotonic function
of the perturbation amplitude ¢, in spite of that the width of the stochastic
layer linearly increases with €. This suggests, first, that the width of the sto-
chastic layer, determination of which was a primary goal of many works (see,
e.g., Treschev (1998) and references therein) does not completely character-
ize a chaotic motion. The existence of KAM-stability islands embedded in a
stochastic layer is one of its essential features, and particularly the outermost
islands play a crucial role in chaotic transport. This situation is not taken
into account by qualitative transport theories, for instance, by the quasilin-
ear theory (see Sect. 9.1.2), which predicts the monotonic dependence of the
diffusion coefficient D (9.13) on perturbation amplitude e.

The established effect also shows the possible range of controlling Hamil-
tonian chaos Lai et al. (1993), in particularly, a chaotic transport by vary-
ing perturbation amplitude. It may be useful to control a transport of heat
and particles in magnetic fusion devices with stochastic magnetic field lines
Ghendrih et al. (1996), a transport of passive scalars in a chain of vortices
del Castillo-Negreto (1998), or a mixing of fluids Ottino (1989).

One should note that the oscillations of normal diffusion coefficient D as a
function of stochasticity parameter K (K > 1) with the period 27 have been
observed in the standard map (3.24) (see Chirikov (1979); Rechester and
White (1980); Rechester et al. (1981)). However, this quasi-oscillatory be-
havior related with the existence of accelerator modes (Karney et al. (1982))
is the exclusive property of the standard mapping, so is unlike the universal
quasi-oscillations of chaotic transport in a stochastic layer on log € considered
in this work.
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Study of mappings as a part of Hamiltonian dynamics of magnetic field lines
in plasmas were initiated by the research in magnetically confined plasma
devices in a quest for the controlled fusion!. Actually, a fusion research in
early sixties gave a huge impact on the development of Hamiltonian dynamics,
particularly, on mapping methods. Since, particles predominantly follow mag-
netic field lines the determination of their structure is important to confine
particles. In fusion devices, like tokamaks and stellarators the confinement
of charged particles in a bounded area is achieved by specially created (by
external coils and plasma current itself) magnetic fields whose field lines lie
on nested (magnetic) surfaces (Wesson (2004)). In a study of field lines the
most important was the fact that a divergence free magnetic field is equiva-
lent to Hamiltonian system with 1 + 1/2 degrees of freedom (see, e.g., Cary
and Littlejohn (1983); Boozer (1983); Morrison (2000)). The Hamiltonian
formulation of magnetic field lines has been instrumental in early studies of
the problems of stability and destruction of magnetic surfaces in tokamaks
and stellarators due to the presence of magnetic perturbations (Kerst (1962);
Rosenbluth et al. (1966); Filonenko et al. (1967); Freis et al. (1973); Hamzeh
(1974); Finn (1975); Matsuda and Yoshikawa (1975)).

The use of mappings to describe magnetic field lines in tokamaks and
stellarators is intended to simplify the study of different problems in plasma
physics ranging from a stability of magnetic surfaces, particle motion in elec-
tromagnetic fields to the transport of heat and particles in plasmas. In this
chapter we discuss the mapping methods to describe magnetic field lines in
magnetically confined plasmas.

10.1 Magnetic Field Lines as Hamiltonian System

Below we recall some necessary elements of plasma physics and Hamiltonian
formulation of the equations of magnetic field lines. A description of field line
equations in action-angle variables will be also given.

! There is a number of books devoted to the physics of magnetic confinement of
plasmas. The most complete among of them is, probably, Tokamaks by Wesson
(2004). The reviews accessible for more wider audience are given by Boozer (1992,
2004)

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 219-254 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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10.1.1 Equilibrium Magnetic Field

Let B(z,y, z) be a magnetic field vector at the spatial point with coordinates
(x,y,2). In plasma the magnetic field is determined by the current density
j(z,y, z) and satisfied a divergent-free condition:

V xB=pj, V-B=0, (10.1)

where the constant p, is the magnetic permeability of free space. The mag-
netic field lines, r(7) = (x(7),y(7), 2(7)), are three-dimensional curves tan-
gent to the magnetic vector field B. They are defined as

dr

i B, (10.2)
where 7 is independent parameter related to the length element of curve
ds = (dz? + dy? + dz?)V/?: dr = |B| " lds.

The high temperature plasma can be considered as an ideal gas of fully
ionized ions and electrons with the equation of state p = 2nT, where p is
a pressure, n = n, = n; is the density of electrons and ions, and T is a
temperature of the plasma. In magnetic fusion devices the plasma is confined
by the magnetic field B in order to isolate it from the walls of the vessel
and to hold it in a bounded area. The equilibrium of this system can be
maintained when the Ampere force u,j x B acting on the plasma column is
balanced with the pressure gradient Vp: p.j x B = Vp. From this equation
it follows the equations for the equilibrium magnetic field

B-Vp=0, j-Vp=0. (10.3)

It means that the pressure p(z, y, z) is constant along the magnetic field B and
the current j. Since Vp is perpendicular to the surface p(x,y, z) = const the
field lines lie on the surface of constant pressure p(z,y, z) = const. Surfaces
of different constant pressure should not cross each other and they should be
bounded in a finite domain. These conditions are satisfied if the surfaces are
nested toroidal surfaces as illustrated in Fig. 10.1. Therefore, the field lines
of the equilibrium magnetic field cover nested toroidal surfaces, known also
magnetic surfaces.

10.1.2 Hamiltonian Field Line Equations

The equations of magnetic field lines in toroidal devices can be conveniently
represented in the terms of variables, a so-called toroidal fluz, 1, and a poloidal
flux, H, an intrinsic poloidal angle, ¥, and a toroidal angle, ¢. In terms of
these variables a divergence — free magnetic field B can be always presented in
the following form (see, Hinton and Hazeltine (1976); Boozer (1983); Balescu
(1988); Boozer (1992, 2004))
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Y p(x,y,z)=const

Fig. 10.1. Nested magnetic surfaces in a toroidal system

B =V x Vi + Ve x VH, (10.4)

known as the Clebsch representation. The magnetic field lines, ((p), 9(p)),
in this representation satisfy the Hamiltonian equation

dv_ oH - a_oH 105)
dy 09 de O

with (¢,1) as canonical variables, ¢ as independent time-like variable. The
function H = H (9,1, ¢) plays the role of a Hamiltonian. It is a 27-periodic
function of 9, .

The unperturbed case corresponds to the equilibrium magnetic field con-
figuration with nested magnetic surfaces. Physically, the quantity 27 is the
amount of toroidal magnetic flux enclosed by the magnetic surface of constant
1, while 2w H is the poloidal magnetic flux outside a constant H surface. It
is the function of toroidal flux 1, H = Hy(¢). In this case the equations of
field lines (10.5) are integrable

1) = const , ¥ =wW)(p — o), (10.6)
where
o) = ) — (10.7)

is the frequency of “motion” known as a winding number. The quantity g(v)
inverse to w(v), i.e., ¢(¥) = 1/w(v) is known as the safety factor. The latter
has a meaning of the number of turns along the toroidal angle ¥ per one turn
along the poloidal angle .

10.1.3 Hamiltonian Formulation of Field Line Equations
in a Toroidal System

The plasma column with toroidal magnetic surfaces is called a toroidal plasma
system. We consider the toroidal plasma column in the cylindrical coordinate
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Fig. 10.2. Geometry of a toroidal system

system (R, ¢, Z) shown in Fig. 10.2. Usually the radial distance Ry called a
major radius of plasma coincides with the center of plasma, and the angle ¢
is directed along the plasma column. The equations of magnetic field lines in
this system are

147 _B;  1dR_ B e
Rdy B, Rdy B,

The magnetic field B can be presented through the vector potential
A(R,Z,p) = (ARr, Ay, Az): B = V x A. Because of the gauge invariance
of the vector potential one can always choose A = 0. Then one can express
the magnetic field through the components of the vector potential,

194z 94, 0Az 5 _ LORA,

Br=—-—2— =-_== =
R Rop 0z \d OR ' 27 R OR

. (10.9)

The Az component of the vector potential determines the main toroidal
component of the magnetic field B, which typically decays inverse propor-
tional to the radial coordinate R: B, o< R™*. In typical plasmas the deviation
of the toroidal field B, from this law due to, for instance, a diamagnetic cur-
rent, is small. For this reason one can neglect a dependence of Az on the Z
coordinate and the toroidal angle . We introduce canonical variables (z,p.)
of the Hamiltonian system related with the geometrical coordinate (R, Z)
and the magnetic field, B, according to

4 1 /R A.(R) — A.(Ry)

=2 p= BodR = — 2=
Ry P2 = BoRe Ry BoRy

z (10.10)

Then the equations for field lines (10.8) can be transformed to the Hamil-
tonian form

d=_oH . oH
de  Op.’ de 0z '

(10.11)

The variables (z,p,) are canonical coordinate and momentum, the toroidal
angle o plays the role of a time-like independent variable, and the Hamiltonian
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function H is determined by the normalized ¢- component of the vector po-
tential

_ RA,
ByR% -

H=H(zp,,p) = (10.12)

In the axisymmetric case the magnetic field does not depend on the
toroidal angle ¢: A, = A, (R, Z), and thus H = H(z,p.). In this case the
Hamiltonian system (10.11) is completely integrable. The field lines lie on
the nested toroidal surfaces, determined by the surface function H(z,p,) =
f(Z, R) = const. The section of a toroidal surface with the plane ¢ = const
is shown in Fig. 10.3.

Z f(R,Z)=const

()
K

Fig. 10.3. Magnetic flux surfaces H(z,p.) = f(Z, R) = const

One can introduce the action-angle variables (I,):

— 1 _ a : / /
I—%jipzdz, 9= 8[/ p. (2, 1)dz", (10.13)

where the integration is taken along the closed contour C' consisting of cross—
section of the surface function f(R,Z) =const with the poloidal plane ¢ =
const (see Fig. 10.3). Actually the action variable I coincides with the nor-
malized toroidal flux . Indeed, according to the definition of variables p.,

and z we have
1 1
QW]{p dz 27T/Sclp dz
) c
=——-— | B,(R,Z)dRdZ = , 10.14
QﬁRgBO/S w( ) ¥ ( )
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which has a meaning of the normalized flux of the toroidal field B, through
the area S enclosed by the closed contour C' on the poloidal plane ¢ = const
(see Fig. 10.2). The angle variable ¢ is no more than the intrinsic poloidal
angle. In the action-angle variables (¢,1) the Hamiltonian H = H () and
the field lines are determined by (10.6), (10.7). The frequency of motion
w() = dH(¢)/dy determines the safety factor q(v) = 1/w(v). It can be
also found from the equation of field lines (10.11). According to the definition
of ¢ it is equal to the number of toroidal turns per one poloidal turn, i.e.,
q = Ap/27, where Ay is the increment of the toroidal angle ¢ when field line
make one full poloidal turn. Then from the first equation (10.11) it follows
that

Ay dz
c

where the integral is taken along the closed contour C' of H = Hy(z,p.) =
const.

The geometrical coordinates (R, Z) of field lines are periodic functions of
the angle variable ¥: R(¢,¢) = R(9 + 2w, v¢), Z(9,¢) = Z(¥ + 27,v), and
they can be presented by Fourier series:

Z20,4) =Y Zn()e™ ,  R@,%) =) Ru()e™, (10.16)

with coefficients R, (v), Zm(¢) depending on a toroidal flux 1.
In the following subsections we consider some simple equilibrium magnetic
configurations and formulate the Hamiltonian equations of field lines.

10.1.4 The Standard Magnetic Field

Consider first the following model of magnetic field

By(r,0) = Bye, + Bpeg = % (e¢, + egqé)) ,  (10.17)
known as the standard magnetic field (Balescu (1988)). In (10.17) By is the
strength of the toroidal magnetic field at magnetic axis R = Ry, and ¢(r) is
the safety factor, € = r/Ry is the inverse aspect ratio (the ratio R/r is called
aspect ratio ), (r,0) is polar coordinates in the minor cross section. The radial
coordinate r is called a minor radius. The relation between the cylindrical
coordinates (R, Z) and the toroidal coordinates (r,6) is R = Ro+rcosf,Z =
rsinf (see Fig. 10.2).

The component of the magnetic field along the toroidal angle ¢, B, is
called a toroidal field, and its component along the poloidal angle 6, By
is a poloidal field. This model describes the main features of equilibrium
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magnetic field of the toroidal plasma, i.e., the radial decay of the toroidal
field B, o< R™!, and nested, circular magnetic surfaces.

The standard magnetic field (10.17) can be presented through the vector
potential A:

A(r,0) =(0,A,(R,2),A:(R,2)) ,

_bBo do _ N
A, (R 2)= 7 /q(r(qs))’ A.(R) = —BoRylnR, (10.18)

where ¢ = r2/2 = [(R — Ry)? + Z?%]/2.
The magnetic surfaces of the field (10.17) represent of circular surfaces
r = const. According to (10.10) and (10.17) the canonical momentum p, is

p. = In(R/Ro) = In(1 + y/r2/R% — 2?) ,

and the normalized toroidal flux 1 is given by

1/2

1
Y= 27rR(2)Bo/C B, (r,0)rdrdd =1 — (1 —r*/R) (10.19)

According to (10.13) the relation between the intrinsic poloidal angle ¥ and
the geometrical poloidal angle 6 is determined by the integral

o [* 1 or? [° do
9= [ m@+rz/R2 —22yar = 2 [ Y
81/1/0 n(l+/r?/Hg = 27)dz 2R2 0y Jy 1+ rcosb/Ry’

the integration of which gives

1—r2/RZ%tan(0/2)

¥ = 2arct
arctan /R

(10.20)

The Hamiltonian H(¢) is determined by H(¢)) = [dy/q(r(v)), where r(¢)
= Roll = (1= p)?1.
For the large aspect ratio tokamaks, € = r/Ry < 1, one can approximate

,'n2

~ SR ¥ =0—¢esind+ O(?) . (10.21)

(4

10.1.5 Equilibrium Magnetic Field with the Shafranov Shift

In the standard magnetic field configuration all circular magnetic surfaces
r = const have a common center » = 0. However, in a real toroidal plasma
due to the plasma pressure and the electric current the magnetic surfaces
are shifted outwardly along the radial coordinate R and slightly deformed.
Schematically it is shown in Fig. 10.4. Here Ro(r) is the position of the
center of the magnetic surface of radius r, and a is a radius of the the last
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Z

Fig. 10.4. Shifted magnetic flux surfaces in a toroidal plasma

magnetic surface. The shift of Ry(r) with respect Ry(a) is denoted A(r), i.e.,
A(r) = Ro(r) — Ro(a). This quantity is known as the Shafranov shift.

Below we consider the model of equilibrium plasma magnetic field which
quite well describes a real plasma with the Shafranov shift. It consists of
nested, circular magnetic surfaces. The Shafranov shift A(r) of the magnetic
surface of radius r is given by

A(r) = [Ri(a) + (A +1) (a® — 7’2)}1/2 B

where A = 3,01 +1;/2 — 1. Here, B, is the ratio of the plasma pressure, (p)
to the magnetic pressure, Bg /87 of the poloidal field By:

8m(p)
Bz

Ro(a) , (10.22)

6pol =

l; is the internal inductance. The toroidal, B, and poloidal, By, fields on
each magnetic surface of radius r are given by (see, Kadomtsev (1988))

MoLp Ro(a) By MoLp
B,(R) = = By=—"—
o(R) 21k Ro(r) 1+ 7 cost ’ 07 27Ry(a)
poly () r
B Z)=——""|14+A—cos¥d 10.2
(R 2) = 52 (14 A cost) (10.23)

where I, is the current of toroidal field, and I,(r) is the plasma current
flowing through the section enclosed by the magnetic surface of radius r, By
is the strength of toroidal field at the center of the last magnetic surface, and
R = Ry(r)+rcosf, Z =rsinb.

The equations of field lines are

dr do

T Bolr,0)
Rdp de  RBy(r,0)

(10.24)
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From (10.24) follows that the magnetic surfaces are circular r = const. In-
tegrating the second equation in (10.24) over the poloidal angle 6 and using
that 9 = ¢/q(r), where ¢(r) is the safety factor, we obtain

/9 7By (r,0")
Y — Yo = ’ /
o (Ro(r) 4 rcost)By(r,0")

Since ¢ is a periodic function of § with the property AY = ¥(0+27) —9(0) =
27, we find the safety factor

do’ = q(r)9 . (10.25)

1 2 rBy(r,0)
q(r) = %/0 (Ro(r) + 17 cos8)Bg(r, ) do. (10.26)

According to (10.14) one can obtain the following relationships between
the normalized toroidal flux ¢ and the radius r of a magnetic surface:

1- (1 - Ré?r))wj . (10.27)

For the small Shafranov shift, A(r) < Rg(a), these formulas may be simpli-
fied to

R()(’r‘)

v= Ro(a)

22\ 12 , 1/2
RSN (1 R%(a)) , r & Ro(a) [1 (1—1) } . (10.28)

The relation between the intrinsic poloidal angle ¢ and the geometrical
one 0 given by the integral (10.25) is rather complicated (Nguyen et al. (1995))
and it is hard to find the inverse relationship 6§ = 6(1J,r). Below we give a
new relation between 19 and 6 as a series in powers of the inverse aspect
ratio € = r/R. The details of calculations is given in Appendix D [see also
Abdullaev et al. (1999)].

Expanding the integral in (10.25) in a series of powers of € the relation
¥ = 9(0,r) may be presented in the form

M
9(0,r) =0+ Z am sinmf + O (M1 | (10.29)

m=1

where the expansion coefficients «,,, are series in powers of e:

M
Qo = Zag,’f)eerk +O(eMHy |
k=0

The coefficients «,, for the case M = 4 are given by

3&3 a1ag
o] = a1€ + < -

3 5
1 2)6 +0(e%),
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o o (o )] o

1 1
a3 = EGSE +0(e ) Oy = 5045 +0(e ) (10.30)

The coefficients a,, are polynomial functions of the plasma parameter A:

m
am = ( mZm E+1)A
k=0

The safety factor ¢(r) may be also presented as a series of powers e:

(r) = LI—@ 1+ 1a g2 + §a et ) +0(e?) (10.31)
N =R, 212" T g™ ' '
The relation (10.29), expressing the intrinsic poloidal angle ¢ via the
geometrical poloidal angle 6, can be inverted to find 6 in terms of 1,

M
(%, r)y =19+ Z o, sinmd + 0(eM+1) (10.32)

m=1

The expansion coeflicients o, can be expressed in terms of coefficients cuy,.
They are calculated in Appendix D for the case M = 4.
A typical dependence ¥ on 6 is shown in Fig. 10.5a at the magnetic surface
= 0.43 m, and the radial profile of the safety factor ¢(r) is plotted in
Fig. 10.5b. The plasma parameters are chosen: §,, = 1, l; = 1.2 and Ry(a) =
1.75 m. The radial profile of the plasma current density is chosen as j(r) =
(2I,/ma?)(1 — r?/a?) where I, is the full plasma current. The toroidal field
B, =225T.

0.8 r
e 06 _
N =
B o

04

0.2

0 S 1 : : : :
0 02 04 06 038 1 0 0.2 0.4 0.6 0.8 1
021 r/a

Fig. 10.5. (a) Dependence of the intrinsic angle ¥ on the poloidal angle 6;
(b) Radial profile of the safety factor ¢(r)
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The accuracy of the relations (10.29) and (10.32) is sufficiently high. At
M = 4 they deviate from the exact formulas by less than 1%. However, the
higher order derivatives, d*9/d6* (k > 2), calculated from these formulas are
less accurate because of divergence of series.

10.2 Hamiltonian Equations in the Presence
of Magnetic Perturbations

In real tokamak plasmas magnetic field deviates from the ideal equilibrium
field. Typically the deviation of magnetic field from the background equilib-
rium field called the magnetic field perturbation is small. The physical nature
of magnetic perturbations is diverse, and it ranges from the error fields pro-
duced by imperfect technical installation of poloidal and toroidal field coils,
helical magnetic fields generated by the magneto hydrodynamic (MHD) in-
stabilities of plasmas, up to the artificially created magnetic fields by external
coils as in so-called ergodic divertors (see Chap. 11).

The magnetic perturbations, in general, are not uniform along the toroidal,
, and poloidal, 6, axes and they break the symmetry of the equilibrium field
along the toroidal axis (. In the presence of these non-azisymmetric mag-
netic perturbation the poloidal flux H can be presented as a sum of the un-
perturbed flux Hy(¢) and the perturbed flux eHy = eHq (1,9, p) depending
on the poloidal and toroidal angles:

d
H= )+ e@ e, @)= [ 2 o)
q(¢)
The dimensionless perturbation parameter ¢ introduced in (10.33) stands for
the relative strength of magnetic perturbations. Since perturbed Hamiltonian
H; is a 27 periodic function of ¥, ¢, it can be always presented as a Fourier
series:

Hy(1,0,0) =Y Hn () cos(md) — np + Xann) - (10.34)

The integer numbers m and n are called the poloidal and toroidal mode num-
bers, respectively.

In typical situations when the safety factor ¢() (or the winding number
w(1)) satisfies the twist condition (7.3), dq/dy # 0, the behavior of toroidal
magnetic surfaces in the presence of magnetic perturbations is described by
the KAM theory (see Sect. 7.1). The resonant magnetic surfaces, ¢, , de-
fined by

(V) = % , (10.35)

are destroyed by any small perturbation forming chain of magnetic islands.
The width of magnetic islands, W,, ,,, are determined by (7.12). The ma-
jority of sufficiently irrational magnetic surfaces 1, satisfying the condition
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lg= () — n/m| > Cy/em™", are survived, but they are slightly deformed.
With increasing the magnitude of magnetic perturbations, €, the neighboring
resonance magnetic surfaces start to interact destroying invariant magnetic
surfaces between them. It leads to the global chaos and unrestricted diffusion
of field lines which guides the particles out of the bounded area to the ves-
sel wall. This phenomenon known also as a magnetic stochasticity is one of
the main undesirable physical processes responsible for breaking the plasma
confinement.

On the other hand the phenomenon of magnetic stochasticity can be
applied in magnetically confined plasma devices to control a particle and
energy transport at the plasma edge. One of these applications is the ergodic
divertor concept introduced to divert particles and a heat releasing from the
plasma to special plates in a controlled way. We study this artificially created
magnetic stochasticity in Chap. 11.

In the pioneering studies of destruction of magnetic surfaces in mag-
netic fusion devices by Kerst (1962); Rosenbluth et al. (1966); Filonenko
et al. (1967); Freis et al. (1973); Hamzeh (1974); Finn (1975); Matsuda and
Yoshikawa (1975) the onset of global chaos of field lines has been investigated
using the Chirikov criteria of overlapping of resonances (7.29). The most
convenient and computationally efficient method to study the dynamics of
magnetic field lines is symplectic mappings. In Sect. 10.4 we will discuss the
most prominent mappings used to model a magnetic stochasticity in tokamak
plasmas.

The study of magnetic stochasticity can be significantly simplified if the
equations of field lines in the presence of magnetic perturbations are reduced
to the Hamiltonian form (10.33), (10.34). It would allow one to apply directly
the qualitative and quantitative methods of Hamiltonian dynamics and chaos
to the problem. Particularly, the Chirikov criteria can be used to obtain qual-
itative estimations for the conditions of formation of magnetic stochasticity.
The computationally effective symplectic mappings can be directly applied
to integrate the Hamiltonian system (10.33), (10.34).

One of the main problems in the Hamiltonian formulation of field line
equations is to find the spectrum of the perturbed Hamiltonian, H,,,(v),
through magnetic perturbation, BP¢". Below we consider this problem for the
cylindrical and toroidal plasma models. Particularly, we will study a generic
asymptotic behavior of the spectrum of perturbations, H,,, (), for the large
poloidal mode numbers m in toroidal plasmas.

10.2.1 Cylindrical Model of Plasmas

The tokamak plasma with the large aspect ratio R/r > 1 can be modeled
by the cylindrical model. In this model the plasma column is straight along
the z coordinate and confined along the radial coordinate r. The equilibrium
magnetic field of the cylindrical plasma is given by
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Bo(r) = egBy(r) +e.Bo , (10.36)

where ey, e, are unit vectors in the cylindrical coordinate system (r,0, z).
Here By is a main component of the magnetic field corresponding to the
toroidal field, By(r) is a poloidal field.

Let By (r, 0, z) be a non-axisymmetric magnetic perturbation. We impose
a periodic boundary conditions on this field: By(r,0,z) = B1(r,0, 2z + 27 R)
with the period L = 27 R along the z-axis. The full magnetic field then can
be presented in the form

B =By(r) + B1(r,6,2) .

In tokamaks the z-component of the unperturbed field By is much larger
larger than the poloidal field, By(r) and the perturbation field, By: B, >
By(r), B, > |Bi|. In typical cases the perturbation field can be presented
through the z— component of the vector potential A,(r,0,z) (B =V x A):

10A, DA,

B(r,0,z2) = —err 50 +69W

(10.37)
Because of the periodicity of magnetic perturbations along the z and 6 axes
one can present the vector potential A, in a Fourier series:

A,(r,0,2) = Z Ay (r) cos (mb —np + Xmn) (10.38)

where ¢ = z/R, and X, are phases.
The equations of field lines, (r(z),8(z)), in the cylindrical coordinate sys-

tem, given by
dr B, g &

& — = 10.39
dz B,’ dz B,’ ( )
can be transformed into the Hamiltonian form (10.5) with the Hamiltonian
(10.33), (10.34) by introducing the toroidal flux 1 = r?/2R?, the intrinsic
poloidal angle ¢ = 0, the toroidal angle ¢ = z/R. The safety factor ¢ and the
perturbed Hamiltonian are determined by

_ _r(¥)B _
q@) = WT@Z» ) () = R\/@,

EHl(d}v'&v(p) == AZ(T(Q/J),’ﬂ,RgO) ) (1040)

RBy
According to (10.38) and (10.40) the spectrum of perturbations, H,, (1)), are
determined by the Fourier coefficients A,,,(r) of the vector potential A,:

1
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10.2.2 Magnetic Perturbations in Toroidal Plasmas

In the presence of non-axisymmetric magnetic perturbations the toroidal
component of the vector potential Afpper)(R, Z, ) can be presented as a sum:

Ay = AO(R, Z)+ AP N(R, Z,p) . (10.42)

In typical situations the perturbed part of the component Ay is small and
it can be neglected in comparison with the unperturbed part A(ZO) (R) which
determines the toroidal magnetic field B,. Then the magnetic perturbation
B(pe’")(R, Z,¢) has only two nonzero components Br and Bz which, accord-
ing to (10.9), are expressed via the perturbed part of the vector potential

AP R, Z,¢):

10 10

(per) Y P - Y
BY*")(R, Z, p) < CRp 5 +eZR8R) RA )R, Z,¢) . (10.43)

Introducing the toroidal flux ¢ and the intrinsic poloidal angle ¢ (10.13)
(or the action-angle variables) for the equilibrium magnetic field, the Hamil-
tonian equations for perturbed field lines (10.11), (10.12) can be presented
as

dy 1 0H, dip 0H,
b +e—r, L= e, 10.44
B aw) e A o (1044
with the perturbed Hamiltonian eH; = H; (1,9, ) given by
0
H(.0.9) = ~ 00 400 (RGp ). 2 0). ) . (10.45)

R2 Bo

where R(1,9) = Ry + (1, 9) cos (v, 9).
The Fourier components H,,,(¢) in (10.34) of the perturbation (10.45)
are found by the Fourier integrals:

27 27
:7R/ / (2 23230

xAgfe’“) (R(¥,9),Z —"'“”Wdﬁd@ (10.46)

In a toroidal system any magnetic perturbations are periodic along the
toroidal, ¢, and the poloidal, 8, angles, and thus the perturbed vector poten-

. er . . .
tial, Afpp ) can be expanded in a Fourier series

A(p”) (R, Z, ) ZA"‘” cos(mb — nw + Xmn) (10.47)

where A,,,(r) are radial dependent Fourier coefficients. In the case of the
tokamak plasma with circular magnetic surfaces the radial coordinate r coin-
cides with the radius of magnetic surfaces. In general plasma configurations
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the coordinate r is a radius of the magnetic surface averaged over the poloidal
angle 6. It is a function of the poloidal flux v, r = r(¢), while the poloidal
angle 6 = 0(9, ).

Introducing the inverse aspect ratio ¢ = r(¢)/Ro and the dimension-
less perturbation parameter e = max|A$,p er)| /(RoByp) one can present R as
R = Ro(1 + e(¢) cos 0(9,1)) and Aun(r) = €eRoBoamn(®), where an,, are
coefficients of order of 1. Then using the expansion (10.47) one can transform
the coefficients (10.46) into

Hypn (¢) = Z S (V) o (1) (10.48)
where Sy, (1) is a transformation matrix defined by
1 27 . , .
Smm (1) = —Re— / [14 ecosf(9, )] e™ O0¥)=imd gy (10.49)
0

These Fourier integrals depend on the relation between the poloidal an-
gle # and the intrinsic poloidal angle ). For the large aspect ratio tokamaks,
€ < 1, with circular magnetic surfaces r = const, this relation can be ap-
proximated by (10.21): 6 ~ ¢ — esin®). Then the diagonal terms Sy, (¢)
have an order 1, and the non-diagonal terms Sym+x(¥), (k =1,2,---) have
an order of *. Therefore, the main contribution to H,,, (%) comes from the
harmonics A, of the magnetic field with the same poloidal mode m, while
the contribution to this poloidal mode m from the sideband modes Ay, 1k
decreases as *.

However, this commonly accepted feature of mode transformation matrix,
Smm (1), is valid only for small poloidal mode numbers m, m’. As was estab-
lished in Abdullaev et al. (1999) for large mode numbers m,m’ the matrix
Smm/ (1) may grow with m’ at the fixed m. It means that the main contribu-
tions to H,,, (1) may come not from the poloidal mode m and neighboring
modes m’ = m &1 of magnetic field perturbations, but from those modes m’
located far from m. Below we study these new features of the mode transfor-
mation matrix Sp,m/ (1) using the method of asymptotic estimations of the
integral (10.49). Details of calculations are given in Appendix E.

10.2.3 Asymptotics of the Transformation Matrix Elements
Smm’ (¢)

First of all we recall a typical feature of the dependence 8 = 0(9) = 0(9,v).
According to a definition we have (¥ = 0) = 0 (the high field side) and
(¢ = w) = m (the low field side) (see Fig. 10.5a). These points are the
critical points of the function 8 = 6(¢). At these points the second derivatives
d?0/d¥? vanish. As we will see below that the asymptotics of the integral
(10.49) at large m, m’ is mainly determined by the behavior of the function
6 = 0(1¥) near these points, namely by the first and third derivatives at the
points ¥ = 0 and ¥ = 7:
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L _
P)/l_dﬁ 0207 73_d’l93 6207
do d30
e — = -_—— 1 .
- o= 53| (10.50)

One should note that v > 1,v3 < 0,0 < 31 < 1, and B3 > 0. The coeflicients
~v1 and [y determine the tangents of the curves 6 versus ¢ at the low field
side and at the high field side, respectively (see Fig. 10.5a).

It is shown in Appendix E that for fixed values of m the main contribution
to the integral (10.49) comes from two intervals of m’. For small values of m’

m' < m/y + we(m' sl /2)17 (e~ 2)
the integral Sy, (¢V) may be expressed as a product
Smm’ (¥) = f(0) A (1), f0)=1+¢, (10.51)

where f(9) =1+ ecos(?) and A, (1) is the the Fourier integral having
the following asymptotics at large m’, m:

1 27 o,
Apm: (’(/)) = %/0 el(m 9(79»¢)—m,19)d19

2 1/3 vm —m
“(mm) m(wmmmwa’ (10.52)

expressed via the Airy function Ai(z). The Airy function Ai(z) oscillates for
x < 0 and exponentially decays for > 0. It has a local maximum at x, ~ —1.
Similarly, for the values of m/,

m' >m/B — xc(m’53/2)1/3 , (e~ 3)

the quantity Sp,m/(%) may be approximated by the product

S (V) = f(7) A (1) fm)y=1-¢, (10.53)
with the following asymptotics
~ (i (2 ”S(ﬂm’m)
A () & (1) (53m'> Ai G 725 ) - (10.54)

For the intermediate values of m’: m /1 +x.(m/|y3]/2)"/% < m/ < m/ B+
x.(m'Bs/2)"/? unlike (10.52) and (10.54) the integral (10.49) is proportional
to1l/ vm/. Contributions from these terms may be neglected due to the rapid
oscillations of A,y with m'.

An example of the dependence of the transformation matrix Sy, (1)) on
m' at the fixed value m = 12 is shown in Fig. 10.6 for the plasma model
considered in Sect. 10.1.5 with the parameter A = 1 and the minor radius



10.2 Hamiltonian Equations in the Presence of Magnetic Perturbations 235

r = 0.43m. The other plasma parameters are the same as in Fig. 10.5. The
derivatives in (10.50) are 5; = 0.560678, B3 = 0.142254, ~; = 2.035916, and
v3 = —4.198625. Figure 10.6a shows Sy, (¢) itself, and Fig. 10.6b shows
it after multiplication by (—1)7"/. The solid curves correspond to the exact
numerical evaluation the integral (10.49), and the dashed curves describe
their asymptotics by the Airy functions. As seen from Figs. 10.6a,b the as-
ymptotic formulas well describe the transformation matrix Sy, (¢) near the
values m’ =~ m/vy; and m’ =~ m/3.

As seen from Figures 10.6a, b the main contribution to H,,, (¢) with the
fixed m comes from a few magnetic perturbation modes a,,, located near
m’ &~ m/y; or m’ = m/f;. The contributions from other modes are negligible
because of rapid oscillations of the transformation matrix Sy, (¢). Below
we analyze this phenomenon.

0.4

0.2

-0.4 ‘ ‘ ‘ ‘
o 5 10 15 20 25 30

my  mp,

Fig. 10.6. Transformation integral (10.49) Sy, as a function of m; for the fixed
m = 12: (a) Smmy; (b) (=1)™ Spm, . Solid curve describes the exact numerical
integration, dashed curve corresponds to the asymptotics given by (10.52), (10.54).
The plasma parameter are the same as in Fig. 10.5
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10.2.4 Asymptotic Behavior of H ()

Using the asymptotic formulae (10.52) and (10.54), the sum (10.48) can be
presented as a sum of two terms,

Hopn (1) = FO)RD, () + f(m)R) (0) (10.55)
where
O o~ S 2 \'"* ([ ym-m ,

(h) m e m' 2 \"? / pim' —m /
R W) = (=)™ > (=1)™ e (1) <M> A1<W>dm .
" (10.57)

The sums (10.56), (10.57) for H,,, (1) significantly depend on how the sign
of the amplitude, a,,,, changes with m’.

When a,,, changes with m’ smoothly, the term hg}%(w (10.57) can be
neglected because of rapid oscillations of terms under the sum. Taking into
account that the parameter |y3| < 1 we replace the summation in (10.56))
over m’ by integration by introducing a new variable

ym' —m ym' —m
x = ~ =
[yslm’/2 " (Jvslm/2)1/3

Equation (10.55) can be written as the integral

o m — x(|yslm/2)/3
Hyn (1) & f(o)/ Ai(:z:)a( (hslm/2) >dx, (10.58)

4t —o0 a!

where a(m) = @y, Since the function a(m) in (10.58) is a smooth function of
m, the integral can be estimated by the Laplace method (see, e.g., Fedoryuk
(1989)). The integration yields

~ 10 g, (m - wc(lvslm/2>1/3> |

71

(10.59)

where B = /27/|z.|Ai(z.), and z. &~ —1 is the local maximum of the Airy
function.

Consider the case when the magnetic perturbation amplitude, @y,
changes rapidly with m’ as ay, = (—1)"™ a(m’), where a(m’) is a smooth
function of m/. In this case the first term in (10.55) can be neglected because
of rapid oscillations in the sum (10.56). Then main contribution to H,,, (¢)
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comes the second term (10.57) which can be estimated similarly to the above
case. The corresponding asymptotic formula for H,,,(¢) is

™ m+ x. m 1/3

Asymptotic formulas (10.59) and (10.60) qualitatively describe the main fea-
tures of conversations of magnetic perturbations in toroidal plasmas. They
can be also used for quantitative estimations of H,,,(¢). To improve their
accuracy the two parameters B and z. in formulas (10.59) and (10.60) can
be considered as fitting parameters and chosen to have a better agreement
with the numerically calculated values of Hy,p, (v).

To illustrate the mode transformation consider the following example
when the magnetic perturbation modes, a,,,, are given by

(10.60)

sin(m — mg)0. (10.61)

Amnp = Cm
mm(m — my)

We consider two case type of coefficients C,,: (i) Cp, = (=1)"™ and (i)
C,,, = 1. The modes are localized near the central mode with a width Am =
27 /6. Suppose that the equilibrium magnetic field is described by the plasma
model considered in Section (10.1.5). The plasma parameters are the same
as in Figures 10.5 and 10.6.

As seen from Fig. 10.7a in the first case (i) the center of the mode distri-
bution mg of magnetic mode perturbations, a,;,,, (solid curve 1) is shifted to
the lower mode m§ = mof; (solid curve 2 and dashed curve 3). The width
of the distribution Am = 27/6. of magnetic perturbations became narrow:
Am* = 127 /0.. In the second case (i¢) the central mode number mg of mag-
netic perturbations is shifted to higher mode mg ~ mgvy; and the distribution
became wider: Am* & ~127/6.. The asymptotical formulae (10.59), (10.60)
qualitatively correct describe the transformation of magnetic perturbations
into Hamiltonian perturbations.

From the asymptotic formulae (10.59), (10.60) it follows that a particular
mode m of Hamiltonian perturbations is determined by the mode number
m' ~ m/y (or m’ &= m/B1) of magnetic perturbations. They reflect the
specific features of mode conversations between the spectra of Hamiltonian
perturbation H,,, (1) and of magnetic perturbations is toroidal plasmas. We
will use these features in Chap. 11 to analyze the spectrum of poloidal modes
in ergodic divertor tokamaks.

10.3 Mapping of Field Lines

A symplectic integration of Hamiltonian equations (10.5) with the Hamil-
tonian (10.33) can be performed using the mapping method presented in
Sect. 4.1. The geometry of the mapping of field lines in toroidal plasmas
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Fig. 10.7. Spectrum of magnetic am» (curve 1) and Hamiltonian perturbations
H (1) obtained from (10.48) by numerical integration (10.49) (solid curve 2) and
using the asymptotics (10.60) or (10.59) (dashed curve 3): (a) describes the case
Cm = (—1)™, mo = 20, 0. = /5, fitting parameters: B = 1.3, . = —1. ; (b) the
case (i1) Crm, = 1, mo = 10, 0. = 7/5. Fitting parameters: B =1, 2. =0

is illustrated in Fig. 10.8. The mapping of field lines in tokamaks is con-
structed by the following way. Introduce poloidal sections ¢ = ¢ = (27/s)k,
(k=0,%+1,+2,...), where s (s > 1) is an integer number which stands for a
number of map steps per one toroidal rotation along the torus.

The mapping

(Ohs1, i) = MOy, 1) (10.62)

relates the points, (9, 1), of the field line (¥(p), ¥ (p)) at the poloidal section
© = g, with the ones (911, ¥r4+1) at ¢ = @ir1. The Poincaré return map
to the same poloidal section ¢ (mod 27) can be obtained by applying the
map (10.62) s times or setting s = 1 (see Fig. 10.8b).
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(b)

(ﬁk+3) Wk+s)

%/ (O, W)

(Vg 15V 1)

Fig. 10.8. Geometry of mapping in a toroidal system: (a) Scheme of the mapping
along the toroidal angle for the case s = 4; (b) Poincaré return map of field lines
in the poloidal plane ¢ = const

According to (4.6)—(4.8) the general form of the mapping (10.62) for
the Hamiltonian system (10.33), (10.34) has the following symmetric flux-
preserving form

oSy 0S}
Ty — oy — ek - Ik
k= Yk 6819k’ O k+68%,
Vi1 =W, Opp1 = O+ % , (10.63)
0Sk+1 0Sk41
Yrt1 k+1 + Gaﬁkﬂ kgt k 66%+1 ,

with the generating function S, = S(U,¥,¥;€)|p—y,. In the first order of
perturbation parameter € the generating function, S(¥¢, ¥, ¢; €), according to
(2.10), and (2.35) is given by

S<197 v, 90) = _((P - (PO) Z Hmn(!p) [a‘<xmn) sin (mﬁ —ny + an)
+b(2yn ) cos (MW — np + Xmn) | (10.64)
where the toroidal angle ¢ is located in the interval pi11 < ¢ < g, and

1—cosx sinx

a(r) = ————, b(x) = ;

xm:: <(1(an)”) (@*ZOW

We recall that the free parameter ¢ lies in the interval ¢ < ¢o < pg41, and
the mapping can be applied to systems with moderately large perturbation
€ by taking the map step Ap = @11 — @y sufficiently small.

As was shown in Sect. 4.1.1 by appropriately choosing the parameter ¢q
one can obtain the nonsymmetric forms of the mapping. Particularly, taking
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0o = pr+1 and Ap = 941 — U, = 27 we obtain the Poincaré return map in
the form

0S8 (Vk, Yioy1)

Y1 =YK —¢ EYR ,
2m IS (g, Yr+1)
Dpr1 = O + + , 10.65
et g q(Yr11) ‘ Y11 ( )

where S(9g, Yi+1) = SOk, Yit1, Ok, ok + 27, €). According to (10.64), in the
first order of € the generating function S(¥g,¥k+1) is determined by

S0, 1) =2 Z Hyp (¥) [a(@n) sin (mI+ X1, ) +0(@mn) cos (mI+x0) |

(10.66)

where Xy, = 27 (m/q(y) —n), and X}, = Xmn — MQk-

The mapping of the form (10.65) is widely used in the literature referring
to it as the perturbed twist map, when the safety factor ¢(¢) is a monotonic
function of .

10.4 Mappings as Models for Magnetic Field Lines

Since early 80’s iterative maps to study magnetic field line in plasmas have
been introduced in order to avoid the time consuming integration of field
line equations. Although, in most cases the maps were not rigorously derived
from the equations of field lines they are constructed in the symplectic form
(10.65) which conserves the flux-preserving property of magnetic field. An-
other requirement was that the map should have a simple form as possible.
Below we shortly discuss some of these important maps.

10.4.1 The Standard Map and its Generalizations

This class of mappings corresponding to the symplectic mapping (10.65) with
the generating function S depending only on the poloidal angle 9 (Mendonga
(1991)). The general form of corresponding generating function is given by

K
eS(9) = Dy ng cos(mv + Xm) , (10.67)

where g,, and x,, are the constant amplitudes and phases of perturbation
modes. The constant parameter K describes the relative strength of magnetic
perturbation. The corresponding map has the following form

K .
Pt = = 5 3 g s+ )
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q(Yrs1)

The standard map (Chirikov (1979)) can be obtained from (10.68) by
keeping in the generating function S (10.67) only one mode m = 1 with
gm = 1 and x,, = 0 and choosing the safety factor ¢(v) = 1/4:

Vpy1 = Vg +

(10.68)

K .
Vi1 = Y1 — o sindy, ,
19k+1 =9 + 2MYg41 - (10.69)

This map has been widely used to model a field line stochasticity in tokamaks
by many authors (see, e.g., Rechester et al. (1979); Rechester and White
(1980); Rechester et al. (1981); Ichikawa et al. (1987); Rax and White (1992).
Thanks to its simple form it allowed one to efficiently calculate the diffusion
coefficients of field lines, the transport of test particles in a magnetic field
with destroyed magnetic surfaces. Recently, the standard map has been used
to model the test particle transport in a tokamak caused by the drift-wave
turbulence (Horton et al. (1998); Kwon et al. (2000)). The more general
maps (10.68) proposed by Mendonga (1991) have been used by Tabet et al.
(1998, 2000); Miskane et al. (2001) to study stochastic magnetic field lines in
tokamaks.

10.4.2 The Wobig—Mendonga Map

In toroidal systems typical magnetic perturbations are radially dependent,
i.e., H1(¢,9,¢) depends on the torodial flux ¢. In order to take into account
this feature of the toroidal magnetic field, the generating function S should
be chosen as a function that depends also on the toroidal flux . The sim-
plest form of such a map proposed by Wobig (1987) and later generalized by
Mendonga (1991)) has the following form

Y1 = P — %f(wkﬂ) ng sin mdy,

2m K i
= — e = (ki) D g cos My, 10.
Vpr1 = Ok + o) 27Tf (Vr41) > Gm COS MUy, (10.70)

which corresponds to the map (10.65) with the generating function

eS(0, ) = —*f ng cosmd,  f(¢) =1—exp(=1), (10.71)

where f/(¢) = df (v)/dyp. The case when f(¢) = ¢ and ¢(¢) = 1/¢ was
considered by Wobig (1987). The corresponding map can be obtained from
the map (10.70) at a limiting case. Indeed, near the magnetic axis (¢ = 0),
when ¢ < 1, the function f(¢) can be approximated by a linear function
and the map (10.70) is reduced to (Wobig (1987)):
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—1
K .
Vr11 = Vg <1 + o %:gm smm19k> ,

2w K
9 =+ ———-— m COs My, . 10.72
k+1 k d(er)  2m ;9 k ( )

At regions far from the magnetic axis, when ¢ > 1, the map (10.70) ap-
proaches the mappings (10.68).

As was noted by Balescu et al. (1998) that the toroidal flux ¢ in the
standard map (10.69) may take negative values after some iterations of the
maps for arbitrary value of K. A similar situation occurs in the Wobig map
(10.72) for K > 2m. This fact is not compatible with the magnetic field
line behavior in a toroidal system where the toroidal flux ¢ ~ 72 is always
positive. On the other hand in the both maps the profile of the safety factor
g ~ 72 does not represent any realistic case in tokamaks.

10.4.3 The Tokamap

The specific form of the map called a tokamap, which is compatible with
the toroidal geometry has been proposed by Balescu et al. (1998); Balescu
(1998). It describes the global behavior of magnetic field lines in tokamaks.
The tokamap has been constructed as an iterative symplectic map, (10.62)
representing a global picture of a tokamak cross section pp = 27k (mod
27). The generating function S is chosen to be compatible with the toroidal
geometry, i.e., satisfying the following constraints:

1. The map should be Hamiltonian (or symplectic).

2. Tt should be compatible with toroidal geometry that the canonical momen-
tum 1) (toroidal flux) be always positive number. For instance, if 19 > 0
at the section £ = 0 then ¢, > 0 for all £ ; and if ¢y = 0, then ¥y = 0 for
all k.

The toroidal flux 1 is normalized to its value at the plasma edge, and takes
values in the interval, 0 < ¢y < 1. Balescu et al. (1998) has shown that the
following map satisfies these constraints

K g
—qh, — — —TFHL n
Vi1 = Vi ES sindy, ,
2 K1
Dy = O+ ———— — o8y , (10.73)

q(WPrt1) 27 (1 + Ypy1)?

where K is a stochasticity parameter, similar to the parameter in the standard
map (3.26). It takes values in the interval: 0 < K < 2w. (We have used in
the safety factor ¢(v) instead of the winding number W () = 1/q(¢) in the
original work by Balescu et al. (1998)).
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The generating function S(4J, 1) associated with the tokamap is

S(0, ) = —%% cos ¥ | (10.74)

and the safety factor ¢(¢) can be chosen arbitrary. In Balescu et al. (1998)
the following analytical form has been used,

44(0)
2-¥)(2—2¢+42)’

where ¢(0) is the value of the safety factor on the magnetic axis ) = 0. At the
plasma edge 1 = 1 it takes four times the central value, ¢(1) = 4¢(0). This
profile of ¢(¢) shown in Fig. 10.9a has been derived by Misguich and Weyssow
(see Appendix A in Misguich et al. (2002b)) for the following density, n(r) =
n(0)[1 — 2], and the electron temperature, T'(r) = T(0)[1 — r?]2, profiles in
tokamaks.

If the profile of g(¢) is a non-monotonic function of ¢ then the tokamap
becomes the non-twist map (see Sect. 7.3). The corresponding tokamap called
revtokamap has been studied by Balescu (1988) for the following g— profile

q(¥) = (10.75)

dm
W) =r—F—3, (10.76)
1- GW - wm)2
where ¢y, is a minimum value of ¢ at ¥ = v,,,. The profile of the safety factor
(10.76) is shown in Fig. 10.9b. Parameters a and ), can be written in terms
of the values of ¢(1) at the axis ¢ = 0, g9 = ¢(0), and at the plasma edge
Y =1, 1 = q(1), respectively,

-1

o = 1+<1qm/q1>1/2 oo L= am/a

m T Y - :
1_Qm/q0 "/J%n

The revtokamap describes the dynamics of field lines in a tokamak mag-
netic configuration with a so-called reversed magnetic shear. The latter cor-
responds to the profile of the safety factor ¢(¢/) which has a minimum not at
the magnetic axis ¥ = 0, but at a normalized radius of 0.3-0.4 and regularly
increases towards the center (¢ = 0) and the edge of the plasma (¢ = 1).
Recent tokamak experiments (see reviews by Litaudon (1998); Wolf (2003))
have clearly shown the appearance of improved confinement regimes, internal
transport barriers (ITB’s), in the presence of a reversed magnetic shear.

The first equation in (10.73) can be explicitly solved with respect to vari-
able ¥g11:

[\/Pz(wk,ﬁk) + dapy — P(¢y,, 191@)] ; (10.77)

N | =

Y1 =

where
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Fig. 10.9. Profiles of the safety factor ¢(): (a) a monotonic profile (10.75) (curve
1) and a linear profile ¢(v) = go + (g1 — qo)¥ (curve 2) at values qo = 1, ¢1 = 4.
(b) The non-monotonic profile (10.76) at the values: qo = 3, gm = 1.5, and ¢1 =6

K
P(g, ) =1 — i + %Sinﬁk .

The tokamap has been used to model the formation of transport barriers, and
anomalous subdiffusion of field lines in tokamaks Misguich (2001); Misguich
et al. (2002a,b).

Although the tokamap has not been directly derived from the equations
of field lines it has recently been recovered by Weyssow and Misguich (1999)
from the particle map of the guiding center motion in a toroidal system de-
scribed by the standard magnetic field (10.17) in the presence of the magnetic
field perturbation. As was stated by Weyssow and Misguich (1999) it is de-
duced as a particular case of the particle map in the limit of zero magnetic
moment and when only a simple m = 0 non-resonant magnetic perturbation
is applied. The relation between the tokamap and the continuous field line
equations has been also discussed by Eberhard (1999). Below we study this
problem in detail.

10.5 Continuous Hamiltonian System and Tokamap

One should note that the derivation of the tokamap from a continuous Hamil-
tonian system is not well-defined problem unless we make some additional
assumptions. The main difficulty lies in determining to which kind of a con-
tinuous Hamiltonian function corresponds the tokamap. In order to make
this problem unambiguous we suppose that the perturbation Hamiltonian
Hi(¢, 9, ) as well as the generating function S(¢9, 1) of the tokamap do not
depend on the safety factor.
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As was shown in Sect. 4.3 general mappings of type (3.5), (10.65) with
the simple generating function (10.74) cannot be constructed for Hamil-
tonian systems of type (10.33) with radial- dependent perturbation func-
tions Hq (¥, 3, ). It means that the tokamap cannot be rigorously derived
from Hamiltonian field line equations under the constraint on the Hamil-
tonian and the generating function imposed above in order to have a simple
mapping model. We study this problem by constructing a mapping for the
following continuous Hamiltonian system corresponding to the tokamap:

M
H= /(;(ZZ) + eHy (¥) Z cos(¥ — nyp) ,
n=—M
eHy1(y) = —%ﬁ ) (10.78)

with a large number, 2M + 1 > 1, of toroidal modes n. The magnetic per-
turbation B; corresponding to this system can be found using the relation
(10.45). From the last equation we obtain the vector potential A, of per-
turbed field

M

Z cos(¥(r,0) —ny) . (10.79)

n=—M

AP (1,0, ) = _6W

Particularly, for the cylindrical model of magnetic field, R = Ry, ¢ = 12 /2R3,
and ¥ = 0, we have

M

Z cos(6 —ny) . (10.80)

=M

KB() ’l”2
2(2m)2Ro 1+ r2/2RE

Agpper) (r,0,¢) =
In the limit M — oo the Hamiltonian (10.78) is reduced to

= ﬂ € COS 3 — 4T
H_/W)Jr Hy(v)cosd) > 8(p — 27k) . (10.81)

k=—o00

This Hamiltonian has been used by Eberhard (1999) to derive the tokamap—
like map. The Hamiltonian equations of field lines are

dp  OH RS

Friaiar T —eHl(d))smﬁk:z_:ooé(go —27k) ,
dy  OH 1 OH, >
— = = cos 6(p — 2mk) . 10.82
dp ~ 06~ qw) “0v k;@ o = 2rk) (1052

As was discussed in Sect. 3.3 the integration of these equations along the §-
functions is not well-defined procedure. We would obtain the tokamap (10.73)
if the integrals of type,
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27 (k+1)
/2 (), 9(9))3(p — 2k)

Tk

where f(¢(¢),9(¢)) is a function depending on the orbit (¥(p),d(p), are
replaced by f(¢k+1,7%). Eberhard (1999) integrated the system (10.82) from
Yk to ry1 using the symmetric definition of the d-function,

2mk+te 1
/ 08— k) = A5 W 0.0 £0) . (e>0).
27

and obtained the symmetric map corresponding the tokamap

1 )
U =y — §€H1(1/)k)31n19k ,

1 OH1(vg)
192‘ = — 56751#1@ cos Uy
_ 2m _
k+1 — 19; + (J(TI:F) ) ¢k+1 = ’(/}lj ) (10.83)
_ 1 .
Y41 = ¢k+1 - ieHl (Yrr1) sin gy,
o 1 OHy(Yr41)
T9k+1 == 19]6+1 §€Tk+l COS 'l9k;+1 .

The numerical integration of the continuous system (10.82) by replacing the 6-
function by its continuous representation §(t) = exp(—t2?/a?))/a\/7, (a < 1)
gives a good agreement with the symmetric form of the map (10.83) rather
than with the tokamap (10.73). The difference between the numerical in-
tegration and the tokamap is relatively large (see Sect. 3.3). In this sense
the tokamap is not good discrete replacement of the continuous Hamiltonian
system (10.81).

However, the constructed symmetric map (10.83) has a serious short-
coming: it is not symplectic, i.e., |d(¢¥ri1,Prs1)/0( Yk, k)| # 1. This is a
consequence of uncertain procedure of integration along §— functions. In or-
der to obtain the symplectic map from the continuous system (10.81) we can
use the rigorous procedure presented in Sect. 4.3.

10.5.1 The Symmetric Tokamap

The continuous Hamiltonian (10.81) is a particular case of the Hamiltonian
(4.24). According to results of Sect. 4.3 only the symmetric form (4.31) -
(4.33) of the map (10.62) corresponding to the system (4.24) or (10.81) has
the simple generating function (4.34). The generating function of the non-
symmetric mappings (4.38) or (10.65) has a rather complicated form (4.37). It
depends not only on the harmonics H,,(¢) of the perturbation Hamiltonian
but also on the safety factor q(w).

According to (4.31)—(4.33) the symmetric map corresponding the tokamap
Hamiltonian (10.81) can be written as (see Abdullaev (2004a))
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K o

!p = B "9

k= Pk 47T1+%Sln k s
K 1

Op =V — ~—~_cosd)
FEUR T )

O = O + X Uiy =V
k+1 k q[({glk)gp) k+1 k >
1/’k+1 k+1 47T 1 + ka+1 Sin k+1

K 1
kg1 = Opq1 — cos k1 (10.84)

4 (14 Wyyq)?

by replacing the action variable I by the toroidal flux v, the frequency of
motion, w(J), by the inverse safety factor ¢~ 1(¥), and putting the pertur-
bation frequency {2 = 1. We call the mapping (10.84) a symmetric tokamap.
The generating function S(9, 1) associated with this map is

eS(9,¥) = ————cos? . (10.85)
In general, the symmetric tokamap is a implicit map unlike the tokamap.

The first equation in (10.84) can be explicitly resolved with respect to ¥y,
similarly to the tokamap,

V41 = % [\/PZ(WJ%) + 4y, — P(r, 91|
P, 0%) =1 — ¢ + gsinﬁk .

However, the last equation in (10.84) cannot be explicitly resolved with re-
spect to the variable ¥;1. The latter should be found numerically using, for
instance, the Newton method. The zero approximation to ¥j41 can be chosen

K 1

— 08Oy .
4r (14 Wraq)? o8kt

Vg1 = Oy1 —

The symmetric tokamap is invariant with respect to the translation

¥ «— 7w — 9. It reflects the invariance of the symmetric map with respect
to transformation k < k 4+ 1 with the simultaneous change K — —K and
q — —q. The property corresponds to the symmetry of the continuous Hamil-
tonian system with respect to the formal transformation t — —t, H — —H.

10.5.2 Comparison of the Tokamap and the Symmetric Tokamap

Fized points (95,1s) of the tokamap and the symmetric tokamap, defined by
V41 = Yk, Uptr1 = U + 27n where n is an integer number, are the same.
They either lie in the polar azis s = 0, or in the equatorial plane 95 = 0,
sind, = 0. For the last case ¢ are roots of the equation (Balescu et al.
(1998))
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where the signs (F) correspond to ¥s = 0 and ¥ = 7, respectively.

However, the periodic fixed points, (1,1) = M%(d,1), (¢ > 1), of the
tokamap and the symmetric tokamap are different. For the tokamap they have
been studied in Misguich et al. (2002b). Since the tokamap cannot be exactly
obtained from the symmetric map the the fixed points of the symmetric
tokamap cannot be recovered from those of the tokamap. The deviation of
these maps significantly depends on the perturbation parameter K. It is of
order of €2 = K2 /472, For the small values K < 27 it is small, however,
for K ~ 1 the difference becomes relatively large. Below we will study the
difference between the symmetric tokamap and the tokamap by comparing
their phase portraits. More detailed study of fixed points of the symmetric
map requires a separate investigation and we will not discuss this problem
here.

Figure 10.10 shows phase portraits of the tokamap (10.73) and the sym-
metric tokamap (10.84) with the profile of the safety factor ¢() (10.75) at the
perturbation parameter K = 2.55: (a), (b) correspond the tokamap, and (c),
(d) — the symmetric tokamap. Figures 10.10a,c,e describe the phase portrait
in the (9,4) -plane, while 10.10b, d, f — in the polar plane (¢ cos, 1 sin}).

For comparison we have also integrated the continuous Hamiltonian
(10.78) with a finite number of toroidal modes M = 5 using the mapping
(10.63). They are plotted in Fig. 10.10e, f. The map step along the toroidal
angle ¢ is taken Ap = 27.

As seen from Figures the symmetric tokamap very closely describes the
continuous Hamiltonian system (10.78) with a finite number of toroidal modes
M . However, the phase curves of the tokamap are more distorted than in the
symmetric tokamap. The positions of the periodic fixed points are shifted
not only radially, but also along the poloidal angle 1. The difference between
the tokamap and the symmetric tokamap becomes more pronounced for large
perturbation parameter K.

To illustrate this we compare the perturbation thresholds K, of destruc-
tion of the so-called golden KAM curve corresponding to the tokamap and
the symmetric tokamap, respectively. For the tokamap this problem was dis-
cussed by Balescu et al. (1998).

The golden KAM curve is the most robust KAM barrier in the stan-
dard map, and it corresponds to the winding number W equal to g, =
G7' =0.6180339. .., where G, is the golden section defined by the equation:
G? = G, + 1. For the safety factor q(¢) = 1/W (1) (10.75) the golden KAM
curve is located at 1, = 0.31599. It lies between two periodic orbits (m,n)
(¢(¢mn) = m/n) corresponding to q(1p2,1) = 2 : 1 located at 21 ~ 0.45631
and q(14,3) = 4 : 3 located at 143 ~ 0.18946. For the finite perturbation
parameter K > 0 the KAM curves are deformed or broken. The periodic
orbits are replaced by islands. With increasing K the width of islands grows

n=0,
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Fig. 10.10. Phase portraits: (a) and (b) correspond to the tokamap (10.73); (c)
and (d) correspond the symmetric tokamap (10.84); (e) and (f) correspond to the
symmetric map (10.63) with the Hamiltonian (10.78) with M = 5. The g-profile is
given by (10.75). Parameters K = 2.55, ¢(0) =1
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Fig. 10.11. Stochastic belt of the tokamap (10.73) (a) and the symmetric tokamap
(b) with the g-profile (10.75) for K = 4.5, ¢(0) =1

destroying the KAM curves located between two neighboring islands. Ac-
cording to Balescu et al. (1998) the golden KAM curve %, corresponding
to the tokamap is destroyed at K, = 4.3. However, at this value of K the
golden KAM curve of the symmetric tokamap is still survived. This is shown
in Fig. 10.11 for the perturbation parameter K = 4.5: a) the tokamap; b) the
symmetric tokamap.

In the case of the tokamap several islands including 2 : 1 and 4 : 3 are
already overlapped forming a single stochastic belt. But in the case of the
symmetric tokamap many of these islands are still isolated. From Fig. 10.11b
one can see a gap between the islands 2 : 1 and 4 : 3. The golden KAM curve
of the symmetric tokamap is destroyed at larger value K equal to K, ~ 4.8.
The Phase portrait of the symmetric tokamap at K = 5 is shown in Fig. 10.12.
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Fig. 10.12. The same as in Fig. 10.11b but for K = 5.0, ¢(0) =1

10.5.3 The Revtokamap and the Symmetric Revtokamap

Consider another example illustrating a difference between the tokamap (or
revtokamap) and the symmetric tokamap (revtokamap) in the case of reversed
magnetic shear configuration described by the safety factor (10.76) (see also
Fig. 10.9b). The mappings in this case are non-twist maps which were studied
in Sect. 7.3. The dynamics of the revtokamap in such a reversed magnetic
shear has been studied by Balescu (1998) with a great detail. Here, we will
only compare the symmetric revtokamap and the revtokamap at large values
of the perturbation parameter K when the difference between these maps is
expected to be large.

Phase portraits of the maps are plotted in Fig. 10.13 for the perturbation
parameter K = 6.3: a) the revtokamap; b) the symmetric tokamap. The
values of the safety factor ¢(¢) are chosen equal to ¢y = 3 at the magnetic
axis, g, = 1.5 at the minimum, and ¢; = 6 at the edge, as in Balescu (1998).
Then the position of the shearless curve is located at 1, = 0.44948974 where
q' (Ym) = 0.

The most robust invariant curves are located near the shearless curve
1 = 1p,. According to the revtokamap the upper region ¥ > 1, and the
lower region ¢ < 1, of field lines are developed into the chaotic belts: the
upper region ¢ > 1, is open, while the lower region is localized. These regions
are separated from each other by the transport barrier located near the per-
turbed shearless curve (see Fig. 10.13a). However, the symmetric revtokamap
with the same perturbation parameter K gives rather a different picture. Al-
though, the upper region v > ,, of open field lines is completely chaotic, the
lower region ¥ < 1, consists of almost regular field lines with a few isolated
islands (see Fig. 10.13b). This result can be also confirmed by direct integra-
tion of the continuous Hamiltonian system (10.78). In general, the tokamap
systematically gives lower critical values of the perturbation parameter K|,
of destruction of the KAM curves than the symmetric tokamap.
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(a)

W2
(k)

Fig. 10.13. Phase portraits of the tokamap (a) and the symmetric tokamap
(b) with the reversed g-profile (10.76). Parameters K = 6.3, go = 3, ¢gm = 1.5
and ¢1 =6

10.6 Other Mapping Models of Field Lines

10.6.1 Analytical Models

We will also mention some other areas of fusion plasma physics where map-
ping methods have been a useful tool to study the transport of energy and
particles. Particularly, in Albert and Boozer (1988); White (1998); Wobig
and Pfirsch (2001) (and references therein) a chaotic motion of particles in
a tokamak due to magnetic perturbations have been studied by replacing
the continuous Hamiltonian equations for the guiding center motion with the
discrete mappings. The standard map and its generalizations have been used
in numerous works (see, e.g., Rechester et al. (1979); Rechester and White
(1980); Rechester et al. (1981); Rax and White (1992); Wobig (1987); Wobig
and Fowler (1988); Mendonga (1991); Tabet et al. (1998, 2000); Miskane et
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al. (2001); Wobig and Pfirsch (2001)) to simulate a transport of the field lines
and test particles in a magnetic field with destroyed magnetic surfaces. It has
been also used by Horton et al. (1998); Kwon et al. (2000) to model a test
particle transport in a tokamak due to a drift-wave turbulence.

Beside of these mappings describing the global dynamics of field lines in
tokamaks and stellarators there were proposed specific mapping models of
field lines at the plasma periphery of poloidal and ergodic divertor tokamaks
by Martin and Taylor (1984); Regianni and Sakanaka (1994); Abdullaev et
al. (1998); Fischer and Cooper (1998); Punjabi et al. (1992); Abdullaev and
Zaslavsky (1996); Abdullaev and Finken (1998) and others. Particularly, we
shall discuss the application of separatrix mappings to study field lines in
poloidal divertor tokamaks in next chapter. Heat and test particle transport in
a tokamak perturbed by externally created magnetic field have been studied
by McCool et al. (1990); Wootton et al. (1991); Feron and Ghendrih (1997)
using different mapping models of magnetic field lines.

The Reversed Field Pinch (RFP) is another fusion device of a magneti-
cally confined plasma. It is known as the equilibrium state of plasma with
the minimal magnetic energy. The magnetic field of this state has intrinsic
turbulent components due to a turbulent transient to the minimal energy
state. The transport and diffusion processes in the RFP are mostly due to
the magnetic field line stochasticity (D’Angelo and Paccagnella (1996, 1999)).
In Bazzani et al. (1989, 1998) the perturbed twist maps have been derived
to study a field line diffusivity and transport in the RFP.

10.6.2 Numerical Mapping Models

Beside analytical mapping models numerical mapping methods have been
also developed to study field lines and modeling heat and particle transport
in tokamak plasmas. The numerical mapping technique has been proposed for
integrating Hamiltonian systems, particularly, the equations of magnetic field
lines and particles in a realistic toroidal geometry. Below we briefly describe
the main idea of the method known as Interpolated Cell Mapping (Tongue
(1987); Montvai and Diichs (1993); de Rover et al. (1996)).

The method uses real space coordinates x = (z, y, ¢), which may be cylin-
drical coordinates (R, Z, ), or toroidal coordinates (r, 6, ). One introduces
N, cross sections ¢ = const equally spaced along the toroidal angle . We
define a mapping,

(Trt+1, Y1) = M@k, yr) = (X (@k, yi)s Yie @k, Uk)) (10.86)

relating field line coordinates (zx+1,yx+1) at the section ¢gi1 with the
ones (k,yr) at ¢x. The mapping (10.86) is determined by the set of func-
tions X (z,y), Ye(z,y), k = 1,2,..., N,. In order to create these functions
the field line equations (10.2) are integrated numerically from grid points
(@kijsykij) (i = 1,...,Ngj = 1,...,N,) at the section ¢j to the in-
tersection point (Xp(Zk,ijs Yk,ij), Yi(Tk,ij Yk,ij)) at the section ¢pyq. The



254 10 Magnetic Field Lines in Fusion Plasmas

functions X (x,y), Yx(x,y) are interpolated by the cubic splines from their
computed values at the grid points (zxj, yk,i;). Once the set of functions
Xi(z,y),Ye(z,y), £ = 1,2,..., N, have been created one can follow field
lines using the mapping (10.86). The main advantage of this numerical map-
ping technique is that it runs much faster than direct numerical integration
of field line equations.

This numerical mapping and its modifications have been employed by
Kasilov et al. (1997); Runov et al. (2001); Feng et al. (2002) for Monte—-Carlo
simulations of transport processes in tokamak plasmas with stochastic field
lines.

However, the numerical mapping (10.86) has a fundamental shortcoming
because it is not symplectic, i.e., flux-preserving. Since the mapping vari-
ables (z,y) are not canonical variables it is hard to impose conditions of the
functions Xg(z,y), Yi(z,y) that would make mappings symplectic.

10.7 Conclusions

In conclusion of this chapter we would like to make general remarks on map-
ping models of magnetic field lines in toroidal plasmas in the presence of
magnetic perturbations. Usually these perturbations are strongly radial de-
pendent which is manifested in the dependence of perturbed Hamiltonian H;
(10.34) on the toroidal flux 1. In general studies of field lines one wishes to
replace the continuous equations of magnetic field lines in toroidal plasmas
with the simple discrete model, mapping, of field lines. These model map-
pings should satisfy several requirements or constraints which would make
them compatible with the properties of Hamiltonian equations of field lines
and the toroidal geometry of plasmas. The example of such requirements was
given in Sect. 10.4.3. Beside of being symplectic and compatible with the
toroidal geometry one wishes to construct a mapping whose generating func-
tion would have a simple dependence on the radial-dependent perturbation
field. As was shown in Sect. 4.3 that only the symmetric symplectic map of
type (4.31)—(4.33) derived from the Hamiltonian equations satisfies this con-
straint. The non-symmetric form of mapping (4.38) which can be also derived
from a Hamiltonian system has a complicated dependence on perturbation
field H; and the frequency of motion w(J) (or the safety factor q(¢)) (see
the generating function 4.37).

Therefore, when one wishes to construct a model map for magnetic field
lines in a toroidal plasmas, one should impose an additional constraint along
with two ones mentioned in Sect. 10.4.3, namely the map should be con-
structed in a symmetric form of type (4.31)—(4.33) with the generating func-
tion S(¥,¥) in the form (4.34). The form of perturbation functions H,,(¥)
can be established by two other constraints listed in Sect. 10.4.3. Such map-
pings would be more compatible with Hamiltonian equations of field lines.



11 Mapping of Field Lines
in Ergodic Divertor Tokamaks

Mappings have been very useful tool to study magnetic field lines in divertor
tokamaks. In this and the next chapters we study the structure of magnetic
field lines in so-called ergodic and poloidal divertor tokamaks using mappings.
We shall study the general structure of magnetic field, chaotic and statistical
properties of field lines in ergodic divertor tokamaks. Mappings constitute
an important and computationally efficient tool to study magnetic field lines
in both types of tokamaks. In ergodic divertor tokamaks we shall apply the
mapping procedure of magnetic field lines presented in Sect. 10.3.

11.1 Ergodic Divertor Concept

In magnetically fusion devices particles and energy cannot be hold in a con-
finement area for a long time. Due to different turbulent processes particles
and heat are transported to the plasma edge and deposited to the device
wall. A large energy and particle out-flux may damage wall components and
release the impurities into the plasma core. In order to control these processes
at the plasma edge the concept of the ergodic divertor has been introduced
(see Engelhard and Feneberg (1978); Feneberg and Wolf (1981); Samain et
al. (1982)). The idea of the ergodic divertor is based on the creation of a per-
turbed magnetic field at the plasma edge by a special coil system installed
outside the plasma vessel. The perturbation field creates the zone of chaotic
field lines at the plasma edge which are open to the plasma wall. These field
lines guide ionized particles to the special divertor plates. The schematic view
of the poloidal section of ergodic divertor tokamak is shown in Fig. 11.1. In
the literature on plasma physics this zone is more known as an ergodic zone.

During last two decades the ergodic divertor concepts were implemented
in the Texas Experimental Tokamak (TEXT) in Austin, Texas, USA (more
known as a ergodic magnetic limiter) (Gentle (1981); McCool et al. (1990)),
Tore-Supra in Cadarache, France (see a review Ghendrih et al. (1996) and
references therein) and others fusion devices Kawamura et al. (1982). Re-
cently, the dynamic ergodic divertor (DED) (see Finken (1997); Abdullaev et
al. (2003)) has been installed for the Tokamak Experiment for the Technology
Oriented Research (TEXTOR) in Jiilich, Germany. Beside the conventional
concept of the ergodic divertor the DED also permits the operation with a

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 255-273 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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Ergodic zone

Plasma core

Divertor plate Plasma wall

Fig. 11.1. Schematic view of the section of an ergodic divertor tokamak

rotating magnetic field which allows, in particular, to spread the heat and
particles over the large area on the divertor plates.

11.1.1 Mappings to Study Ergodic Divertors

In the ergodic divertor the perturbed magnetic field created by external coils
destroys rational magnetic surfaces at the plasma edge forming magnetic is-
lands. At the certain level of perturbation field the interaction of magnetic
islands creates the stochastic layer (ergodic zone) of magnetic field lines.
The main problem in divertor physics is to study particle and heat trans-
port through the ergodic zone and to determine heat and particle deposition
patterns on the divertor plates. Since charged particles, ions and electrons,
predominantly follow magnetic field lines a determination of the structure
of ergodic zone of field lines at the plasma edge and the patterns of striking
points of field lines, magnetic footprints, on divertor plates are first important
problems. The latter problems can be studied by solving the equations of mag-
netic field lines in the presence of magnetic perturbations created by external
divertor coils. Usually, the direct integration of the equations of magnetic field
lines requires long computational times and has a several disadvantages. For
instance, standard numerical integration methods, like Runge-Kutta, does
not conserve the flux—preserving property of magnetic field.

The most convenient and natural approach to this problem is to use the
Hamiltonian equations of field lines and to study them using symplectic meth-
ods of integration, particularly, symplectic mappings. They always preserve
a magnetic flux, and run much faster. Several mapping models have been
proposed to study the formation of ergodic zone at the plasma edge. The
first mapping model has been proposed by Martin and Taylor (1984) for the
rectangular model of a tokamak. This model has been used in Regianni and
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Sakanaka (1994) to calculate the Lyapunov exponents and diffusion coeffi-
cients. The generalization of the Martin and Taylor mapping model to the
toroidal plasma has been proposed by Viana and Caldas (1992); Caldas et al.
(1996); Viana and Vasconcelos (1997); Ullmann and Caldas (2000); Portela
et al. (2003) to study different statistical properties of magnetic field lines.

More realistic and generic mapping models for magnetic field lines in
the ergodic divertor, namely, the perturbed twist mappings have been pro-
posed by Abdullaev et al. (1998); Fischer and Cooper (1998); da Silva et al.
(2001a,b, 2002a,b). The numerical study and Hamiltonian analyses of mag-
netic field lines have been also studied in Viana (2000). Rigorous mapping
methods developed by Abdullaev et al. (1999); Finken et al. (1999); Abdul-
laev et al. (2001) were applied to study a magnetic structure of the DED of
the TEXTOR.

Below we describe the main features of the perturbed magnetic field, the
formation of ergodic zone and a specific features of field lines in typical er-
godic divertor tokamaks. Specifically, we consider the DED of the TEXTOR
tokamak. The detailed description of these problems can be found in Abdul-
laev et al. (1999); Finken et al. (1999); Abdullaev et al. (2001, 2003).

11.2 Magnetic Structure of the DED

The DED for the TEXTOR tokamak has been proposed (see Finken (1997))
as a new tool to control the plasma edge by the external magnetic pertur-
bations. The new feature of the DED in comparison with the conventional
concept of the ergodic divertor is that it permits to create a rotating mag-
netic field. In this section we consider the coil configuration of the DED and
the magnetic field created by this coil system.

11.2.1 Set of Divertor Coils and Magnetic Perturbations

The set of external coils designed to create the resonant magnetic perturba-
tions at the plasma edge consists of 16 helical coils covering the finite poloidal
section m — 0, < @ < w4+ 6. of toroidal surface of radius r = r.. They are
located on the high field side (HFS) , 8 = 7, of the torus where the toroidal
field B, ~ (Ro 4+ rcosf)~! is higher than at the center of torus r = 0 .
Similarly the side of the torus 8 = 0 is called low field side (LFS) , where the
magnitude of the toroidal field is lower than at » = 0. The poloidal extension
of the of coils is Af = 20, ~ 72°. Each coil is winding once around the torus
starting at a toroidal, ¢; = j7/8, and a poloidal angle #; = 7 —#6. and ending
after one toroidal turn at 6; = m+6., where j (j = 1,...,16) stands for a coil
number. A schematic view of the coil positions in the (g, §)-plane is shown
in Fig. 11.2a.
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(a)

Fig. 11.2. (a) Ideal DED coil configuration in the (i, #)-plane; (b) Sketch of the
technically implemented DED coil configuration

Described configuration of coils is called ideal. Because of difficulties of
technical implementation of such an ideal coil configuration, the real coil
configuration has been installed in the tokamak device. The coils are bundled
in four quadruples and two additional so called compensations coils are added
to compensate a net poloidal magnetic field resulted from such a bundling
(Kaleck et al. (1997)). The sketch of the technically implemented divertor
coils is shown in Fig. 11.2b.

There are three possible operational regimes of the DED which are in-
tended to create the resonant m : n magnetic perturbations (10.34). In the
first (or standard) regime the toroidal mode n = 4 and a several poloidal
modes m (10 < m < 14) create the ergodic zone near the resonant magnetic
surface ¢ = 3. In the second regime the ergodic zone is created by the toroidal
mode n = 2 and the poloidal modes m = 5 — 7. And finally n = 1 m = 3
in the third regime. For the standard DED operation (n = 4) the current
distribution in the coils is given by

I; = L.sin(mj/2 + 2t) (G=1,...,16), (11.1)
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where I is a current amplitude (I, < 15 kA), and 2 is the rotation frequency
of perturbed magnetic field.

The coil system (11.1) creates the magnetic field perturbations at the
plasma edge localized on the HF'S of the torus and radially decaying toward
inside the plasma (Abdullaev et al. (1999); Finken et al. (1999)). It is mainly
determined by the toroidal component of vector potential

A, (r,0,¢) = eByRy Z A (1) cos(mlb — np — £2t) , (11.2)

where the dimensionless perturbation parameter € is defined as

Bc Te 2,UOICTL
= - B. = , 11.3
Btp RO ’ Aé’crc ( )

€

where B, is the characteristic strength of magnetic field perturbation. For the
large aspect ratio tokamaks, Ry/a > 1, the Fourier coefficients a,,(r) can be
presented in the asymptotical form (see Abdullaev et al. (1999); Finken et
al. (1999)):

A (1) = \/% <7" _Tf(r)>m7 (11.4)

where

Im = (_1)m—‘,—mC M

am(m —me)

describes the poloidal spectrum of magnetic perturbations formed due to
the finite poloidal extension of the coil set. The central mode number m,
is determined by A#. and the toroidal mode number n: m. = 2wn/Af..
The poloidal, m, spectrum of perturbation A,, is localized near the central
mode m.. The perturbed field has the toroidal mode n = 4 and possesses a
strong radial decay A, oc ™ (m. =~ 20). The factor 1/4/1 —r/Ry in (11.4)
corresponds to the first order toroidal corrections.

The radial component of perturbed magnetic field B,.(6, ¢) = r~'9A, /060
in the (0, ) plane is shown in Fig. 11.3 for the standard DED operation (n=4)
and the ideal coil configuration. The TEXTOR-DED parameters are chosen
as: Ry = 175 cm, r. = 53.25 cm, the current I, = 15 kA, Af. = 27 /5. The
characteristic strength of perturbed magnetic field B, = 2.251 x 103 G. The
perturbed field profiles for the technically implemented coil configuration are
calculated by Kaleck et al. (1997).

11.3 Spectrum of Magnetic Perturbations

Since the perturbation field is localized in the finite interval of poloidal an-
gles: m — 0., < 0 < m+ 6. at the HFS the spectrum a,,, of magnetic per-
turbation (11.2), (11.4) contains the factor (—1)™. As have been shown in
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Fig. 11.3. Radial component of the perturbed magnetic field B, in the (6, ¢) plane
at the radial distance r = 46 cm

Sections 10.2.2, 10.2.4 the spectra of Hamiltonian perturbations H,,, (1) in
this case originate from the spectra of magnetic perturbation a,,, (1) with
m/ located near m/f;, and it is approximately described by (10.60). Using
(11.4) the spectra H,,, (1) for large mode numbers m can be presented by
Abdullaev et al. (1999):

ot ey (=)

where
1/3
C =2 Ai(z) me = M MB/20]
|| B

The radial coordinate r is considered as a function of the toroidal flux . For
the plasma model with nested circular magnetic surfaces the relation r = (1))
is given by (10.27). The poloidal spectrum H,,, (%) (11.5) is located near the
central mode m} &~ m.(; with the width Am =~ 73, /A6.. These quantities
are mainly determined by the parameter 1, which depends on the plasma
parameter [, as well as the flux coordinate 9. The spectra H,,, (¢) can be
controlled by simple varying Bpo:-

Although the asymptotic formula for (11.5) qualitatively correct describes
the spectrum of Hamiltonian perturbation its accuracy is not enough to ob-
tain the quantitatively correct the critical perturbations for the onset of global
chaos of field lines. Since it is hard to obtain the exact analytical formulas for
the perturbation spectrum H,,,(¢) we have numerically calculated them us-
ing the integral (10.46) and unperturbed field lines R(v, ), Z(1, ¥) obtained
from the numerical integration of the equations of field lines (10.11) over one
poloidal turn in the (R, Z) -plane. The values of H,,, (1)) were calculated for
the linear grid of ¢): ¥; = ¥o +iAY, (i = 1,..., N). The safety factor q(v)
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has been also found numerically at this grid. The values of ¢(¢) and H,,p, (¢)
for the arbitrary values of 1 are interpolated using the cubic splines.

In order to display the field lines in the geometrical space of the cylindrical
coordinate system (R, Z, ) (or the toroidal coordinate system (r,,¢)) the
relationship with these coordinates and the flux, v, and intrinsic angle, ¥,
variable are found by integrating of the unperturbed equations of field lines.
This relationship is sought in the following general form

M
r=rp+ Z (rﬁj)(w) sinmd + 9 () cos m19) ,
m=1

M
=19+ Z o (Y) sinmd .
m=1

The Fourier coefficients rﬁ)(w), i) (), and «a,,(¢) are calculated numeri-

cally by integrating the equations (10.11) over one poloidal rotation in the
(R, Z)-plane for the same grid coordinates of ¢. Their values for arbitrary ¢
are interpolated by the cubic splines.

The safety factor ¢(¢) and typical properties of the perturbation spectra
H,,, (1) obtained in such a way are illustrated in Figs. 11.4 and 11.5 for the
plasma model with circular magnetic surfaces considered in Sect. 10.1.5.

Figure 11.4 shows profiles of ¢(¢) for three different values of the plasma
parameter (po: curve 1 corresponds to Bpo = 0.2, curve 2 — to Bpo = 1,
and curve 3 — to By, = 1.8. The dependence of H,,,(¢) on the poloidal
mode number m at the resonant magnetic surface ¥,,, m : n = 12 : 4 is
plotted in Fig. 11.5a for the same values of the plasma (4. The ¢)— (radial)
dependencies of H,,, (¢) of the four main poloidal modes (m = 11,12, 13,14)
are shown in Fig. 11.5b for the value Bpo = 1.

4.5

1.5 ; : ;
0.6 0.7 0.8 0.9 1

(ATA

Fig. 11.4. Safety factor profile ¢(¢) for three different values of the plasma pa-
rameter: curve 1 — Bpor = 0.2, curve 2 — to Bpot = 1, curve 3 — to Bpor = 1.8.
The crossing points of these curves with the horizontal line ¢ = 3 determine the
resonant magnetic flux Ymn: ¢(¥Ymn) = 3
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Fig. 11.5. (a) Hamiltonian perturbation spectrum |H,» ()| (n = 4) for different
values of Bpo; at the resonant magnetic surface ¥mn (m : n = 12 : 4): curve
1 corresponds to Bpo; = 0.2, curve 2 — to Bpo; = 1, curve 3 — to Bpor = 1.8. (b)
Dependence of |Hmn(1))| on the toroidal flux ¢ normalized to one v, corresponding
the last magnetic surface with the radius » = a. Plasma current [,= 0.42 MA,
toroidal field B, = 1.875 T. The plasma radius a = 46.7 cm, Ro = 175 cm, R, =
174 cm

As seen from Fig. 11.4 the g-profiles are significantly modified with a
variation of Bp,. The locations, ,,, of the resonant magnetic surface,
q(Ymn) = m/n are shifted toward inward the plasma with increasing the
plasma 3,,;. Particularly, the resonant ¢ = 3 magnetic surface is shifted by
Avp = 0.05¢), when (3, is changed from 1.8 to 1. Since ¥/¢, ~ r?/a?, one
can obtain that Ar & (a/2)\/¥a/P(AY/1)4).

For the plasma of radius a = 46 cm the radial shift of the resonant surface
is Ar = 1.2 cm. It shows that the threshold of the formation of stochastic
layer changes drastically with the plasma (,,. This is because of the rapid
variation of the perturbation field modes H,,, (1) with ¥ (or r). According
to (11.5), Hpn (1) o< 9™/251 (see also Fig. 11.5b), and it changes a several
times when 1 varies to Ay ~ 0.05¢,,.
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From Fig. 11.5a also follows that only a group of few poloidal modes
contributes to the destruction of resonant magnetic surfaces located near the
magnetic surface with ¢ = 3. The central mode m? of this group is shifted to
small modes m with increasing 3,0;.

11.4 Formation of the Ergodic Zone

Below we study the formation of the stochastic layer of field lines at the
plasma edge in the presence of magnetic perturbations. The Hamiltonian
equations of field lines (10.44) in this case are integrated using the mappings
(10.63). The perturbation modes H,,, (1) and the safety factor ¢(¢) are found
using the cubic spline interpolations of their precomputed values.

The stochastic layer at the plasma edge is formed due to the interactions
of several magnetic islands created on the resonant magnetic surfaces ¥,,n,
q(Ymn) = m/n, (M5 — Am/2 < m < m} + Am/2). The typical picture of
the formation of the ergodic zone is illustrated in Fig. 11.6 by plotting the
Poincaré sections of field lines in the (¢,4) plane for the different levels of
magnetic perturbations. At the sufficiently small magnetic perturbation the
resonant magnetic surfaces (m : n), (m = 9,...14), are destroyed and the
chains of isolated islands are formed as shown in Fig. 11.6a. The increase of
the current I. on the divertor coils up to I, = 7.5 kA results in overlapping
of three magnetic island with the poloidal mode numbers m = 11,...13,
and in the formation of the stochastic layer of field lines bounded in a finite
area along the radial coordinate ). The magnetic island with m = 14 is
isolated. Chaotic field lines is this stochastic layer are closed and they cannot
reach the divertor plates. Fig. 11.6b shows this case. Further increase of the
perturbation current to I, &~ 10.5 kA destroys the barrier located between
the resonant magnetic surfaces m = 14 and the stochastic layer. However,
the field lines are still confined and they do not reach the divertor plate. At
the maximal current I, = 15 kA one obtains the well-developed stochastic
layer with field lines open to the divertor plates which is shown in Fig. 11.6c,
d. Figure 11.6d displays the structure of ergodic zone in the geometrical
coordinate system (6,7). A small rectangular area on the top of the plot
corresponds to the divertor plate.

In general the formation of the ergodic zone depends on the many para-
meters of the plasma. It can be varied by changing the profile of the safety
factor ¢(¢), the plasma parameter ,,;, the perturbation current I... Different
aspects of this problem including the statistical properties of field lines are
discussed by Abdullaev et al. (1999); Finken et al. (1999); Abdullaev et al.
(2001, 2003).
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Fig. 11.6. Formation of stochastic layer of magnetic field lines with increasing
the perturbation current I.: (a) perturbation current I. = 3 kA; (b) I. = 7.5 kA;
(c) I. = 15 kA; (d) the same as in (c) but on the geometrical space (6,r). The
plasma parameter By = 1, the plasma current I, = 420 kA

11.5 Statistical Properties of Field Lines

The chaotic field lines in the ergodic layer contribute to the radial energy and
particle transport at the plasma edge in addition to the perpendicular energy
transport caused by turbulent processes in the plasma. To illustrate this
consider for simplicity a collisionless plasma. Since electrons predominantly
follow magnetic field lines the radial transport of electrons is determined by
the radial deviation of field lines from the magnetic surfaces. Indeed, the
radial diffusion coefficient of electrons is defined as D, = ((Ar)?)/2At where
Ar is a random radial advance of particle during time period At, and ((- - -)?)
stands for averaging over magnetic surface. Suppose that v, is the thermal
velocity of electrons. They make a full toroidal turn in time At = Al/v,
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where Al is the length of field line. Therefore

((Ar)%) _ Al {(Ar)?)

De= "5 At 2Al

= DFL'Ue 5 (116)

where

((ar)?)

2A1 7
defines the diffusion coefficient of field lines. It means that in the collisionless
plasma the diffusion of charged particles is mainly determined by the radial
diffusion of field lines'. Below we discuss the problem of determination of
field line diffusion coefficients.

Dy = (11.7)

11.5.1 Global and Local Diffusion Coefficients

Let 02(1) is the second order displacement moment,
LN
1) = {(r = (r0))*) = 5 D_(ri() = (r)*, (11.8)
i=1
where ((...)) means over a set of initial conditions at [ = 0 taken on a certain
magnetic surface.
First consider the definition of diffusion coefficients in an unlimited do-
main stochastic layer?. In this case the asymptotics of o2(l) at the large
distance [ has the following general behavior,

o?(l) = 2Dpl" , | — o0, (11.9)

where Dpy, is a constant coefficient (see also Sect. 9.1.3 and (9.14)). For a
normal Gaussian process the exponent v = 1, and the coefficient Dpy, is
defined as a field line diffusion coefficient, Dr;, = o2(1)/2l, | — oo. Such
a diffusion coefficient can be called as global since it characterizes a global
diffusive behavior of a system.

However, in the stochastic system with a finite domain, as the ergodic
zone of field lines, the asymptotics (11.9) is not valid at long distances [,
since in this case 02(I) — constant at [ — oo, i.e., one cannot introduce the
global diffusion coefficient Dyy, defined as a ratio Dpr, = 02(1)/2l, | — oo.

Nevertheless, in order to describe a transport in the stochastic layer one
can introduce a local diffusion coefficient Dpy,(r). It gives a quantitative mea-
sure of field line diffusion near the given magnetic surface of radius r. Below
we give analytical and numerical determinations of diffusion coefficients.

1 Actually the radial transport of charged particles in the plasma is more compli-
cated. It is determined not only due to collisions of particles but also the different
kind of electromagnetic instabilities developing in the plasma (see Wesson (2004))

2 As an example one can refer to the astrophysical and space plasmas where the
magnetic field line diffusion represents the main sources of particle transport (see
the paper by Pommois et.al (1999) and references therein).
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11.5.2 Quasilinear Diffusion Coefficients

For the highly developed ergodic zone the diffusion coefficient Dpj can
be obtained from the Hamiltonian equations of field lines with the Hamil-
tonian (10.33), (10.34). According to the quasilinear approximation (see
Sect. 9.1.2) the diffusion coefficient D for the Hamiltonian system (9.10)
is given by (9.13). The quasilinear diffusion coefficient, Dj;, of magnetic
field lines defined as a random walk process along the toroidal flux %, i.e.,
Dy = ((A)?)/2Ap, can be obtained from (9.13) by replacing the action I
by the toroidal flux ¢ and the frequency of motion w(I) by the inverse safety
factor ¢~1(7)) and the perturbation frequency §2 by n:

m
Dy =me?y m? Hmn(w)z(S(—n) .
; | | q()
The relation between the diffusion coefficient Dgy, and Djy; in the magnetic
flux, v, and the radial r coordinates can be found using the relation ¢ =

r2/2R?:

R3 R3 m
p@_Top 22N mP Hon ()0 =~ =) . (111
FL 2 M e r2 m)nm ‘ (d))‘ q(w) n ( 0)

It coincides with the traditionally used quasilinear formula for Dy, (see
Ghendrih et al. (1996)) if the term emH,,y, is replaced by r B,y /BoRo where
By, is the Fourier expansion coefficient of the perturbed field B, obtained
using the relations (10.37), (10.38) and (10.41), i.e.,

DiY = nRO?; <B”]L§O(T))25 (qgnw) - n) . (11.11)

11.5.3 Numerical Calculation of Field Line Diffusion Coefficients

To determine a local diffusion coefficient, Dpy,(r), numerically we calculate
the second order radial displacement moments according to (11.8) performing
the averaging over a set of initial field lines with initial angle 6 being uniformly
distributed on the magnetic surface r = ro(6).

A typical dependence Jfo (1) on [ in the ergodic zone is shown in Fig. 11.7a
for the two cases of open and closed field lines: curve 1 describes the case of
closed ergodic zone; curve 2 corresponds the case of open field lines. In the
first case field lines are confined in the ergodic zone and they don’t reach the
divertor plate, while in the second case the field lines are open and they reach
the divertor plate after a certain number of poloidal turns. It has following
features: 0?0 (1) grows with I up to a certain distance, when field lines reach
the boundaries of the ergodic zone, and then it tends to a constant value as
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Fig. 11.7. (a) Typical behavior of the mean square radial displacement o2(1) vs
the length [ along the toroidal angle ¢ for the two cases: curve 1 describes the case
of the closed ergodic zone; curve 2 corresponds to the case with open field lines.
(b) Radial profiles of local field line diffusion coefficients Dy, for different plasma
currents: curve 1 corresponds to I, = 460 kA, curve 2 — to I, = 520 kA, curve 3 —
to I, = 580 kA. Quasilinear diffusion coefficients Dg are plotted by dashed curves:
4 — for I, =460 kA, and 5 — for I, = 520 kA. The plasma Bpo; = 1

shown by curve 1 in Fig. 11.7a or it decreases when the field lines leave the
ergodic zone hitting the divertor plates (curve 2 Fig. 11.7a).

As was mentioned above in this situation one cannot introduce a global
diffusion coefficient D = ¢2(1)/2l, (I — 00) as in the case of unlimited stochas-
tic domain. However, one can introduce a local diffusion coefficient Dy, (r) as
02(1) /2l which is valid for the initial linear growth regime of o2(1) with [ (Ab-
dullaev et al. (1999)). Typical profiles of Dpr(r) as a function of magnetic
surface radius r are presented in Fig. 11.7b for the different plasma currents.
The corresponding quasilinear diffusion coefficients Dy, (11.10) are also plot-
ted in this figure. One can see that Dg; grows with » monotonically up to
the certain radius p; then it decays in the zone r > r; where the field lines
hit the divertor plates in very short lengths. The radius r; characterizes the
inner boundary of the zone of almost regular (non-chaotic) field lines with
very short wall to wall connection lengths. This zone is called as the laminar
zone because of resemblance with the laminar flow in hydrodynamics. The
width of the laminar zone grows with the plasma current I,.

Usually the quasilinear diffusion coefficients overestimates the diffusion
transport rate in the DED ergodic zone. The quasilinear theory is not valid
in this case since the ergodic zone is formed by overlapping only a few neigh-
boring magnetic islands.

One should note that the local and quasilinear diffusion coefficients do
not completely describe the transport processes in the ergodic zone. They
are valid only for the highly developed ergodic zone. The typical ergodic zone
at the plasma edge is not well-developed, and it consists of areas with the
remnants of magnetic islands as well as areas with almost regular field lines
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with short connection lengths (the laminar zone). The transport processes in
such an ergodic zone cannot be simply described by the quasilinear theory.

11.6 Ergodic Divertor as a Chaotic Scattering System

Field lines at the plasma edge with initial coordinates located in the stochastic
layer eventually leave the plasma region hitting the divertor plate (expect for
those field lines being trapped inside the magnetic islands). In this sense the
ergodic zone with open field lines can be viewed as chaotic scattering system?,
whereby field lines enter into the plasma edge from the divertor plate and
leave when hitting it again after a certain number of poloidal turns, N,, as
illustrated in Fig. 11.8.

Divertor plate

48

L

-0.5 0 0.5 1 15
0/2n
Fig. 11.8. Field lines connecting the divertor plate with itself after a several turns,

N, along the poloidal angle: curve 1 describes N, = 0, curve 2 corresponds to
Np =1, and curve 3 — to N, =2

In chaotic scattering systems, a trajectory may leave a system in one of
several different ways. The space of initial coordinates corresponding to the
various exit ways are separated by a boundary, which may be a fractal Bleher
et al. (1990). The set of initial conditions for which trajectories leave the
system in a particular way is called a basin of a particular mode. In the case
of the ergodic divertor it is convenient to classify field lines by the number of
poloidal turns N,. Indeed, the perturbation field created by divertor coils are
localized on the HFS, and field lines enter into the plasma and leave it on this
side making almost full poloidal turns (see Fig. 11.8). Therefore, the set of
initial conditions for which field lines cross the section § = 0 (mod 27) with
the same number of times may be referred as the basin of a particular number

3 A definition of chaotic scattering systems can be found in Eckhard (1988); Bleher
et al. (1989); Tel and Ott (1993) and references therein.
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of poloidal turns N,. Field lines with IV, = 0 that do not cross the section
60 = 0 belong to a special set called a private flur zone. Spatial structures
of boundaries of basins belonging to different IV, reveal fine details of the
structure of field lines which cannot be seen in Poincaré sections. Below we
study the structure of these basins by plotting the contours of N, within the
plasma edge and on the divertor plate.

11.6.1 Basin Boundary Structure at the Plasma Edge

First we consider the structure of basin boundaries referring to the basin as
the set of points (¢,%) at the given poloidal section ¢ = constant which are
crossed by field lines with a particular number of poloidal turns INV,. The
procedure to obtain these plots is the following.

At the poloidal plane = 0 the field line with a given initial coordinate
(9,4) is traced by iterating the map (10.63) along the positive and nega-
tive directions of the toroidal angle ¢ until a field line reaches the divertor
plate. Then we determine a fractional number of poloidal turns NN, as the
ratio of the total change of the poloidal angle Af to the full circle 27, i.e.,
Npot = A8/27. The values of Ny, computed in this way are close to integer
numbers although they are not exactly integer. Let IV, be the integer num-
ber closest to Npo. Areas in the (1, ¢)-plane with different poloidal turns
N, are topologically different. The dependence of N, on the initial coordi-
nates (1, 1) is displayed by a contour plot with contour lines separating the
basins of different poloidal turns /V,. The example such a plot is presented
in Fig. 11.9.

The basin with one poloidal turn has a non-fractal boundary with the
private flux zone. But it may have fractal boundaries with the basins cor-
responding to two and more poloidal turns. For N, > 2 there are several
topologically different basins related to the same N,. As seen from Fig. 11.9a
the relatively large basins of a few poloidal turns N, < 3 at the plasma
edge are clearly separated by non-fractal boundaries. But they are alternat-
ing with the long dark elongated areas (or stripes) containing the basins for
a few poloidal turns up to very large N,. In Eich et al. (2000) these stripes
were called “fingers”. At the HFS some of these stripes are radially extended
toward the divertor plate.

The structure of stripes has a complicated fractal nature. In order to study
the fine structure of stripes we have magnified the area of the stripe with the
fine resolution of basins of higher poloidal turns. In Fig. 11.9b shows a blow
up of the rectangular area in Fig. 11.9a. It shows that the basins at the stripe
are highly elongated and the boundaries between them have fractal structure,
i.e., the stripes consists of layered basins of different poloidal turns with a
self—similar behavior at different spatial scales. As seen from Fig. 11.9b the
basins of field lines with a few poloidal turns IV, are “sandwiched” between
basins for field lines with large numbers of poloidal turns N, > 1.
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Fig. 11.9. Contour plots of N, in the (,%)-plane for the plasma currents I, =
580 kA. (a) shows the sector 150° < 9 < 210°, (b) Expanded view of the rectangular
area in (a)

11.6.2 Magnetic Footprints

In order to study the basin boundary structure on the divertor plate we
will use the following procedure. We follow a field line which enters into the
plasma starting from the divertor plate with a given initial coordinate (¢, 6)
and returns back to the plate after a certain number of poloidal turns N,.
The set of initial conditions (¢, #) with a particular number N,, determines a
basin. The whole picture of basin boundaries with /N, > 1 on the plasma wall
determines a structure known as magnetic footprints. Similar to the stripe at
the plasma edge the magnetic footprints have a fractal structure as well. A
typical structure of magnetic footprints is displayed in Fig. 11.10: a) in the
finite poloidal section; b) shows the expanded view of the rectangular region
in Fig. 11.10a.
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Fig. 11.10. Basin boundary structure (magnetic footprints) on the (¢, ) —plane
at the divertor plane: (a) On the entire plane; (b) expanded view of the rectangular
region on the stripe shown in (a). The plasma parameters are the same as for the
case shown Fig. 11.9

One can see from Figs. 11.10 that the field lines can enter into the plasma
(or hit the divertor plate from the plasma side) only along the four pairs of
narrow helical stripes. (Dark blue areas in Figures correspond to the field lines
in a private flux zone). The distance between stripes of each pairs depends on
the plasma current I, Abdullaev et al. (2001). Each helical stripe has a fractal
structure and it consists of layered basins of different poloidal turns (see Fig.
11.10a, b). The width of layers is changing along the toroidal direction ¢.
The area of the basin with one poloidal turn N, = 1 is the largest. For the
higher N,, > 1 corresponding areas of basins are drastically decreased in size.
The boundaries between these basins are fractal.
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Fig. 11.11. (a): Fractal dependence of N,, on 6 along the line with the fixed
toroidal angle ¢ = 145° (the yellow line in Fig. 11.10b); (b): Expanded view of the
dashed rectangular area shown in (a)

The fine structure of helical stripes can be revealed by studying the depen-
dence of N, on the poloidal angle 6 at fixed toroidal angle ¢. Such a depen-
dence of N, on 6 is described by Cantor-like, fractal curves. It is presented in
Fig. 11.11 at the fixed toroidal angle ¢ = 145°. The curve in Fig. 11.11a de-
scribes the poloidal dependence of N, along the (yellow) straight line shown
in Fig. 11.10b, while Fig. 11.11b shows the expanded view of the dashed rec-
tangular area in Fig. 11.11a. They clearly show areas of field lines connecting
plate to plate in one, two, three and more poloidal turns Np,. These areas
are described by almost horizontal steps in the fractal curve. The width of
layers becomes smaller with increasing Npo;.

The structure of the helical stripes plays an important role for heat and
particle deposition on the divertor plates. Indeed, the basins with IV, > 1
correspond to the field lines coming from deep within ergodic zone. These
field lines may bring high energetic particles to the wall because the par-
ticles predominantly move along field lines. Therefore one can expect that
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the spatial distribution of power deposition within the helical stripes will
depend on the spatial structure of basins with N, > 1. The cross-field diffu-
sion of particles broadens the spatial distribution of power deposition around
the maxima located at the basins corresponding to large number of poloidal
turns. This conclusion is confirmed with the Monte—Carlo simulations of heat
and energy transport in the ergodic zone (Runov et al. (2001)). Recent ex-
perimental measurements of heat deposition patterns on the divertor plates
performed by Jakubowski et al. (2004) in the TEXTOR-DED tokamak the
confirm the above theoretical predictions on helical stripe structures.

11.7 Conclusion

In this section we have considered the application of the mapping method to
study magnetic lines in divertor tokamaks. In ergodic divertor tokamaks the
mapping approach is based on the fact that the equations of field lines in the
presence of external nonaxisymmetric magnetic perturbations can be always
formulated in the generic Hamiltonian form, given by (10.5), (10.33), (10.34)
in terms of the toroidal flux, ¥, and the intrinsic poloidal angle, ¥). Then the
general mapping method developed in the Chap. 4 can be directly applied to
study a magnetic system. It runs much faster than the the direct integration
of field lines equations and it can be applied the case with the moderately
large perturbations.



12 Mappings of Magnetic Field Lines
in Poloidal Divertor Tokamaks

Another important concept to control the plasma edge in tokamaks is the so-
called poloidal divertor tokamaks (see Wesson (2004)). The magnetic configu-
ration of these tokamaks contains a magnetic surface (a magnetic separatriz)
sharply separating closed field lines on nested magnetic surfaces from open
field lines hitting the walls of a fusion device. It has one (or two) singular
points, X-points, on the poloidal section where the poloidal components of
the magnetic field are zeros. These configurations are schematically shown
in Fig. 12.1): a) a so-called single-null poloidal divertor; b) a double-null
poloidal divertor. Such configurations of the magnetic field are created by
one or two external current coils parallel to the plasma current, respectively.
Magnetic fusion devices with a poloidal divertor provide an improved energy
confinement of the plasma and diverts particles and heat efficiently into diver-
tor plates in a special volume, from where they are pumped away. The future
International Thermonuclear Experimental Reactor, ITER, is designed as a
poloidal divertor tokamak.

Magnetic field lines in such a magnetic configuration is described by the
Hamiltonian system with hyperbolic fixed points. The magnetic separatrix
and the X-points correspond to the separatrices and the hyperbolic saddle
points, respectively. Typically any small non-axisymmetric magnetic pertur-
bations destroy the magnetic separatrix replacing it by the stochastic layer
of field lines.

The nature of these magnetic perturbations may range from magnetic
fluctuations produced by plasma instabilities, field errors etc. Typically, mag-
nitudes of magnetic perturbation fields are small. For instance, the amplitude
of error field are §B/By ~ 10~ (Pomphrey and Reiman (1992)). In present
day tokamaks one uses specially created external magnetic fields to null the
magnetic perturbation caused by magnetohydrodynamic instabilities. Recent
experiments in the Doublet IIT D (DIII-D) tokamak by Evans et al. (2004),
which has a magnetic configuration with the separatrix, showed that the
external magnetic perturbation created at the plasma edge suppresses the
so-called large edge—localized modes (ELMs) in a high confinement regime
known as H-mode. The ELMs are known as a magnetohydrodymical tur-
bulent processes at the plasma edge which cause large, repetitive heat and
particle loading to the divertor plates. In general, they are considered as

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 275-298 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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Fig. 12.1. Schematic view of magnetic configurations in poloidal divertor toka-
maks: (a) Single-null divertor; (b) Double-null divertor

undesirable for burning plasma experiments since they deteriorate the plasma
confinement and performance, reduce the lifetime of divertor plates due to
increased erosion from impulsive heat and particle fluxes. A stochastic layer
at the plasma boundary might reduce ELMs. Therefore, a study of stochas-
tic field lines near the separatrix and their structure, the pattern of magnetic
footprints on the divertor plates are important issues to understand the par-
ticle and energy transport at the edge of plasmas in tokamak fusion devices
(Boozer and Rechester (1978); Pomphrey and Reiman (1992); Reiman (1996);
Evans et al. (2002)).

Below we shortly recall the main theoretical studies of magnetic field lines
in poloidal divertor tokamaks. In the early theoretical works by Tomita et al.
(1977, 1978); Boozer and Rechester (1978) the effect of magnetic perturba-
tions on the divertor separatrix has been studied by employing the Chirikov
overlapping criteria to estimate the width of the stochastic layer in the ab-
sence of divertor plates. The direct numerical integration of the equations of
field lines in the DIII-D tokamak in the presence of field irregularities has
been performed by LaHaye (1991). The effect of magnetic perturbations cre-
ated by special coils in this tokamak has been analyzed by Evans et al. (2002)
(see also references therein) using a numerical code which takes into account
a real magnetic geometry of the system. ‘Wire’ models have been used by
Pomphrey and Reiman (1992); Reiman (1996) to study the effect of mag-
netic field errors on the formation of the stochastic layer near the magnetic
separatrix and magnetic footprints on the divertor plates.

Mapping approaches to study magnetic field lines near the separatrix in
divertor tokamaks have been developed by Punjabi et al. (1992, 1994, 1996,
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1997) and Yamagishi (1995); Abdullaev and Zaslavsky (1995, 1996); Abdul-
laev and Finken (1998). The mappings are computationally efficient and they
run much faster than the numerical integration of field line equations. Pun-
jabi et al. (1992, 1994, 1996) proposed simple algebraic mapping models,
called tokamak divertor maps to describe the field lines in poloidal divertor
tokamaks. Later Punjabi et al. (1997, 2003); Ali et al. (2004) obtained the
symmetric form of this map and its more sophisticated generalization. These
area — preserving maps are simple algebraic difference equations. They allow
to study generic features of the structure of field lines near X-points and the
magnetic footprints affected by asymmetric magnetic perturbations. How-
ever, since these simple maps are not deduced from the field line equations it
is not clear how parameters of maps are related to magnetic field configura-
tion. It makes difficult to apply these maps to analyze the magnetic structure
of real poloidal divertor tokamaks.

A separatrix mapping approach to estimate the width of the stochastic
layer formed near the magnetic separatrix has been considered by Yamagishi
(1995). Following Chirikov (1979) he derived the separatrix map for field
lines near the magnetic separatrix in a single null poloidal divertor tokamak.
This separatrix map allowed to plot the structure of the stochastic layer
and estimate its width. In Abdullaev and Zaslavsky (1995, 1996); Abdullaev
and Finken (1998) the separatrix mapping method has been generalized to
describe field line near the X-points and on the divertor plates. The method
of construction of the separatrix mapping from the equations of field lines
in poloidal divertor tokamaks with an arbitrary magnetic configuration has
been proposed. It allowed to obtain not only the structure of the stochastic
layer, and also the magnetic footprint patterns on the divertor plates.

Below we present the separatrix mapping method to describe the magnetic
field line near the magnetic separatrix for arbitrary divertor tokamaks. We
will use the general separatrix mappings derived in Sect. 5.

12.1 Field Lines in Equilibrium Plasmas Near
the Separatrix

According to Hamiltonian equations (10.11), (10.12) field lines are deter-
mined by the poloidal flux, H, related to the vector potential A, (R, Z,¢):
H(z,ps¢) = —R(p:)Ay(R(ps), Roz,¢)/R3By. Consider the unperturbed
case when the magnetic field is homogeneous along the toroidal angle ¢:
A, = A,(R,Z). The magnetic surfaces then are determined by contour line
of RA,(R,Z) = const. The field line equations are determined by the un-
perturbed Hamiltonian Hy(z,p.) = —R(p.)A,(R(p.), Roz)/REBy. The nor-
malized toroidal flux, v, and the safety factor ¢(H) on the magnetic sur-
face H = Hy(z,p,) = const determined from the field line equations are
given by (10.14) and (10.15), respectively. On the magnetic surface one has
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H = H(v), and according to (10.7), the safety factor, q(H), is determined
by g(H) = dy/dH.

According to (10.9) the X-points (Rs, Zs), i.e., the nulls of the poloidal
field (Bg, Bz), on the poloidal section correspond to the hyperbolic fixed
points (zs, ps) of Hamiltonian system (10.11) where

dz N aH() 0 dpz o 78H0

dp  op, dp 0Oz

0. (12.1)

In the single null divertor tokamaks there is only one X-point connecting with
itself by the homoclinic orbit on the magnetic separatrix. In the double null
divertor tokamaks there are two X-points and they are connected with two
heteroclinic orbits on the two separatrices, respectively (see Fig. 12.1).

Consider field lines near the X-point (see Fig. 12.2). The unperturbed
Hamiltonian Hy(z,p.) can be expanded in a series of powers of (z — zq),
(p. — ps) near the X-points:

1
HO(Zupz) = HO(stps) + inz(Z - Zs)2 + Hzp<z - Zs)(pz - ps)
1
+§Hm)(pz - ps)2 + O[(Z - Zs)37 (pz _ps)g] , (12'2)
where H.., H,,, and Hp, are second derivatives of Hy with respect to (2, p.)
taken at the hyperbolic fixed point. By the linear transformation of variable
(see Fig. 12.2):

E=(z—2z5)cosa— (p, —ps)sina ,
n=(z—z)sina+ (p. —ps)cosa,

g X-point
(Zs:Ps)

Fig. 12.2. Field lines near the X-point
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the Hamiltonian (12.2) can be diagonalized:

A A .

Pley 2p 0@y, (29
where A1, Ag, (A1 < 0, A2 > 0) are the eigenvalues of the matrix

<sz Hzp)
HZP pr ,

H. + Hpyp + \/(sz — Hpp)?
2 4
The angle « is determined by tan2a = H,,/(H,, — Hpp).
We introduce the relative poloidal magnetic flux h:

h = Hy(z,p,) — Ho(zs,ps) - (12.4)

HO(Zapz) = H0(237ps) -

and they are given by

()\1,)\2) = +H3p .

For the closed magnetic field lines the relative flux is negative, h < 0, and
for the open field lines it is positive, h > 0. At the separatrices, h = 0 (see
Fig. 12.1). A behavior of field lines near the separatrix and the X-points
is generic (see Sect. 8.1.1). Particularly, according to (12.3), (8.2)—(8.5) the
safety factor g(h) (or inverse frequency of oscillations) has the following as-
ymptotics:
h 1 1 @ O(h h 0 12.5
oh) = gl £ O) bl 0, (12,5
where v is a parameter determined the expansion parameter \;, and A2 in
(12.3): v = v/|A1 A2, and Q is a positive constant. Unperturbed field line tra-
jectories lie on the magnetic surfaces of constant h and they can be presented
in the form (R, Z) = R(p; h), Z(p; h).

The increment of toroidal angle Ap along the field lines near the X-point
has also universal behavior. We calculate, for instance, Ay along field lines
from the axis £ at n = 0 (or from the axis  at £ = 0) to the line n = const (
& = const). Using the field line equations near the X-point

dg _ dn

A — =
dg@ 27, dQO 1§ )
and the relation n = \/2h + |A\1]€2//A2, we have
1 [ dx 1 ¢ €2
Ap = =—In{=+14/5+ . 12.6
i VA2 Jeo 2R+ (M2 Y <b b? p) (12.6)

Here § =0,p=1for h >0and & = b, p = —1 for h < 0, where b =
V/2|h|/|A1]. At the limit |h| — O this integral has the following asymptotics
12 1 2ne

Ap~—In—==—1In
v b 2y A
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12.1.1 Magnetic Perturbations

Suppose that the magnetic perturbations are described by the toroidal com-
ponent of the vector potential Asop er) (R, Z, ) which represented as a Fourier

series:

APV (R, Z,p) = eBoR§R™' Y An(R, Z)cos(np+ xn) . (12.7)

where n is the toroidal mode number, ¢ = max]| AEDPET)‘ /BoRyg is the dimen-
sionless perturbation parameter. Using the expansion (12.7) we present the
perturbed Hamiltonian Hi(z,p., ) in the form

Hl(zapzaSD) = ZHn(vaz) COS(nQD'i_Xn) ) (128)

where Hy(z,p,) = —An(R(p:), Roz). In the presence of non-axisymmetric
perturbations (12.7) the magnetic separatrices are destroyed. The field lines
with the initial coordinates located within a certain distance from the sepa-
ratrix become chaotic. These field lines are not confined in the plasma region,
and they leave the plasma region hitting the divertor plates after a certain
number of poloidal turns.

Below we describe the method of the separatrix mapping to study open
chaotic field lines near the destroyed separatrix. This method is computa-
tionally efficient to study the structure of the stochastic layer and to obtain
magnetic footprints on divertor plates.

12.1.2 Separatrix Map

We will use the mappings near the separatrix constructed in the Sect. 5, and
particularly in Sect. 5.3.3. It is convenient to define these sections (Xs) near
the X-points where field lines stay longer. In order to determine magnetic
footprints we should construct also mappings to sections coinciding with the
divertor plates (X4). The locations of these sections in the poloidal plane and
the magnetic configuration of the systems in the absence of the divertor plates
are shown in Fig. 12.3: a) corresponds to the single null divertor tokamak; b)
corresponds to the double null divertor tokamak. In the case of the single null
divertor there are one X-point and two homoclinic saddle—saddle connections,
C, and C,, in the plasma and coil regions, respectively (see Fig. 12.3a). In
the double null divertor tokamak there are two X-points and two heteroclinic
saddle saddle connections, Cp; and Cpg, in the plasma region, two homoclinic
saddle saddle connections, C¢; and C.g, in the lower and upper coil regions,
respectively.

According to definitions given in Sect. 5, the cross section X consists of
two stripes (segments in the poloidal (R, Z)-plane) along the £ and n axes
transversely crossing each other along the X-lines (at the X-point on the
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R

Fig. 12.3. Geometry of the separatrix map in a single null poloidal divertor toka-
mak: (a) for single null divertor; (b) for the double null divertor. Solid curves
describe perturbed field lines, dashed curves — the unperturbed separatrix

(R, Z)-plane). The unperturbed field lines cross these stripes transversely
(see Fig. 12.2).

We study perturbed field lines near the separatrix. Let (g, hx) be the
toroidal angle, ¢ and the poloidal flux, h, at the k-th crossing point of field
lines with the cross section Y. Our aim is to construct the mapping

(§0k+1, hk+1) — M(Soka hk) 3 (129)

connecting two consecutive crossing points of field line at the section(s) Xs.

In the case of the single null divertor there are two mappings M@, j=
(p,c) (12.9) along the separatrices Cp, and C, in the plasma and coil regions,
respectively, which completely determine dynamics of perturbed field lines
near the separatrix (see 12.3a).

For the double null divertor (Fig. 12.3b) there are four mappings corre-
sponding to the four separatrices: Cp; and Cpz on the plasma region, C; and
C¢2 in the coil regions, respectively.

According to results obtained in Sect. 5 for the Hamiltonian system
Hy(z,p.) in the presence of perturbation (12.8) the mapping along each sad-
dle —saddle connection is given by (5.45) with the perturbation functions F'
and G given by (5.44). Replacing the frequency w(h) by the inverse effective
safety factor q(j)(h), the perturbation frequency 2, by the toroidal mode
number n, and the time variable ¢ by the toroidal angle ¢ we obtain the fol-
lowing form of the mapping (12.9) along the j-th saddle-saddle connection:

hisr = hi, — eFO (g, higa, by)
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Okt41 =Pk + T [ @) (hy,) + qU )(hk+1)} + eGP (p, hirr, bre)
(12.10)

where

F (or, hgr, ) Z”( (hig1) sin @D (k, h)

(h
G (or, his1, hi) = E ( dhkk:rl cos 057 (i, h)
+

n

dLy(h
—Msingpgj)(@k,hk) . (12.11)

dhp41
O (pr i) = (o + 70 () ) + X (12.12)

The effective safety factor ¢\/)(h) near the j-th saddle-saddle connection is
given by

, 1 dz

(R = — - 12.1

0 =5 [ SHm (1213)
@

where the integral is taken along the contour CU) of H = Hy(z,p.) = const
connecting the sections Y. In the single null divertor and in the coils regions
in the double null divertor it coincides with the safety factor (10.15). Near the
separatrix the safety factors ¢/)(h) have the universal asymptotics of type
(12.5) with the same parameter y but different constant parameters Q = Q;
corresponding to the different contours C7).

The mappings (12.10)—(12.12) trace field lines along the positive direction
of the toroidal angle . We call them the forward maps. For the complete
description we need to determine the backward map to trace field lines along
the negative direction of the toroidal angle ¢. This map can be obtained from
the forward maps (12.10) by the transformation k — k + 1:

hir = hi, + eFO (or, harr, hie)
Pk+1 =Pk — T [q(j)(hk) + q(j)(hk+1) — €G(_)(<Pk, hiy1, hi) 5 (12.14)
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where
FO (op, hieyr, ) = Zn( (hi1) sin @) (ok, hy)
+Ln(hk)cos¢£><sok,hk)> :

n(h
G (o, by, h) = E ( dhn k:rl cos 87 (i, )
+

n

(b)) &) (pr, he) |, (12.15)
dhy41
O (pry hie) = (SDk - wq‘j)(hk)) + Xn - (12.16)

According to (5.27) the Melnikov type integrals K,(h) and L,(h) in
(12.11) are given

mq(h)
Kn(h) +iL,(h) = R,(h) = / Vi (h, T)e"drT | (12.17)
—mq(h)
taken over the functions V;\/ (h 7) = H, (29 (h, o—0),p U )(h p—o)) along

the unperturbed field lines near the j-th separatrix. At A = 0 the integral is
taken along the unperturbed separatrix.
As was shown in Sect. 5.2.5 the integrals R, (h) can be presented as a

(osc)

sum of regular, Rslmg)(h), and oscillatory, Ry~ (h), parts, i.e.,
R, (h) = R*9 (h) + R{**9(h) . (12.18)

The regular part, Rgeg )(h), is a smooth function of the relative poloidal flux
h. The oscillatory part, Rﬁ{’“)(h), is a rapidly oscillating function of h. The
zeros of RT°Y(h), i.e., RY? (hynn) = 0, coincide with the resonant poloidal
fluxes of primary resonances, q(hp,) = m/n. As was shown in Sect. 5.3.1
that since field lines are mostly affected near the primary resonances where
oscillatory terms of the integrals R,,(h) vanish, we can retain only the smooth
regular parts (mg)(h).

Near the separatrix the mapping (12.10) can be simplified by replacing
the integrals K, (h), L,(h) by their values K, (0), L,(0) at the separatrix
h = 0 similar to the mapping (5.46).
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hgs1=hy ¥ GZn(KT(Lj)(O) sin [” (Sﬁk + Wq(j)(hk)) + Xn}
+LJ(0) cos [n (‘Pk + 7rq(j)(hk)) + Xn] ) :

ors1 = ok £ 7lq9 (hi) + ¢ (hig)] (12.19)

where the signs (+) correspond to the forward map, and the lower sign (+)
correspond to the backward map.

The set of mappings M) given by (12.19) completely describe perturbed
field lines near the separatrices of magnetic system. They are determined only
by the safety factors ¢¥/)(h) (12.13) and the Melnikov type integrals K,(Lj)(h),

LY (h) (12.17).

12.1.3 Mappings to the Divertor Plates

To determine magnetic footprints on the divertor plates we need to construct
the mapping of field lines from the sections X to the divertor sections Y.
Since these sections are located close to the X-point it takes for field lines less
than half of poloidal turns to reach the divertor plate from the section X.
These field lines can be traced along unperturbed field lines starting from
its coordinates (¢, hr) at X until they reach the divertor plate ¥y. Let
(¢d, ha) be the toroidal angle and the relative poloidal flux on the divertor
plate. Then the map (g, hg) — (@4, ha) is given by

ha = hy , 0q = ¢k + Ap(hy) , (12.20)

where Ap(h) is the increment of the toroidal angle ¢ necessary to reach the
plate ¥, along unperturbed field lines on the magnetic surface of constant
h = h(z,p.). If the divertor plate X is sufficiently close to the X-point the
quantity Ap(h) can be estimated by (12.6).

Magnetic footprints on the divertor plates are obtained by tracing field
lines by the mappings (12.19) and (12.20) using the following procedure. We
choose a set of field lines inside the plasma with coordinates (pg, hg) at the
section Xs. The relative poloidal flux A inside the plasma in negative, h < 0.
We apply the forward and backward mappings given by (12.19) in the plasma
region until field lines cross the unperturbed separatrix, when Ay > 0. Then
using the map (12.20) we find the coordinates (¢4, hq) on the divertor plate.

12.2 Two-Wire Model of the Plasma

To demonstrate the described method of the separatrix mapping we consider
the simple model of a tokamak plasma. The model consists of two current
loops of radius Ry located at the planes Z, = a and Z. = —a as shown in
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Z Perturbation coils b
(@) bato (b)

]

JT T

Divertor plates

Fig. 12.4. (a) Magnetic configuration of the two wire model. (b) Magnetic field
lines in the presence of the magnetic perturbation and the divertor plates. Solid
line corresponds to open field lines hitting divertor plates, the dashed curve is the
unperturbed separatrix

Fig. 12.4a. The first loop carries the plasma current I, and the second one
describes the divertor current I.. Such a model of the plasma well describes
the single null divertor tokamak plasma configuration near the separatrix
which does not depend on the radial profiles of plasma current I,,. However,
this model does not include a plasma response to a perturbation field.

The vector potential A, (R, Z) of the each current loop is given by (see

Morozov and Solov’ev (1966))
k2
(1 - 2j> K(kj) — E(k;)

_ tolj | Ro
where K (k) and E(k) are the complete elliptic integrals with the module

J=p,¢
2 4Ry R
7 (R+Ro)*+(Z - 2Z;)*

, (12.21)

Here j = (p, ¢) stands for the plasma and the current loops, respectively.
For the large aspect ratio tokamaks Ro/a > 1, |1 — k?| < 1 and for the

toroidal field B,(R) = BoRo/R the unperturbed Hamiltonian Ho(z,p.) =

—RA,(R,Z) /ByR% up to constant terms can be approximated by

Ho(z,p.) = LyRy ' Inr2r2® (12.22)

where 72 = 2%(p.) + (2 — 2;)?, x and z are the normalized radial coordinates
z = (R — Ro)/Ry and z = Z/Ry, and z; = Z;/Ry. According to (10.10)
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the momentum p, is related with 2: p, = In(1 + z) or = exp(p,) — 1. The
quantity L, = pol;/4mBy is the length scale, and § = I./I, is the ratio of
the coil current I, to the plasma current I,.

The Hamiltonian equations of field lines are

dz 0Hj 1 9 o
— = ——=2L,R, 1) 2)
; gw op- ptlo T (;p +ore )ejp(p )
D, Hy 1 (z—a/Ry z+a/Ry
= — = —92[, . 12.2
de 0z rlto ( 7’12, u r2 ( 3)

The coordinates of the X-point is located at

al-—9¢
=———=,0) .
(25, Ps) <R0 s )
One can show that the second derivatives H,, = —H,, and the mixed deriv-
ative H ), at this point vanishes, and the coeflicients A; and A, are

. LpRO (]. + 5)3

—M= =y =R (12.24)

On the separatrix we have

2425

Hozps) = (14 DLy Ry s
0

—L,Ry'Iné.  (12.25)
Magnetic flux surfaces, f(z,z) = H(z,p.(x)) = const, are given by

s 1 242§ o
2,20 _ —
o 3 ((15)(2)) A, A =exp(hRo/Ly), (12.26)

where h is the relative poloidal flux (12.4). Magnetic flux surfaces for 6 = 1
are shown in Fig. 12.4a. The width of the separatrix along R and Z axes
are AR = a and AZ = /2a, respectively. The width of the separatrix is
maximum at the planes Z = +./3/2a. Elongation x = AZ/AR, i.e., the
ratio of the widths of the separatrix AZ and AR is equal to kK = /2.

Analytical integration of field line equations (12.23) in the toroidal system
is rather difficult task. Further to simplify the problem we consider the case
of large aspect ratio tokamak plasmas, |z| < 1, putting p, = In(1 + z) = z.
Moreover, we suppose that the plasma, I, and coil, I., currents are equal,
i.e.,, 6 = 1. Then, according to (10.15), (12.23) and (12.22), we have

(h) o Ro ]{ dz
an = ArLy, | x(z, h)(r;2 + 7"52)
Cp
a2A K (AY2), for h <0, (A< 1)

- (12.27)
ATLpBo | g=1/2) (A1/2) ) for >0, (4> 1),
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where integration is taken over closed magnetic surface C,. Here K (k) is
the complete elliptic integral of the first kind with modulus k. Using the
asymptotics of K(k) at k — 1 (|h] — 0), K(k) ~ In(4/v1 — k?) we obtain
the asymptotic formula for the safety factor (12.5) with the constants

L ALyRo 16L,

2 ) in

a Ro

Using the relation, g(h) = di/dh, for the safety factor ¢(h) one finds the
toroidal flux v as a function of the relative poloidal flux h:

2 [ JE(AY?) Adh, for h <0,

= /q(h)dh -
4w Ly Ry fA1/2K (/1’1/2) dh, for h>0,

2 [EA7?) =1 -MNK(AYV?), forh<0, -
 27R} 1/2 —1/2 (12.28)
0\ AY4E (/1 ) , for h > 0.

At the separatrix, h = 0 (A = 1), the toroidal flux v is equal to ©, =
a’/(27R3).

The safety factor profile ¢ (12.27) as a function of the toroidal flux 1 is
plotted in Fig. 12.5. We have chosen the value of the length scale L, equal to
0.0472 in order to fix the value qg5 ~ 3.395, where qg5 stands for the value of
the safety factor at the magnetic surface which has 95 % of the total magnetic
flux ., i.e., ¥ /1, = 0.95. The major radius is Ry = 6.2 m, and a = 2 m.

According to (12.23) the unperturbed field lines can be found by the
integral

z

RO dz

2Ly ) a(e ) (rp® )

20

¢ — o : (12.29)

where zg is the highest z-coordinate of field line on the flux surface f(z,z2) =
Hy(z,p.(z)) = const. The integration gives

a2 F (v, AY2), for h <0, (A< 1)

¥ —Po= AL, R,

(12.30)
ATYV2E (v, A7Y2) . for k>0, (A>1),

where F(v, k) is the incomplete elliptic integral of the first kind. The argu-
ment v is related to the coordinate z = Z/Ry:

24 AV/2 _ (A+ 4Z2/a2)1/2 A~Y2 for h <0, (A<1)
A2+ (A4 422 [a?)1/?

sinv =

(12.31)
AYZ for h >0, (A>1) .



288 12 Mappings of Magnetic Field Lines in Poloidal Divertor Tokamaks

(@)

4
=3
[on
2
. ‘ ‘ ‘ ‘
0.5 0.6 0.7 0.8 0.9 1
AT
(b)
0.001
0
-0.001
N
-0.002
-0.003 +
-0.004
0.5 0.6 0.7 0.8 0.9 1
(VATA

Fig. 12.5. (a) Safety factor ¢ as a function of the toroidal flux %; (b) Relation
between h and 1. Dotted lines in both Figures show the values of ¢ and h corre-
sponding to the rational magnetic surfaces ¢ = 2, ¢ = 3, and ¢ = 4. The length
scale L, is chosen equal to 0.0472 to fix g5 = 3.394585 at /¢, = 0.95. Other
parameter are Rp = 6.2m, a = 2m

The field line on the separatrix, zs(¢), ps(v), is given by

V2a
Rg cosh(y7)[1 + tanh?(y7)]
B V2a tanh(y7)
B jFRO cosh(y7)[1 + tanh?(y7)]
where 7 = ¢ — g, upper signs stand for the plasma region, and the lower

ones for the coil region. Note that when ¢ = g the field line coordinates are
located at the farthest point from the X-point z4(pg) = £v/2a/Ry.

zs(1) = £

ps(7) = z5(7) , (12.32)

12.2.1 Magnetic Field Perturbations

Suppose that non-axisymmetric magnetic perturbations are created by the
pair of perturbation coils with opposite flowing currents £1;. The coils are
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located at (Ro &+ d/2, Z.), respectively as shown in Fig. 12.4b. The distance
between perturbation coils d slowly varies along the toroidal angle p, d = d(ip)
and it is much smaller than the minor radius a, d < a. Then the perturbation
magnetic field created by these coils is mainly determined by the toroidal
component AEpp”). It is given by equation of type (12.21), where I; = £1,
Zj = Z., Ry — Ry £ d/2. For the large aspect ratio tokamak the perturbed
Hamiltonian Hi(z,p., ) takes the form similar to (12.22):

eHi(z,ps,p) = eLpRO_1 (ln rf+ —1Inr? ) , (12.33)

c—

riy = (z Fd(9)/2R0)* + (z — z0)* |

where the perturbation parameter € is introduced as the ratio of the per-
turbation current I; to the plasma current I,: € = I5/I,. At the distances
|x| > max|d|/Ro the Hamiltonian (12.33) can be approximated by

EZxd(gO) P2 =224 (z — zc)2 . (12.34)

—€
R r2 ¢

6H1(Z,pz,<,0) ~

Suppose that d(¢) is the periodic function of the toroidal angle . Further-
more we specify it as

d(p) = do cos(ne + x)

with the single toroidal mode number n. Therefore, according to the presen-
tation (12.8) we have

Lp QCEdO

H, yPz) = — 5o 5 . o
(ZP) Rg$2+(2—2c)2

z=x(p,) =€’ —1=p,. (12.35)

The Melnikov Integrals K, (h) and L, (k).
They are given by

mq(h)
Ro(h) = Ko(h) +iLn(h) = / Va(ho)dmPdp,  (12.36)
—mq(h)

Vn(hv 90) = H, (Z(hﬂ Sa)apz(hy SD)) s

where the functions z(h, ¢), p.(h, @) are the unperturbed orbits of field lines
given (12.30), (12.31).

Since the function V,,(h, ¢) is antisymmetric with respect to the change
of the sign of its argument, i.e., V,,(h,—p) = =V, (h, ), the integral K,
vanishes, K,, = 0. The integral L, (h) can be found numerically by integra-
tions along the unperturbed field lines given by (12.30), (12.31). Then its
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regular part, L7 (h), can be obtained by substacting from L, (h) its oscil-

latory part, L7 (h), i.e., LT (h) = L,(h) — L9 (h). For L7 (h) the
asymptotical formulas near the separatrix were constructed in Appendix B.

Field lines near the X-point of the model shown in Fig. 12.4 correspond
to the phase space of Hamiltonian system near the saddle point plotted in
Fig. B.1: the axes (R, Z) (or (p,z)) corresponds to the axes (£,7), respec-
tively; the plasma region corresponds to the region of the phase space n > 0
and located inside the separatrix. It is obtained by the connection of the
second branch II with the first branch I, i.e, the plasma region h < 0 of the
model corresponds to the region h > 0, n > 0 in Fig. B.1. In this case the
asymptotical formulae for L*)(h) is given by (B.34) where one should make
appropriate changes: the frequency w(h) should be replaced by the inverse
safety factor 1/q(h), the perturbation frequency {2 — by the toroidal mode
number n, the case, h < 0, — by h > 0 and vise versa. Then we obtain the
following

(05¢) (1) — ysin[rng(h)], for h <0, .
Ly*9(h) = 2+/|h| A¢ {TLCOS[TFqu(h)], for h >0 + 2C|h| sin[rng(h)] ,

(12.37)
where
Ae = ﬂ(v\ffn?) , C= Mgbﬁ . (12.38)
In (12.38) the coefficients a¢ and C are defined as
ae = 0H,, __2Lpdo be — 0*H, __4Lydg
2 P R§z2 1 9wz @=2=0 Riz¢

The numerical integration of the integral L, (h) are performed for the
plasma parameters: the major radius Ry = 6.2 m, a = 2 m, the lenght scale
L, = 0.0472, which are close the ITER plasma parameters. The vertical
position of the perturbation coils is Z. = 3.2 m, and the distance dy between
them is taken equal to 0.2 m. The dependences of the integral L, (h) and its
regular part L3 (k) on h for the toroidal mode number n = 4 is shown
in Fig. 12.6a. The value of L, (0) on the separatrix, h = 0, of the plasma
region versus the toroidal mode number n are presented in Fig. 12.6b. The
corresponding values of L, (0) in the coil region are small and have an order
of 107°.

In a certain region near the separatrix which includes the rational mag-
netic surfaces ¢ = 3 the function Lﬁ{"ig )(h) can be well fitted by the quadratic
function of h:

LD (h) = Ly (0) + anh + byh? (12.39)

n
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Fig. 12.6. (a) Melnikov type integral L, (h) (12.36) for the toroidal mode number
n = 4: curve 1 corresponds to L, (h) itself, and curve 2 — its regular parts L{re9),
(b) Dependence of L, (0) on the toroidal mode number n. The plasma parameters
are: a major radius Rop = 6.2 m, a = 2 m, the lenght scale L, = 0.0472. The vertical
position of the perturbation coils Z. = 3.2 m, and the distance between them is
do =0.2m

with the constant coefficients L,,(0), a,, b,. In the interval —1.5 x 1073 <
h < 1.5 x 10~* we obtained the following values L, (0) = 1.81 x 1073, a,, =
0.31277, and b, = 40.794 for the toroidal mode n = 4.

As seen from Fig. 12.6b the integral L, (0) decays exponentially with
increasing the toroidal mode number n. It is well described by the functions

L, (0) = Loexp(—An) , (12.40)

with Lo = 8.13457 x 1073 and A= 0.375677.

Mappings

Below we write down the mappings (12.10), (12.14) for the wire model. Since
K, (h) = 0, these mappings for the plasma region are reduced to
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his1 = hi F LT (hyy) cos O (on, i)

ALY (hys1)
or+1 =k £[q(he) + q(hry1)] F EM sin @) (o, hi)
dhpq1
(12.41)
where
PE) (o1, hie) = n (r = mq(hi)) + Xn (12.42)

where the upper signs corresponds to the forward map, and the lower signs
corresponds to the backward map.

Using the asymptotics of the safety factor ¢(h) (12.5) in the region close
to the separatrix the mapping (12.41) can be replaced by the separatrix map
of type (12.19):

16 L, R *
hpy1 = hr F EnLg,LTEg)(O) CoS (mpk + n In M 4 Xn> ,
2y 1y

1, 16L,R;*
Or+1 = £ —In —2=2— .
Y V| hkhiya]

Upper signs in (12.43) corresponds to the forward map and the lower signs —
to the backward map.

(12.43)

12.2.2 The Structure of the Stochastic Layer

In this section we study the structure of the stochastic layer near the magnetic
separatrix and X-point using the mappings (12.41), (12.43). Specifically, we
consider the Poincaré section of field lines in the toroidal plane (¢, Z), (z =
0,Z > 0) coinciding with the 1-st branch of the section X (see Fig. 12.4b).
The Z-coordinate of field lines in this plane is related to the relative poloidal
flux h:

7 = a\/1 - exp(hRo/2L,) | h<0. (12.44)

First we consider only field lines in the plasma region, terminating them when
they hit the divertor plates.

Figure 12.7a shows the Poincaré section obtained by the mapping (12.41)
and Fig. 12.7b shows one obtained by the numerical integration of the Hamil-
tonian equations of field lines (10.11) with the Hamiltonian (12.22), (12.34)
using the Runge-Kutta scheme. The plasma parameters Ry, By, Ly, and the
perturbation coil positions, Z., d are chosen as in Fig. 12.6. The toroidal
mode is taken n = 4 and the perturbation parameter € = I./I, = 0.002. As
seen from Fig. 12.7 the separatrix map quantitatively well reproduces results
of the direct numerical integration: the positions and the widths of magnetic
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Fig. 12.7. Poincaré section of field lines on the branch 1 of the section X5 in the
presence of the divertor plates: (a) obtained by the separatrix map; (b) by inte-
gration of field line equations. Toroidal mode number n = 4 and the perturbation
€ = 0.002. The parameters are the same as in Fig. 12.6

islands. The main advantage of the mapping is its computational speed: it
runs almost three order faster than the numerical integration.

As seen from Fig. 12.7 the stochastic layer of field lines is not uniformly
chaotic. The chaos is highly developed near the separatrix, and the “level”
of chaos decreases towards the plasma, i.e., with the increase the distance
Z: the sizes of KAM stability islands increase. The edge of the stochastic
layer is usually formed by the largest KAM islands. For the case shown in
Fig. 12.7 there is a chain of magnetic islands at the edge of the stochastic
layer corresponding to the primary resonance ¢(hp,,) = m :n = 14 : 4 at the
Zmn = 0.214 m, hp,p &~ —1.75 x 1074 or 1 /1), ~ 0.957.

In the presence of divertor plates, where chaotic field lines are terminated,
the structure of the stochastic layer near the separatrix consists of long stripes
along which field lines leave the plasma region. It is clear seen from the
stochastic layer plotted in Fig. 12.8 for the higher perturbation current with
€ = 0.01 and the same toroidal mode n = 4. Field lines leave the plasma
region after a certain number of poloidal turns.
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Fig. 12.8. The same as in Fig. 12.7 but for the perturbation ¢ = 0.01

Similar to chaotic field lines in ergodic divertor tokamaks field lines in a
poloidal divertor tokamak can be considered as a chaotic scattering system
(see Sect. 11.6). Field lines can be classified by a number of poloidal turns,
N, necessary for field lines to connect the left and right divertor plates (see
Fig. 12.4). The fine structure of the stochastic layer in the presence of the
divertor plates can be seen by plotting the boundaries of basins with the
different wall to wall connection turns N,. The basin boundary structure
of N, in the (g, Z)-plane are constructed using the same procedure as in
Sect. 11.6: a field line with a particular initial coordinate (¢;,Z;) in the
(¢, Z)-plane is traced by the forward and backward maps (12.41) along the
positive and the negative directions of the toroidal angle ¢, respectively,
until they reach the divertor plates. The complete number of map iterations
gives the number poloidal turns, NNV, since a field line makes a full poloidal
turn after each map iteration. The countour plot of N, corresponding to
the Poincare section in Fig. 12.8 is shown in Fig. 12.9. The lowest colorbar
corresponds to the basins with the smallest number of IV, = 2, and the
highest one corresponds to the basins with IV, > 6. The latter basins are not
resolved. Fine details of these basin boundaries are seen in Fig. 12.9b where
the toroidal dependence of N, along the straight line Z = 0.02 m (a blue line
shown in Fig. 12.9a) is plotted.

The structure of basin boundaries is similar to the corresponding structure
in ergodic divertor tokamaks shown in Fig. 11.9. The regions with small
connection numbers, N,, = 2 cover relatively large area. As seen from Fig. 12.9
field lines with the large number connection turns IV, > 3 are connected along
the long helical stripes. Each helical stripe has a layered fractal structure as
shown in Fig. 12.9c.



0.06

0.05

0.04

[m

0.02

0.01

0.03

I

‘“l'l
‘\ ‘I Il‘ IJ||
'I S

12.2 Two-Wire Model of the Plasma

(a)

0.08

0.15

0.1

0.2 0.25 0.3 0.35

012 014 016 018
©/2n

295

Fig. 12.9. (a) Basin boundary structure of N, on the (¢, Z) plane (Z > 0) of the
section Y. (b) Toroidal dependence of N, along line Z = 0.02 m (a blue line in
(a)) in the region 0.1 < ¢/27 < 0.35; (c) Expanded view of the rectangular area in

(a)
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12.2.3 Structure of Magnetic Footprints

The magnetic footprints on divertor plates give a pattern of heat deposition.
They have been obtained using the following procedure. For simplicity we
have supposed the simple geometry of divertor plates shown in Fig. 12.4b.
They consists of two segments parallel to the R-axis located at Z = Z; and
crossing the two branches of the separatrix in the coil region. We have taken
a set of field lines with initial coordinates (¢g, ho), (ho < 0), in the (¢, Z)-
plane located in the stochastic layer of the plasma region. In order to obtain
magnetic footprints on the left divertor plate field lines were traced using the
forward separatrix map (12.43) until hg > 0, i.e., the field lines intersect the
left branch of the section Y. Then the field line with (g, hy) is mapped
to the footprint (¢4, hq) on the divertor plane using the mapping (12.20).
The increment of the toroidal angle, Ay, for the geometry of the divertor
plates shown in Fig. 12.4b is determined by (12.6), where £ = Z;. The radial
coordinate R of the footprint can be found using the relation (12.4) between
the relative poloidal flux, k4, and the unperturbed Hamiltonian, i.e., f(Rg) =
Ho(za,p-(Ra)) — Ho(zs,ps) = ha, where p.(R) = In(R/Ry) ~ (R — Ry)/Ro.
If the divertor plates are close to the X-point then according to (12.3) we
have Ry = Ry — \/2hqaR% /v + Z3.

The magnetic footprint corresponding to the stochastic layer in Fig. 12.8
is shown in Fig. 12.10. The distance Z; is taken equal to 0.2 m. It consists of
four clusters corresponding the toroidal mode number n = 4. A fine structure
of the cluster is shown in Fig. 12.11: a) represents the structure of boundaries
of basins corresponding to the field lines with the different poloidal numbers
N,; b) Toroidal dependence of N, along the straight line R = Ry — 0.225 m.

0.2
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o
o
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Q©/2n

Fig. 12.10. Magnetic footprints on the left divertor plate. The plasma and pertur-
bation parameters are the same as in Fig. 12.8 and Z; = 0.2 m
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Fig. 12.11. (a) Basin boundary structure of N, on the divertor plate in the interval
of toroidal angle: 0.1 < ¢/2m < 0.35; (b) Dependence N, on the toroidal angle ¢
along the straight line R = Rg —0.225 m (a yellow line in (a)) covering the toroidal
angle region, 0.15 < ¢/27 < 0.25

As seen from the Fig. 12.11 each cluster has a generic spiral-like structure
with spirals corresponding to the different V,,.

The white area on the divertor plate in Fig. 12.10 and the area with
N, =1 in Fig. 12.11 correspond to field lines connecting the divertor plates
without entering into the plasma region. The areas with N, > 2 correspond
to field lines entering the plasma region. Therefore particles, electrons and
ions, followed these field lines are predominantly deposited along the spirals.
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12.3 Conclusion

The mapping method of the described in this chapter is a very effecient tool
to describe magnetic field lines in magnetically confienement devices with
magnetic separatrices. It allows to straightforwardly obtain the structure of
the stochastic field lines near the separatrix and the magnetic footprints on
the divertor plates. The mapping method can be applied for arbitrary mag-
netic configuration and the mappings have a generic form given by (12.10),
(12.14) determined only by a few functions, namely, the safety factor, ¢/)(h),
and the regular parts of the Melnikov type integrals, RY )(h) (12.17) along
each saddle-saddle connections. In the case of the separatrix map (12.19)
one needs only values of Rgf ) (h) at the separatrix h = 0. In the example of a
two-wire model of the plasma we were able to find the safety factor, ¢\9)(h),
as well as, the coefficients v and QW) in its asymptotical form (12.5) ana-
lytically. For the more general magnetic configurations of the plasma these
quantities can be found by the numerical integration of field line equations.
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In this conclusive chapter we shall briefly discuss some other areas of physics
and the astronomy where methods of Hamiltonian mappings play an im-
portant role. These areas are related to the problems of ray propagation
in waveguide media, particle acceleration and planetary motion. In a good
approximation these problems are described by Hamiltonian systems, and
therefore they can be studied by Hamiltonian mappings.

13.1 Ray Dynamics in Waveguide Media

A description of short-wavelength waves by the concept of rays is one of the
powerful methods to study the propagation of waves in inhomogeneous me-
dia. A ray approximation, also known as the method of geometrical optics,
has been extensively used in the problems of long distance wave propagation
in waveguide media, particularly to low frequency sound propagation in the
ocean and atmosphere, optical radiation in fibers, radiowave propagation in
the ionosphere (see, e.g., Brekhovskih and Lysanov (2003); Marcuse (1982);
Gurevich and Tsedilina (1985)). Importantly that the rays can be described
as a Hamiltonian system which allows to apply the methods of Hamiltonian
dynamics including symplectic mappings to study wave propagation prob-
lems. It also reveals the possibility of a qualitatively new behavior of rays,
namely, the chaos of rays in wave propagation problems in inhomogeneous
media (see reviews by Abdullaev and Zaslavsky (1991); Brown et al. (1991b);
Smirnov et al. (2001); Brown et al. (2003) and the book by Abdullaev (1993)).
In this section we briefly describe the mapping description of ray dynamics
which demonstrates the main phenomena which occur in wave propagation
problems.

13.1.1 Rays as a Hamiltonian System

Ray optics is the oldest area of physics in which Hamilton first developed his
method, known as Hamilton method that was later applied to the classical
(Newtonian) mechanics (Hamilton (1828, 1834)). The Hamilton description
of rays is originated from Fermat’s principle (the principle of least time) ac-
cording to which a ray trajectory in a medium takes a path with the minimal

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 299-316 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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propagation time. Formally, it is written as the functional integral of the path
r(7) = (x(7),y(7), 2(7)) connecting its initial, Py, and final, P, positions at
space (see Born and Wolf (1986)):

P
ds
tle(r)]= | ——— = min, (13.1)
Il c(x,y,2)

where c(x,y, z) is the speed of light in a medium, ds = (dz? + dy? + dz?) is
the element of length along the path.

In waveguide media there is a preferential direction of wave propagation.
For instance, in the case of sound propagation in the ocean it coincides with
the horizontal coordinates = (or y) where z serves as a vertical coordinate.
The equations for rays r(7) can be obtained from Fermat’s principle (13.1)
by choosing the spatial coordinate x along the preferential wave propaga-
tion direction as an independent time-like variable 7, i.e., 7 = z. Then the
ray equations can be presented in the following Hamiltonian form (see, e.g.,
Marcuse (1982); Abdullaev (1993))

dy _ OH dpy _ OH
dz  Op,’ dr  Jy '
dz OH dp, OH
dz _ _oH 13.2
dx  Op,’ dx 0z (13.2)

with the Hamiltonian function

H(yaz7py7pzaz):_n('x?yaz)\ll_pg_pz . (133)

The transversal coordinates (y, z) are canonical coordinates, and (p,,p.) are
canonical momenta, defined as

n(x7y7z)y p — n(l’,y,z)é (13.4)

Py = —F7—/———7F% > )
v /1+y2+z'2 # /1+y2+22

where ¢ = dy/dx, 2 = dz/dx.

One should note that a ray concept constitutes the approximate descrip-
tion of wave propagation in inhomogeneous media. Therefore the ray equa-
tions should be obtained from wave equations as their approximate solutions
in the limit of short wavelengths. Let u(z,y, z,t) = u(z,y, 2) exp(—ivt) be a
monochromatic wave field of frequency v (for instance, a pressure variations
during a sound propagation in the ocean). The propagation of this wave is
governed by the wave equation

V2u — k*n?(z,y, 2)u =0, (13.5)

where k = 27 /\ = v/cy is the wavenumber, and \ is the wavelength.
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When the wavelength X\ is much smaller than the characteristic scale-
length, I, of variations of the speed of wave c(x,y,z), A/l < 1, the solution
of (13.5) can be presented in the form

u(z,y,z) = A(z,y, 2) explik®(z,y, 2)] , kl>1, (13.6)

where the slowly varying phase function @(x, y, z) and the amplitude A(z,y, z)
satisfy the equations

(VD)% =n?(x,y,2), V(A?VP) =0. (13.7)

The first equation in (13.7) known as the eikonal equation is similar to the
Hamilton-Jacobi equation (1.19). Introducing the canonical momenta p, =
0P/0y, p, = 0P/0z and the Hamiltonian H = —0&/Jz, we obtain the
Hamilton function (13.3) from the eikonal equation (13.7).

A geometrical meaning of the momenta, p,,p., and the Hamiltonian H is
the following. Let 6 be the angle between the normal vector p = (py,p.,p.) =
V& to the surfaces of constant phase @(z,y, z) = const and the z-coordinate,
and ¢ be the angle between the transversal vector p; = (py,p.) and the
coordinate y. Then, according to (13.7) we have the relations

py =n(z,y,z)sinfcosp ,
p. =n(z,y,z)sinfsingp |
H = —p, = —n(z,y,z)cosb . (13.8)

In weakly inhomogeneous media the variations of a refractive index n is
small in respect to the reference index nyg, i.e., n(z,y, z) = ng + An(z,y, 2),
|An| < ng. In such media a wave propagates under small angles 6 with
respect to the axis z, i.e., § < 1. Then The Hamiltonian of rays (13.3) can be
simplified by neglecting the small terms of order of |An|?/n? < 1, pg < 1,
p? < 1 and higher,

H(y»zapyapmx) = —ng + 277110(}73 +p§) - A?’L(LU, y,z) : (139)
This approximation known as a parazial is equivalent to the Hamiltonian
describing the two-dimensional motion of non-relativistic particle in a time-
dependent potential field U = —An(z,y, 2).

In waveguide media the speed of wave c(z,y,2) (or the refractive index
n(x,y, z)) non-monotonically depends on the transversal coordinates (y, z)
and it may slowly vary along the longitudinal coordinate z. For instance,
the low-frequency sound speed in the ocean ¢ has a minimum at the certain
level z = z, of the vertical coordinate z (see Fig. 13.1). Thanks to refraction
of rays in this medium they oscillate along the vertical coordinate z about
the level z = 2y whereas they propagate along the horizontal coordinate z
without restrictions.
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c(z) (a) (b)

/ x

Zm

Z

Fig. 13.1. (a) Vertical profile of the sound speed c¢(z) in a deep ocean. (b) Ray
trajectories in an ocean waveguide

When the speed of wave ¢ (or the refractive index n) does not change
along the preferential direction of wave propagation coinciding with the
x-coordinate, i.e., ¢ = ¢(y, z), the ray system (13.2) is described by the au-
tonomous Hamiltonian H = H(y, z,py, p.). Variations of the speed ¢ along
z-coordinate corresponds to the time-dependent Hamiltonian system. In some
practically interesting cases variations of ¢ along z-axis are small and peri-
odic:

c(@,y,2) = co + Aco(y, 2) + de(z, y, 2)
oc(,y, z) = bc(z + Ly, 2)
|0c(x + Ly, 2)| < ¢ , (13.10)

where L is the spatial period of variations. A problem of ray propagation in
this medium becomes equivalent to the dynamics of Hamiltonian system sub-
jected to time-periodic perturbation, and it is described by the Hamiltonian
system

H = HO(yaZ7pyapz) + GH(y’Z,pgnpzax) ’

1 Aco(z,y
Ho(y, 2,py,p=,7) = =1+ 5 (p, + %) = # :
oc(z,y, z
eH1(y, 2,py, ) = —% . (13.11)

This problem has been studied using the methods of Hamiltonian dynam-
ics. The review of these studies are given by Abdullaev and Zaslavsky (1991);
Abdullaev (1993); Smirnov et al. (2001); Brown et al. (2003). Here we discuss
the mapping models of ray propagation in waveguide media.

13.1.2 Mapping Models of Ray Propagation in Waveguide Media

Consider a model of ray dynamics in a waveguide with periodically corrugated
wall. This model proposed by Abdullaev and Zaslavsky (1988) describes the
main features of chaotic and regular dynamics of rays.
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The model waveguide consists of two stiff walls along the z-coordinate
and the medium between them is homogeneous with the refractive index
n = ng. The upper wall z = 0 is flat, and the bottom wall z = h(z) is
periodically corrugated along the z-coordinate, i.e. h(xz) = a + bf(z), where
a is the unperturbed width of the waveguide, b is the amplitude of deviations
of the corrugated wall from the level z = a, f(x) is a periodic function along
the xz-coordinate with a period L. Suppose that a > b.

The ray trajectory in the waveguide can be easily found, since they are
straight line which successively reflecting the walls. The example of orbit is
drawn in Fig. 13.2. Here x; (k = 0,1,...) are longitudinal coordinates of
the ray at the reflecting points from the upper unperturbed wall, 6 is the
corresponding angle between the wall and the ray. Ray dynamics is fully
determined by the mapping

(g1, Oky1) = M(zg, 0r) (13.12)

connecting the coordinates of rays at the wall z = 0 after reflections from the
corrugated wall.

The map (13.12) corresponds the Poincaré mapping (4.54) of time, ¢, and
energy, H, variables to the section z = 0 in one-degree-of-freedom Hamil-
tonian system. However, it is written in non-canonical variables (z,6): the
variable conjugated to the coordinate x is the Hamiltonian H. Using the re-
lation (13.8) between H angle the geometrical angle 6, H = —ng cos 6, and
one can write the condition of symplecticness for the mapping (13.12)

O(xk41,c080k41)

orcont) |~ 1. (13.13)

The map (13.12) can be easily constructed using the geometry of rays
in the waveguide shown in Fig. 13.2. First, suppose that the ray is reflected
only once from the bottom corrugated wall before returning to the upper wall
z =0 (see Fig. 13.2). Let 9; be a z-coordinate of the reflection point of the
ray from the corrugated wall. Then it is not difficult to find the form of the
mapping (13.12):

Xk Yk Xk+l Wi Yk+2
O O+ 1

A\

H—LH

Fig. 13.2. Ray in a waveguide with a corrugated wall
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Ok+1 = 0 — 2arctan [bf’(?ﬂ]d] ,
Th+1 = Vi + [a + bf(wk)] cot O41 (13.14)

where the intermediate coordinate 1, is determined by the equation

Y =k + [a+ bf (V)] cot Oy, fl(x)= % . (13.15)
The equation (13.15) is implicit with respect to the coordinate 1)y. For the
small values of b it can be find by the Newton method with the initial input
Yro = T + acotfi. One can also easily check that the mapping (13.14)
satisfies the condition (13.13).
For the parabolic profile of the wall corrugation

f@=1c1-9,  e={}, (13.16)

the equation (13.14) can be explicitly solved with respect to ;. Here {x}
stands for the fractional part of number z, i.e., {x} = z—[z] ([z] is the integer
part of x). The corresponding value of vy, is

Y =z + [a + 4bE (1 — &)] cot Oy,

1 1
Ge=—5A-1)+; (A—1)% + 448, (13.17)
where I 9 9
_ Ltangy o _ [Tntacotfy

The mappings (13.14) and (13.17) describe the case when a ray is reflected
from the corrugated wall only once before reaching the upper wall. However,
the rays propagating at small angles 85 to the z axis may reflect from the
corrugated wall a several times over one period. An example of such a case
is shown in Fig. 13.3. The condition of such reflections is

4bE},

4bfk(1 — gk) cot 0k+1 > L(]. — gk) or 7

—tanfiy1 > 0. (13.18)
The coordinates (¢, %) of the second reflection point of the ray from the
corrugated wall can be found from the geometrical consideration. They are
related to the first reflection point coordinates as

Fig. 13.3. Two consecutive reflections of the ray from corrugated wall in one period
of the corrugation
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ék =0, —2 arctan[bf'(¢k)] ’
€ =1 — & + Ltan 8y, /4b
Vr = Pr + L(E — &) - (13.19)

Then the coordinates (i, 6x) in the map (13.14) should be replaced by
Yk, Ok).-

Similar to the Fermi accelerator mapping (3.30) the mapping of rays is
exact. The both mappings have similar properties. The perturbation function
f(z) (13.16) is a continuous function of = but it has discontinuous first deriv-
atives at points x4 = sL, (s = 0,+1,+2,---). The mapping (13.14) belongs to
the class of non-smooth maps discussed in Sect. 7.4 and therefore the KAM
theory is not applicable to this problem. There is no invariant curve for any
small corrugations and one expects that rays with special initial conditions
may diffuse far from their initial state.

13.1.3 Ray Dynamics in the Waveguide Model

Consider first the phase space of the mapping (13.14) in the plane (6, {z/L}).
It is plotted in Fig. 13.4 for the following values of waveguide parameters:
a=1,L=25,and b = 0.01. One can see that rays propagating under small
angles 0, 6 < 0. =~ 6° are chaotic with some remnants of KAM-stability
islands. Because of absence invariant curves the rays from the chaotic zone
may diffuse rays along the angle 6 through the chaotic web structure, formed
along the destroyed separatrices.

However, the majority of rays are trapped in the islands formed near
the resonant angles 6,,, determined by the commusurability of the spatial
frequency of ray oscillations, w(f) = wtan#/a, along the z-coordinate with
the spatial frequency of corrugation, 2x/L:

—
g <L
[

{x/L}

i 1, ENAY
0 5 10 15 20 25 3
6 [grad]
Fig. 13.4. Mapping on the (0, {z/L}) plane. Parameters are a = 1, L = 5, and
b=10.01

35 40 45
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Fig. 13.5. Normalized spatial frequency k = LN/zn, (N > 1), of ray oscillations
along the z-coordinate as a function of initial ray angle 6: (a) In the interval 0 <
6 < 45°; (b) Expanded view of the region 18° < 6 < 19.1°. Parameters are the
same as in Fig. 13.4

2
Mmw(Omn) — 207/ =0,  or  tanfp, = — — (13.20)
m

where m,n are integer numbers.

Consider some important properties of rays. First we study the spatial
oscillation frequency of rays w(f) = N/xn (N — oo) along the axis z in the
corrugated waveguide. In Fig. 13.5 we have plotted the normalized frequency
rk = Lw(#) against the initial angle #: solid curve corresponds to the cor-
rugated waveguide, and dashed curve describes the unperturbed case b = 0
when k = Lw(0)/2m = (L/2a)tan 6. Figure 13.5a shows the k vs 6 depen-
dence in the interval [0, 45°], and Fig. 13.5b shows the expanded view of this
dependence in the interval [18°,19.1°]. In the waveguide with unperturbed
walls the dependence of the frequency x on the initial angle 6 is described by
the smooth function. Any small corrugation of the wall dramatically changes
this dependence and it becomes the fractal known as “devil’s staircase’. As
seen from Fig. 13.5 there are intervals of angle 6 located near the resonant
angles #,,, where the frequency k remains constant and takes the rational
values K, = m/n.

The devil’s staircase is a special case of fractal objects (see Mandelbrot
(1982); Bak (1986))!. It has been also found in other Hamiltonian problems,
for instance, in the one-dimensional Ising model by Bak and Bruinsma (1982)
and the Frenkel-Kontorova model by Aubry (1978).

One of the practically interesting characteristics of waves is the signal
propagation time along the rays. Let t(6,x) be a transmission time of a

! The role of fractals in wave processes, particularly, in acoustics is discussed in a
review papaer by Zosimov and Lyamshev (1995).
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signal along a ray with the initial angle # from the plane x = 0 to the
plane x = const. An optical path length along this ray S(0, z) is defined as
S(0,z) = cot(8,x), where ¢g is a reference signal speed. In the waveguide
with a homogeneous refractive index the optical path length is equal to the
geometrical length of ray. From the geometry of rays in Fig. 13.2 one can
easily obtain the optical length

N

S(6o,2) = 20+ 3 Verl Y T YN (13.21)

cos by = cos 0y cosOn 41

where N is integer number satisfying the condition ¥y < z < ¥n41.

The normalized relative optical length (S(, z)—x)/L versus the initial an-
gle 6 is plotted in Fig. 13.6 for the same waveguide parameters as in Fig. 13.4:
solid curve corresponds to the corrugated waveguide, and dashed curve — to
the unperturbed one. As seen from Fig. 13.4 the optical path length S, similar
to the frequency of ray oscillations, has a “devil’s staircase” — like dependence
on the initial launching angle 6. As seen from Fig. 13.6b the optical lengths of
rays with the small launch angles 6 < 3° are distributed randomly. They cor-
respond to chaotic rays. For the rays with 8 > 3° there exist intervals of angle
0 located near the resonant values 6,,,, where the optical length S practically
remains constant, while it varies significantly in the unperturbed waveguide.
The widths A,,,, these intervals are equal to the width of resonant islands
shown in Fig. 13.4. The obtained result means that when a signal propa-
gated along the resonant rays does not broaden significantly than in the case
of unperturbed rays. The effect may be used to suppress broadening signals
caused by intermode dispersion in waveguides. This phenomenon has been
first found numerically by Abdullaev and Zaslavsky (1988), and it has been

500

400 -

300 -

!
<
200 -

100 -

0 "1 0 20 30 40
0 [grad]

Fig. 13.6. Relative optical length of ray, AS = (S — z)/L, propagated from z = 0
to x, as a function of initial angle 6: (a) In the interval 0 < 6 < 45°; (b) Expanded
view of the small angle region 0° < § < 5°. Parameters are the same as in Fig. 13.4
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explained later in Abdullaev (1991) (see, also a review by Abdullaev and
Zaslavsky (1991) and a book by Abdullaev (1993)) as a consequence of ray
trapping by nonlinear resonance islands.

One should mention that the numerical studies of sound ray propaga-
tion in a realistic range—dependent deep ocean environment by Tappert and
Tang (1996) revealed the existence of a group of eigenrays (rays connecting
the source of acoustic signal with a receiver) with equal signal transmission
times. This result can be explained by the above phenomenon of nonlinear
resonance. All rays belonging to the group of eigenrays with equal transmis-
sion times are trapped by the same resonant island and therefore they have
similar properties.

13.1.4 Other Mapping Models of Rays

There were proposed also several mapping models of ray propagation in inho-
mogeneous media. Ray mapping models in waveguide media with a refractive
index n(z,z) depending on the vertical coordinate z have been derived by
Abdullaev (1991, 1994a). The chaos of rays in electromagnetic waveguides
with strongly corrugated walls has been studied by Vatrunin et al. (1997).
Area-preserving mappings in sound ray propagation problems have been ob-
tained by Brown et al. (1991a); Tappert et al. (1991) (see also Brown et al.
(2003)). Particularly, in Brown et al. (1991a) the explicit map was derived
for the bilinear model of the deep ocean with a constant sound speed gradi-
ent above and below the sound waveguide axis. The mapping of rays of type
(3.23) with a discontinuously derivative of frequency w(I) was obtained by
Tappert et al. (1991) for the model of sound channel with a linear sound speed
profile and a periodic bottom. These mappings are used to study the onset
of chaotic ray motion in waveguides with a range—dependent environment.

13.2 Mapping Methods in Accelerator Physics

Particle accelerators are devices used to accelerate charged elementary par-
ticles and ions to high energies (Edwards and Syphers (1993)). One of the
aspects of accelerator physics is the study of single particle motion in acceler-
ators, the determination of dynamical aperture, the stable region in transverse
phase space or the region of long-time stable orbits. In this section we briefly
discuss the main contemporary mapping methods to study this problem.
The schematic view of a circular accelerator (a synchrotron) is shown in
Fig. 13.7a. A particle accelerated during passing through one (or several)
accelerating device(s) (stations) returns from turn to turn by bending mag-
netic fields directed perpendicular to the orbit of particle. The accelerator is
designed to have a closed (reference) orbit. The investigation of stability of
particle orbits with respect to their deviations from the reference orbit is one
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. (a)
Accelerating
station

(b)

Reference orbit
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S

Fig. 13.7. (a) Schematic view of a circular accelerator (a synchrotron); (b) Coor-
dinate system (z,y, s) with respect to the reference orbit

of the main tasks of accelerator physics. The Poincaré return map is a pow-
erful tool to study this stability problem. In the accelerator theory this map
is also known as full-turn transfer map. In a good approximation when dis-
sipative effects due to synchrotron radiation are neglected a particle motion
in accelerators is described by a Hamiltonian system. Therefore, the problem
can be reduced to the study of stability of Hamiltonian systems (Ruth (1987);
Edwards and Syphers (1993)).

Let s be the coordinate representing arclength along this orbit, and x, y be
coordinates describing transverse displacements with respect to the reference
orbit. The coordinate system is plotted in Fig. 13.7b. The corresponding
canonical momenta are p,,p,. Since particles move along the coordinate s
it is convenient to use the formulation of Hamilton equations by choosing s
as an independent time-like variable (see Sect. 1.1.3). Let ¢o(s) and Ey be
a flight time along the reference orbit and a designed energy, respectively.
Then the deviation of time t from ty(s), 7 = ¢ — to(s), and the deviation of
particle energy E from Ey, taken with opposite sign, po = —(E — Ey), are
the canonical conjugated variables. Then the motion of particle is described
by a Hamiltonian

H = H(%,y,7,p2: Py Po, 5) - (13.22)

The Hamiltonian H is a periodic function of s with a period equal to the
circumference L of the reference orbit. This is a system with three degrees
of freedom and periodic dependence on the independent variable s (Ruth
(1987); Berg et al. (1994)).

The Hamiltonian of the system can be also written in the action-angle
variables (9,1) = (V3,%y, 9+, I, I, I;) introduced for motion transverse to
the reference orbit, in the phase space (z, pz,y,py) and for the energy - time
variables (7,pg) (Berg et al. (1994); Wan and Cary (1998)). The Hamiltonian
H can be presented in the form
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H = Ho(I) + 6H1(’l9,],$) s

eHy(9,1,5) =Y Hpn(I)cos(m -0 — 2mns/L+ Xmn) ,  (13.23)

as the sum of unperturbed Hamiltonian Hy(I) and perturbed one eH; de-
pending on the angle variables ¢ and the longitudinal variable s. The fre-
quencies of motion are determined by the unperturbed Hamiltonian Hy([I):

L _ OH,
i a]l )

T=x,Y,T .

The oscillation frequencies in the transversal plane (x,y), wg,wy, are known
as betatron oscillations , while the frequency w, represents the oscillations of
a flight time and it is called synchrotron oscillations. They have a nonlinear
dependence on oscillation amplitude I, I,. The unperturbed Hamiltonian
Hy(I) can be obtained by averaging (Cary (1982, 1984)).

The main aim of dynamics of single particle motion in a circular ac-
celerator is to construct the full turn transfer map for variables z = (z,v,

T, Pas Py, Do)t
Zry1 = Mz, §=0,1,2,-- (13.24)
where
zr, = z(so + kL) (13.25)

are variables at the certain section s = sy = const.

Contemporary methods to construct the mappings (13.24) have been
overviewed by Dragt (1996) (see also the introduction of a paper by Berg
et al. (1994)). A direct way to obtain the mapping (13.24) is to integrate
the equations of motion numerically with the small steps of s along the ac-
celerator system using the symplectic integrators. However, this procedure
known as tracking requires long computational times, especially, in large ac-
celerators when one needs to evaluate the stability of orbits for more than
10° turns. Because of that one wishes to have a full-turn map expressed in
a single formula one iteration of which is equivalent to one full turn. This
would enormously simplify the study of a stability problem by running orbits
with many different initial conditions.

There are several requirements on such a kind of mappings (see Berg et al.
(1994); Dragt (1996)): a) they should reproduce the full turn map obtained
from the Hamiltonian of the system with high accuracy; b) they should be
symplectic; ¢) they should run faster as possible with reasonable computer
storage requirements. Below we discuss the main methods to construct such
mappings.

Taylor maps. A widely used approach to construct the full turn map
has been based on Taylor expansions of the right hand side of the mapping
(13.24) in the powers of z:
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A = AD £ 3T B LN o0y (13.26)
j jl

where 20) = (21 ... 20) = (ks Y, T, D2y Dy> Po)- Equation (13.26) repre-
sents an explicit map known as aTaylor map. The coefficients A, B
CUD ... in the Taylor map (13.26) are to be found from the tracking code.
The zero order coefficients A(9) describe the translations in phase space caused
by imperfections in devices, the first order coefficients B(*7) describe the linear
properties of the system, and the higher order coefficients C'“/) | etc. describe
its nonlinear properties. Because the map (13.26) must be symplectic, these
coefficients are not independent. The coefficients of different orders are in-
terrelated by a set of complicated conditions. Since in practical calculations
one uses the truncated Taylor series the corresponding mappings become not
exactly symplectic. Beside of this there is another shortcoming of the Taylor
map: expansion series (13.26) are not always suitable for the representation
of orbits which are not too close to the reference orbit.

A powerful method to construct the full turn map by a series of explicit
symplectic nonlinear maps has been proposed by Dragt (1979) (see also Dragt
(1996); Dragt and Abel (1996); Dragt (2000)) using Lie algebraic methods.
It presents the map as the factored product of symplectic maps describing
correspondingly translations in, linear and nonlinear effects. Usually in com-
puter codes one uses symplectic nonlinear mappings expanded in truncated
Taylor series with the limited number of Taylor coefficients. This is one of
main disadvantages of the method since the truncated Taylor maps are not
exactly symplectic. These maps cannot be used to study a long time evolu-
tion of particles. For this reason methods to symplectify these nonlinear maps
have been proposed (see for details in Dragt and Abel (1996) are references
therein).

Symplectic maps with a mixed variable generating function.
These mappings are suitable to study the long term evolution of particle
motion (Berg et al. (1994); Warnock and Berg (1996)). The construction of
these maps is based on the method which we called in Sect. 3.2 the method
of a priori assumption. The corresponding map in terms of action-angle vari-
ables (¥, 1) has the symplectic form of type (3.13), (3.14):

0S (Vg+1, Ix)
M1

0S (Vg+1, Ix)

Iy = I + al, )

D1 = O, — (13.27)
determined by a generating function S(9y+1, Ix) of mixed variables (Y41, Ix)-
The generating functions should be found from the relation

Iiy1 = Iy + R(9%, Ii) V1 = g + P(O, Ii) (13.28)

between the variables (¥, It,) and (9xy1, Ix+1) after the full turn. The func-
tions R(¥, I), (9, I) are usually computed by tracking particles with different
initial coordinates (¢, I). Since the generating function S(¢,I) is a periodic
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function of angle variables 9 with period 27, it can be presented as a Fourier
series:

SW,1)=So(I)+ Y Sm(I)exp(im-v) .

m,m##0

From (13.27) and (13.28) it follows that 85(19k+1,fk)/619k+1 = R(’lgk,lk),
and thus the Fourier coefficients S,,(I) are calculated through the function
R(¥,I). For arbitrary values of I these coefficients are interpolated by B-
spline functions of I (see for details in Berg et al. (1994)). However, a spline
expansion in action variables I has a disadvantage because of coordinate sin-
gularities in systems with more than one degree of freedom. Such singularities
does not occur in Cartesian coordinates. For this reason Warnock and Ellison
(1999) have presented the generating function of maps by a spline expansion
in these coordinates. The effectiveness of mappings with a mixed variable
generating function to study long term dynamics of particles in circular ac-
celerators has been discussed by Berg et al. (1994); Warnock and Berg (1996,
1997)).

One should note that the mapping (13.27) is not only one and the best
form of symplectic mappings corresponding to the Hamiltonian (13.22). This
is the main shortcoming of the presented method. As we have discussed in
Chaps. 4 and 10 the symmetric maps (4.6)—(4.8) (or (4.31)—(4.33)) more accu-
rately describe Hamiltonian systems than their non-symmetric forms (4.9),
(4.10) (or (4.38)) with the same generating functions. Therefore, the con-
struction of the full turn map in the symmetric form would improve the
accuracy of tracking particles in accelerators without significant increase of
a computational time.

Four-dimensional maps. In many cases one can neglect the influence of
the longitudinal (synchrotron) motion in (7,pg) on the transversal (betatron)
motion of particles in the phase space (z,y, py,py). Then the system can be
described by 2 + 1/2 degrees of freedom Hamiltonian system with H =
H(z,y,pz,py, s). Correspondingly, the transversal motion in this case can
be also studied by reducing the six-dimensional map (13.24) to the four-
dimensional one

(xk:-‘rh yk+l7pz+1apz+1) = M(wk7yk7pg]:apl!i) ) (1329)

for transversal variables (z,y, ps, py). This simplifies the study of a stability
of betatron motion by reducing a degree of freedom of system by one.
During the last decade the 4D symplectic mapping (13.29), have been
extensively exploited to study the transverse betatron motion (see Todesco
(1999) and references therein). Particularly, 4D Hénon map Hénon (1969)
and its modifications have been used by Bazzani et al. (1994); Giovannozzi
et al. (1998) to study the different aspects of particle motion in accelerators,
long term stability, the dynamical aperture and others. On the other hand
there is another aspect of the problem related with increasing a dynamical
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aperture. This problem has been discussed by Wan and Cary (1998, 2001)
(and references therein) and the method to find 4D symplectic mappings
(13.29) with reduced chaos has been proposed.

13.3 Mappings in Dynamical Astronomy

The motion of planets and planetary objects in the Solar system has been one
of the oldest problems of classical mechanics (Poincaré (1892-99); Arnold et
al. (1988)). In a good approximation it constitutes a non-relativistic Hamil-
tonian problem of gravitationally interacting bodies. A present interest to
this problem is mostly related with its new aspects concerning the chaotic
evolution of the Solar system (Sussman and Wisdom (1988, 1992); Lissauer
(1999) and references therein). The study of this problem requires the long
term integration (over hundreds million years) of the equations of plane-
tary motion. Direct symplectic integrations of the whole planetary system
are computationally expensive even on the present—day computers. An im-
portant breakthrough in computational efforts has been made by Wisdom
(1982) who developed a mapping method to integrate the equations of mo-
tion. Later there were proposed other mapping methods to study these prob-
lems. In this section we briefly discuss the main mapping methods used in
dynamical astronomy during the last two decades.

Method of Delta Functions. The method developed by Wisdom (1982)
was inspired by Chirikov’s derivation of the standard map by introducing a
series of delta functions into perturbed Hamiltonian (Chirikov (1979)). It
belongs to the type of methods to construct symplectic mappings which we
called the method of delta functions (Sect. 3.3). The idea of the method was
based on the averaging principle: if removing fast oscillating terms in per-
turbed Hamiltonian does not significantly change the dynamics of system,
then adding these terms should not also significantly change it. In the early
version of the method Wisdom (1982) obtained explicit mappings by replac-
ing the resonant terms in Hamiltonian by the series of delta functions with
a period of order of the orbital period. Later Wisdom and Holman (1991,
1992) generalized this method to study the problem of n gravitationally in-
teracting bodies, and it is known now as the n body mapping method. In the
new version they presented the Hamiltonian of n gravitationally interaction
bodies of masses m;

n—1 p2 n—1 GmmJ

H = I — 71 13.30
Z 2m; Z Tij ( )
=0 1<J J

where r;; = |x; — x| is a distance between bodies, as a sum

H= HKepler + Hipy s (1331)
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of the Kepler Hamiltonian, H gepier, describing the interaction of a dominant
mass mo (Sun) with other n — 1 small bodies, and interaction Hamiltonian
H;,+ describing the interaction between n — 1 small bodies. In an appropriate
coordinate system related with the center of mass of the whole system they
are reduced to

P2 Gmm
HKepler = Z (pl - 2,0> 5 (1332)

/
P 2m; T

and

n—1
11 Gmm;
Hipt = E Gm;mg (r’ - ) - E 777: el (13.33)
i=1 @

T i
i0 o<i<j Y

where m/ are reduced masses, r; and p; are relative distances and momenta
(see Wisdom and Holman (1991) for the exact definitions).

The Kepler motion described by Hamiltonian Hgepier is completely inte-
grable. In order to integrate the system in the presence of interaction H;,; it
is replaced by H;p:To7(t), where

Sr(t) = i 8(t — kT)

k=—o0

is the series of delta functions with a period T. Between “kicks” at the time
instants t; = kT the system has analytical solutions determined by the
Kepler Hamiltonian Hgepier. Integration along the delta functions allows
one to obtain the explicit symplectic mapping which takes into account the
effect of interaction. The mapping is approximately an order of magnitude
faster than the traditional methods of integration.

Symplectic mappings can be refined to make them close to the original
Hamiltonian system (Wisdom and Holman (1991)). It was accomplished by
using the refined sum of delta functions ¥(¢) instead of simple sum d7(t):

N-1
W(t) =T aidr(t—m),

=0

where N is the number of delta functions per mapping period 7', a; and 7; are
the corresponding amplitudes and phases (0 < 7; < T'). They are found by
imposing some constraints on the function ¥(¢). The symplectic mappings
obtained by this scheme can be treated also as a symplectic numerical in-
tegration algorithm. A similar scheme has been independently proposed by
Kinoshita et al. (1991).

The method of delta functions and its shortcomings were discussed in
Sect. 3.3. We recall that the mapping variables do not coincide with the vari-
ables of the original system. This is because that replacing a perturbation by
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the series of delta functions introduces artificial singularities at the periodic
time instants where variables becomes undefined. This is origin of that sym-
plectic integration with obtained mapping yields trajectories which exhibit
spurious oscillation in energy and variables. This problem was later recog-
nized by Wisdom et al. (1996) who introduced so-called symplectic correctors
to relate the mapping variables with original variables.

This mapping method has been successfully applied to study many prob-
lems of a chaotic evolution of planetary systems which require the integration
over several hundreds millions years. Among them there were the explanation
of the Kirkwood gaps in the distribution of semimajor axes of the asteroids
(Wisdom (1982, 1983)), confirmation that the evolution of the Solar system
as a whole in chaotic with a time scale of exponential divergence of about 4
million years (Sussman and Wisdom (1988, 1992); Wisdom (1992) and oth-
ers) (see Sidlichovsky (1997); Hadjidemetriou (1998); Lissauer (1999) and
references therein).

Mappings with mixed variable generating functions. Another
mapping method based on mixed variable generating functions has been pro-
posed by Hadjidemetriou (1991, 1993) (see also a review by Hadjidemetriou
(1998)). It belongs to the class of methods discussed in Sect. 3.2. Below we
briefly present the main idea of this approach.

Consider the resonant motion of a nearly integrable system with two de-
grees of freedom. By appropriately defining action-angle variable, (91,95,
I, I), the Hamiltonian of the system can be presented as

H:Ho(Il,IQ)+6H1(191ﬂ92,[1,]2) R (1334)

where Hy(I,I5) is the integrable part, H; is the resonant perturbation, and
€ is the small parameter. Suppose that ¢, is the slowly varying angle near
the resonance, and ¥ is a fast angle. By a canonical change of variables
(01,09, 11, I2) — (1,2, J1, J2) we eliminate the fast angle 1o from the new
Hamiltonian H:

H = Ho(J1, J2) + €Hi(1, J1, Jo) + O(€?) . (13.35)

This procedure is described by von Zeipel’s perturbation method given in
Sect. 2.1.4. If we succeed to eliminate the phase 5 in the new averaged
Hamiltonian (13.35) up to terms of order of €™ then the action J is an
approximate constant of motion with accuracy of O(e™*1).

Hadjidemetriou (1991) constructed the map (¢, Jix) — (Yr+1, Jet+1) in
the symplectic form

OF (Y, Ji41)

Jk+1_JkaF 81/);3 ;
G =ty + W Ji) (13.36)
0Jk41

defining the generating function F'(vy, Jxy1) as
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F(Yr, 1) = Yrdrrr + TH Wk, Jeg1, J2) - (13.37)

Here (¢, Ji) are the values of (¢1(t), J1(t)) taken at the discrete time mo-
ments t = kT, (k = 0,+£1,£2,...), T is the period of the fast angle ¢. In
practical applications one restricts itself with the two lowest order terms of
the averaged perturbed Hamiltonian, H = Hgy + ¢H1.

According to Hadjidemetriou (1991) the fixed points of the averaged
Hamiltonian system (13.35) should coincide with the periodic orbits of the
original system (13.34). This condition is necessary to obtain a realistic model
by averaging the original system. However, in some cases when the perturba-
tion series in the averaging procedure does not converge this condition may
be violated (Hadjidemetriou (1999)). In such a case the averaged Hamil-
tonian (13.35) and the corresponding mapping are not realistic models for
the original system.

This mapping method and its different generalizations have been suc-
cessfully applied to study the dynamical behavior of asteroid resonances by
Ferraz-Mello (1997), Roig and Ferras-Mello (1999), Hadjidemetriou (1999)
Séndor et al. (2002) (see also references therein).

Method of separatrix mapping. Some problems of chaotic dynam-
ics of asteroids and the rotational motion of satellites can be reduced to
the well-known Hamiltonian problem, the dynamics of pendulum perturbed
by time-periodic perturbation (Wisdom et al. (1984); Celletti (1990)). It al-
lowed Shevchenko and Scholl (1997); Shevchenko (1998, 1999); Shevchenko
and Kouprianov (2002) to apply a separatrix mapping approach to study
these problems. In particularly, it has been shown that the intermittency in
the chaotic motion of asteroids due to the stickiness of orbits to the mar-
ginal resonances can be explained by the separatrix mapping which allows
to predict the conditions for intermittency (Shevchenko and Scholl (1997);
Shevchenko (1998)). The separatrix mapping has been also applied to study
the planar resonant rotational motion of a non-symmetric satellite in an el-
liptic orbit (Shevchenko (1999); Shevchenko and Kouprianov (2002)). It cor-
rectly reproduces the phase portraits of motion obtained using other mapping
methods and direct numerical integration of equations of the rotational mo-
tion of non-symmetric satellites. The separatrix map runs a hundred times
faster than other mapping methods, and it allows one also to analytically
precalculate positions of resonances and estimate the borders of chaotic mo-
tion.

Other applications of mapping methods in dynamical astronomy can be
found in review papers by Sidlichovsky (1997) and Hadjidemetriou (1998).
Particularly, the so-called Kepler map has been introduced in several works
by Petrosky (1986); Sagdeev and Zaslavsky (1987); Petrosky and Broucke
(1988); Chirikov and Vecheslavov (1989) to reveal the chaotic nature of
motion of comets in nearly parabolic orbits in the Solar system (see also
Sect. 6.4).



A The Second Order Generating Function

Here we calculate the second order generating function Ss(J,6,t) for the
Hamiltonian function

H(I,9,t) = ()+€H1(119t)
1(I,9,t) = Z Ycos(m -9+ Xm) » (A1)

m

where ¥ = (U1,...,0,, =02t), m = (mq1,...,mp,n), m-9 =m-0 —n2t. We
write the first order generating function S;(J,9,t) in the form

Hp(J)
(.0, 1) /Hl (L9, t)at’ ZW
X sin(m~19—|—m-w(t0—t)+xm)—sin(m-ﬂ—&—xm)} . (A.2)

According to (2.11) and (2.12) the second order generating function Sz (J, 6, t)
is

2(J, 9, 1) /Fg J,0(t (A.3)
where
1 0°Hy 05,08, 0H, 08,
Fy(1,9,t) = = — . A4
A(L01) = 55757 90, 30, T 9 9%, (&.4)
In (A.4) summation over repeating indexes 4,5 (i,j = 1,...,n) is assumed.

Putting (A.1) and (A.2) into (A.4) we obtain

FQ(J7197t) =

1 2HSY |, Hp(J)Hp (J)
52 8JJm(m w) (m' - w)

)

x| cos(m -9 +m-w (tg —t) + xm) — cos(m -9 + xm)

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 317-320 (2006)
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X [Cos(m' +m w (to—t) + X)) — cos(m -9 + Xm’):|

OH, Hy (J
+ Z m;a—J] 7 (w) cos(md + xm)

m,m’

X [cos(m' d+m w (to —t) + Xmr) — cos(m -9 + Xm’):l . (Ab)

We replace the products of the trigonometric functions in (A.5) by their sum
and integrate each of them using the integral

t
F,.= /dt’cos (m )+ s w (to—t) + X)
to

= a(Tm,Ts)sin(m -9 + x) + b(xTm, xs) cos(m - I + x) ,

where z,, =m - w (¢t — tp) and

(A.6)

COST — COSY sinx — siny
()=~ —t0) CIEE L pay)= (1 -tg) L

r—y
Then combining the trigonometric functions we obtain the following ex-
pression for the generating function (A.3):

/

(t —to)® &°Hy
Sy(L,0,8) = — L) N~ OO g () H ()
2 Mo,

4

X {Ai;;)m, sin (;55:%, + Bﬁf}n/ cos qﬁg:%, + Ag,;zn/ sin ¢£r;2y + Br(,;zn/ cos (;557”7)1,}
(t—t0)? , O0H,, (J)

T 2y )

X {07(n+7)n/ sin (bf:%, —&-Dfrﬁn, oS ¢5:{T)n, + C’fnjzn/ sin (bg;zl, +D) cos ¢5mzu} ,

m,m’

(A.7)
where QSSL[,L, =(m=xm') -9+ xm £ Xm, and the coefficients AS;Z",, Biﬁn,,
CSE)BR, and Dfni)zn, are defined as

A = U, ) | AC) = U (2, —m)
B = V(@m,am) BS) = —V(tm,—2m),  (AS8)
m,m’ (me, xm’) ) m,m’ (xm, l‘m/) s

Cotr = =W (@, —2r) | D) = Y (tm,—z),  (A9)
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are expressed in terms of four functions U(z,y), V(z,y), W(x,y) and Y (z,y)
of two variable z, y:

cos(z +y) — cosy
x

Ulz,y) = xily {sin(x+y) +

+cos(x+y)—cosx+ 1—cos(z+y)} (A.10)
Y T +y
1 . o
Viey) = — [( oy Snlety) sy
zy x
_sin(z +y) —sinw N sin(x + y)} (A1)
Y z+y
W(Ly)1{cos(x+y)cosy+1cos(x+y)} (A12)
Y T T+y
Y y) 1[sin(x+y)—siny _sin(@ +y)] (A13)
Y T r+y
These functions have the following asymptotics at y — x:
1 1-4 3 cos 2z ]
Uz,z) = = {Sin 2x + o8 32?;_ o8 x_ (A.14)
1 4sinx — 3sin 2z
V(z,z) = = {cos 2r + %] ) (A.15)
Uz, —2) = 0 Vg, —z) = = (157 (A.16)
z,—x) =0, z,~2) = — . , .
1—cosz 1—cosz .
W(z,z) = —z 08T, Y(z,2) = ——z  snz, (A.17)
W(a, —a) = =87 Yz, —2) = -+ (1-32) (A1)
) - 1’2 5 5 = - . .

The functions U(z,y), V(z,y), W(z,y) and Y (z,y) of two variables z,y
are localized in the finite region |z| < 7, |y| < m. They decay at large values
of z,y. The functions U(z,y), V(x,y), Y(z,y) and W(x,y) are shown in
Figs. A.1, A.2.
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i o (b)

Fig. A.2. Functions: (a) Y(z,y); (b) W(z,y)

If perturbation contains only one (m,n) mode then the function Sy is
reduced to

(t —to)® 0*Ho
X {Ag%sin%m‘ﬁ—i-xm) + BL), cos2(m - 9 + xm) +B£;2n}

(t —t0)2 OH,(J)
T2 gy m(J)

x{Cﬁ%sinZ(m~19+Xm) —l—Df,j"?ncosZ(m-ﬁ—i-xm)—i-Dﬁ;,?n} .

SQ(I719>t) =

(A.19)



B Asymptotic Estimations of the Integral
K (h) and L(h) Near Separatrix

B.1 General Structure of Integrals
For simplicity we shall omit the subscript n of all quantities. Then we consider
three types of the Melnikov type integrals defined by
7/w(h)
RT(h) = / V(h,7)e' dr,

0
0
R~ (h) = / V(h,7)e! T dr
—m/w(h)
7w /w(h)
R(h) = / V(h, )% dr = RH(h) + R (h) , (B.1)
—m/w(h)

The integrals (B.1) are taken along the unperturbed orbits (h,(t)) or
(q(t; h), p(t; h)). We specify the time ¢ in the following way: at ¢ = 0 the
orbit crosses the section X, and at t = t; = w/w(h) it crosses the section Y.
With such a definition the function V' (h, 7) can be presented as a function of
phase space coordinates:

V(h,7) = Hi (q(73 k), p(T5 D)) .

We study the asymptotics of R(h), RT(h) and R~ (h) near the separatrix,
i.e., at |h| < 1. They can be presented as a sum of regular, R("*9)(h), and
oscillatory, R(°*¢)(h), parts

R(h) = R"*9) (h) + R*)(h) ,
R+ (h) = R (h) + R*D (1) |
R™(h) = R"*9) (h) + R°**7)(h) , (B.2)
where the regular parts
R¢9) (h) = F(h,—0) — F(h,+0) ,

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 321-333 (2006)
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R (h) = F(h,~0) ,
R¢9~(h) = F(h, 40) (B.3)
and the oscillatory parts
R (h) = F(h,m/w(h)) = F(h, = /w(h)) ,
R9*(h) = F(h,w/w(h)) |
R (h) = =F(h, = /w(h)) , (B.4)
are defined through the function F'(h, ),

dF(h,T)

o =V 7)et T (B.5)

Further we suppose that the function V(h, 7) vanishes at the saddle points,
(gs, ps), i-e., V(0,00) = Hi(gs,ps) = 0. Then we have F(0,00) = 0. In general
cases, this condition can be satisfied by subtracting from the Hamiltonian a
term Hi(gs, ps,t) which does not affect the equations of motion.

Below we show that near the separatrix of a Hamiltonian system with hy-
perbolic fixed points the oscillatory parts of the integrals (B.1) have a generic
asymptotic behavior. In the following sections we derive the asymptotical for-
mulae for R (h), R°*)%(h) in the limit |h| — 0.

B.1.1 Unperturbed Orbits Near the Separatrix

Suppose Hy(g,p) is unperturbed Hamiltonian and (gs, ps) is a saddle point
where

0H O0H,
70((]57175) =0, 70((15,195) =0. (B.6)

dq op
One can always choose that Hy(gs,ps) = 0. The unperturbed Hamiltonian
Hy(q,p) can be expanded in a series of powers of (¢ — ¢s), (p — ps) near the
saddle point:

1
Ho(q,p) = 5Hqq(q — as)* + Hyp(q — ¢s)(p — ps)

1

+5Hpp(p = ps)* + Ol(a = 45)*, (0 = ps)°] (B.7)

where H,q, Hyp, and Hp, are second derivatives of Hy with respect to (¢,p)
taken at the hyperbolic fixed point. By the linear transformation of variables:

E=(q—gs)cosa+ (p—ps)sina ,
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n=—(q—gqs)sina+ (p—ps)cosa,

q—qs =&cosa—msina ,
p—ps =Esina+ncosa,

the Hamiltonian can be diagonalized:

2
7772 +0(&%,n%) , (B.9)

where o = \/|\1], 8=+ a, and A\; < 0 and Ay > 0:

aQ
h(€,n) = Ho(g,p) = —762 +

H,,+ H, (Hyq — Hpp)?
PYEDY — 99 pp ﬂ:\/ 99 pp
( 1 2) 2 4
are the eigenvalues of the matrix

8*Hy 9*Hyg
Hgq Hgp — 0q? 0qOp
H,, H,, )~ 8*Hy  9*Hyg

9pdq op?

+Hg,

4=qs,p=ps
The angle « is determined by tan o = 2H,,/(Hqq — Hpp)-
The equations of motion in the coordinates (§,7) are

df_ah(f,ﬂ)_ 2 dn__ah(faﬂ)_ 2
G orm =, GeTpt =k (BA0)

Phase space of this system near the saddle point is shown in Fig. B.1. Its
solutions (£(t; h),n(t; h)), 0 < t < ¢, which cross the section X, at the time
moment ¢ — t; = m/w(h) along the branches I and IIT of the separatrix are

I n )i
e

v il

Fig. B.1. Phase curves of Hamiltonian system near the saddle point
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fth) = = V/2|h| {cosh [y(ts —1t)], forh<O0, (B.11)

a sinh [y (ts —t)], for h >0,
(t:h) = + V2|h| [ sinh [y (ts —t)], forh <O, (B.12)
MR = 3 cosh [y (ts —¢)], for h >0, ’

where v = af. The upper and lower signs in (B.11), (B.12) correspond to
the solution along the branches I and III, respectively. Similarly, solutions
(&(t;h),n(t; b)), 0 >t > —ts which cross the section X at the time moment
t — —ts = w/w(h) along the branches IT and IV of the separatrix are given
by

v V2lh] [coshy(ts +t)], forh<O,
Sh) =+ a {sinh [y (s +1t)], forh>0, (B.13)
v V2|h| [sinh[y(ts+t)], forh<O,
n(t;h) =+ Jé] { cosh [y (ts +t)], for h>0. (B.14)

These orbits are plotted in the upper half plane ( > 0) shown in Fig. B.1.

Using the asymptotics
27 1, A

=—In—,
wh) v |

we obtain the following asymptotical behavior of orbits at the separatrix,
h =0,

f60) =+ g0 = Y

which asymptotically approach to the saddle point (£ = 0,7 = 0) in the limit
t — +o0, respectively.

B.1.2 Perturbation Hamiltonian in Normal Coordinates &, Near
the Saddle Points

We expand the perturbation Hamiltonian V' (h, 7) = H1(g,p) near the saddle
point, (gs,ps), in series of powers of (¢ — gs), (p — ps) :

Hi(g,p) = Y Vi(a,p) , (B.15)

() _ 0H,
v Oqtopi—i

’
4=4s,P=Ps




B.1 General Structure of Integrals 325

where the zero-order term Hj(gs,ps) can be neglected in the evaluation of
the integrals R(h), since they do not affect the equations of motion. By a
linear transformation of variables (B.8) the perturbation Hamiltonian (B.15)
is rewritten in terms of variables (&, 7):

oo

Hl((Lp) = ZH](gan) )

Hi(q,p) =Y b ekni=F (B.16)
k=0

where the coefficients bg ) are linear combinations of cl(.j ) If we retain only
terms up to the second order in powers of £ and 7, (B.16) can be presented
as

Hy(z,p.) = agé + ann + b££§2 + benén + bm]n2 + 0(53) ) (B.17)
where
ag = agCoS O + apsina ,
ay = —agsina + a,cosa,
2 1 : 2
bee = bgq cos” a + —b,p sin 2 + by, sin” ac
ben = —bgq sin 2a 4 bgy, cos 2 + by, sin 2ar
by = bgq sin? o — ibqp sin 2a + by, cos® o .
Here 6 ~ |¢ — ¢s|,|p — ps|- The coefficients a, ..., by, are given by
_ OHn(g,p) _ OH,(q,p)
ag = T 0a ) ap = “on. )
q q4=qs,p=Ps Pq q=qs,P=Ps
o 10*Ha(q,p) b 0*H,(q.p)
99 = 5 3.3 ) @ = T 5
2 9 4=4s,p=Dps 9qdp
. 10*H,(q,p)
pp — 2
2 9p 4=4s,p=Ps

B.1.3 Integrals Over the Powers of Orbits £(t,t), n(t, h) Near
the Separatrix

The oscillatory parts of R(h) (B.2) are given by the integrals F'(h,t) taken
at the values t = +tg, t, = m/w(h). According to (B.16) we have expressed
them through the integrals over the powers of orbits £(t,t),n(t, h)

+tg
X (ki=k) — / Rt R R (4 h) exp(it)dt, (0 <k <j). (B.18)
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Below we estimate the these integrals up to the second order (j < 2):

+ts }
XG0 (b, +t, ):/ £(t; h)etdt |

XOU(h, +t,) / n(t; h)e'?dt
+itg

X0 (b, +t,) = [(t: b)) €' tat

\

+ig
XD (p, ﬁ:ts):/ E(t; h)n(t; h)e*?dt
+t, ‘
XO2(h, £t,) = / [(t: b)) €7t . (B.19)

It is easy to show that

+its
. i v 02t
sinh [’}/(ts F t)] € Qtdt = im@i §2t. 5
e i 2t 2 i
/ cosh [")/(ts F t)} e tdt = me Liets

Using these integrals and the solutions for £(t; h), 7(t; h) near the saddle point
given by (B.11), (B.12) one obtains the following expressions for X (1.0 (h, t,)
and XV (h,t,) along the branches I and III, respectively:

X0 (h,¢,) = :FeiQtSA {m, h <0

a2+02%) v, h>0,
(0,1) _ iQtSA v, h<0
XV (h,ty) = te ToT B i, h>0. (B.20)

Similarly, the corresponding functions along the the branches II and IV are
given by

X(l,o)(h —t ) — ie—iQtsA ZQ, h<0
) S ) 7

a(y? + 22 h>0,
O (p 4y = fz'Qtsﬂ -y, h<0
AT ) =2 e i, k>0, (B-21)
respectively.

The second order integrals X0 (h, +t,), X(BD (b, +t,), X(©2)(h, +t,)
along the all four branches I-IV are given by
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2|h|

X@O(h, +t,) = —iet?s TR
) 2|h|
1,1 it
Xx( )(h,:l:ts)—e my
io, 2|0
XO2 (b, +t,) = ie msﬁcz(h) ) (B.22)

where

<1+4729$), h<0

i = (<1+58m). h>0,

(B.23)

0?2
(—1+m), h <0

)= (14 5%), h>0.

(B.24)

B.1.4 Oscillatory Parts of R(h)

According to the relations (B.4) these quantities are expressed through the
functions F(h, £ts) (B.5), which using the expansion (B.17) can be reduced
to

Flht) = / V(h, )% dt = ag X0 (h, 1) + ay XOD (b, 1)
Fbee X B0 (ht) + bey X BV (B, 1) + b,y X OD (B 1) + O(6%) . (B.25)

First we consider separately the integrals along each branches, I-1V, of
the separatrix.

The First (I) and Third (IIT) Branches
Using the relations for the integrals X *7=%) given by (B.20), we obtain the
following expressions for R(OSC)*(h) and its the real and imaginary parts,

K(©¢)=(h) and L9~ (h):

R () = F(hsts) = \/[plem /<)

—if2A¢ +~vA,, for h <0 )
X (:t { ¢ +iQA,, forh>0 +VI|h|[C —iB(h)]) , (B.26)
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K{™ (h) = Re RO~ (h) = £+/]h]
{ NAg sin[r2/w(h)] + v A, cos[m2/w(h)], for h <0 }
X

—yAg¢ cos[r2/w(h)] — RA, sin[r2/w(h)], for h>0
Hhkm%&%>+mmm<&%ﬂ, (B27)

L3*9T(h) = Im R~ (h)

—2A¢ cos[m2/w(h)] + vA, sin[r2/w(h)], for h <O,
S |
—vAe sin[r2/w(h)] + 24, cos[w2/w(h)], for h>0
. w2 {2
+|h| {Csm (w(h)) + B(h) cos (w(h))] . (B.28)

The coefficients A¢, Ay, Bi, By, and C' are defined by

_ \[aé _ \/5&,7
e I T CEE D
2 ) Ca(h)\ [ By, forh<0,
B(h)_m< b + bee 32 ) "\ By, forh>0,

Cy(h
a2
2l by (e b
4'7 192 + 22 32 ’
_ 2 bss bnn 22 bee | by
BQQQ|: +62+4’y—~—92 +/62 9
2bey

The Second (II) and Fourth (IV) Branches

Using (B.21) one obtains the following expressions for R(°59)* (), K5+ (h)
and L9+ (h):

R**7 (h) = —F(h, —t,) = —/[hJe” ™/
124 — YA, for h <0 .
x (i { e 4104, forh>0 } + V|| [C - zB(h)]) , (B.30)

The corresponding integrals are
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K{™7 (h) = Re RO~ (h) = F+/]h]
{ NAg sin[r2/w(h)] — v A, cos[m2/w(h)], for h <0 }
X

—yAg cos[r2/w(h)] + A, sin[r2/w(R)], for h >0
1) {c (J(g)) + B(h)sin <Lj(§j))] , (B.31)

Ly (h) = Im R**(h) = 7/]h|
{ A¢ cos[n2/w(h)] + vAy, sin[n2/w(h)], for h <0, }

vAg sin[r02/w(h)] + A, cos[n2/w(h)], for h >0,
Y {csm (&%) — B(h) cos (:j(f))] . (B.32)

The expressions for the integrals R(OSC)(h) depend on the saddle-saddle
connection and can be obtained through the integrals R(°5¢)% (h) given above.
Below we consider the four type of homoclinic saddle-saddle connections
when the system has a single hyperbolic fixed point: (i) the branch IT is
connected with the branch I of the separatrix; (i7) the branch IV is connected
with the branch I; (#i7) the branch II is connected with the branch III; (iv)
the branch IV is connected with the branch III (see Fig. B.1).

The case (i). Adding the expressions for R(°*)*(h) and R(°*)~ (h) taken
with the upper signs we have

K(osc)(h) — Re R(osc)(h) — K(osc)+(h) + K(osc)—(h)
V|| Ay ysin[m2/w(h)] + |h| By sin[n§2/w(h)], for h <0,

(B.33)
—V/[h| A, 02 cos[n Q2w(h)] + |h| Bz sin[r 2 /w(h)], for h >0,

L(osc)(h) — Im R(osc)(h) _ L(osc)+(h) + L(osc)f(h)
VIR Ae 2 cos[n2/w(h)] + C|h|sin[r2/w(h)], for h <0,
=2 (B.34)
VIR Agysin[r2/w(h)] + C|h|sin[r2/w(h)],  for h >0 .

The case (ii). Adding R(°*9*(h) with the upper signs to R(*¢)~(h)
taken with the lower signs one obtains



330 B Asymptotic Estimations of the Integral K(h) and L(h) Near Separatrix

- V|h|Ae2sin[n2/w(h)] + |h|By sin[r§2/w(h)], for h <0,
K09 (h)=2
—/|h|Aey cos[m Qw(h)] + |h|By sin[r2/w(h)], for h >0,
(B.35)

Lo — 2 VIR Ay sin[r2/w(h)] + C|h|sin[r2/w(h)], for h<O0,
VIR A, Q2 cos[n2/w(h)] + C|h|sin[r2/w(h)], for h>0.
(B.36)

In the case (iii) the formulae for K(°5¢)(h) and L(°*¢)(h) are given by (B.35),
(B.36), respectively, taken with the opposite signs, and in the case (iv)
K©9)(h) and L) (h) are obtained from (B.33), (B.34) by changing the
sign.

B.2 Periodically—Driven Pendulum

In this section we obtain the asymptotical formulae for the oscillatory parts
of the integrals K;(h) and Lo(h) in the problem of the periodically—driven
pendulum (see Sect. 6.2). According to the definitions of the functions V;, (h, t)
given by (6.33) we have

Vi(h,t —t.) = (A+ B)[1 + cosz(9; h)] ,
Va(h,t —t.) = (A — B)sinz(d; h) .

The hyperbolic fixed points are (zs = £m,ps = 0). The first two terms in
expansion in series of £, 7 are

Vitht)= (A+B)S €k,  Valht) = —(A- B

Figure B.2 shows the unperturbed orbits along which integrations are taken.
Then using the integrals (B.20), (B.22), we obtain

+ts
K% () = Vi (h, t) cos(2t)dt
A+ B [*t A+ B
= ; €2(t; h) cos(2t)dt = ; ReX 20 (b, +t,)
h 1+ 2 sin[r§2/w(h)], for h <0
_(a+p) ( e ) (B.37)

2007 | — (1= ffo ) sinlr@/w(h)], for h>0,
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P

Fig. B.2. Phase curves of unperturbed pendulum near separatrix. Here Uy and
By stand for the untrapped (h > 0) and trapped (h < 0) orbits near the separatrix
S+ connecting the saddle points (—,0) and (7, 0) in the upper half of phase space
(p > 0). Similarly, U_ and B_ are untrapped (h > 0) and trapped (h < 0) orbits
near the separatrix S— connecting the saddle points (7, 0) and (—,0) in the lower
half of phase space (p < 0)

+ts
L% (n) = / Va(h, t) sin(Qt)dt

+tg
= —(A- B)/ E(t; h)sin(02t)dt = —(A — B)ImX 1O (b, +¢,)

B V2Ih] Ncos[n2/w(h)], for h <0
=+A-B) Tt {vsin[ﬂ'()/w(h)], forh>0. (B38)

The integrals K fosc)(h), Lgosc)(h) taken along orbits near the separatrix
connecting the saddle point (—m,0) with the other saddle point (—m,0) are
obtained from the integrals (B.37), (B.38) using the relations Kl(osc)(h) =
K27 () = Ky (h) and LY (h) = L7 (h) — LY (h):

1+ 2 )sin[r2/w(h)],  for h <0
[ (1 o) (B.39)

K(os(:)(h) — (A + B) 5
1 a2 ) _ (1 _ szw) sin[r2/w(h)], for h >0,

(B.40)

L) (h) = (A — B) 24/2[h| {Qcos[ﬂ()/w(h)], for h < 0

a(y2+ 22) | ysin[r2/w(h)], forh>0.
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B.3 The Integral K (h) in the Problem
of Driven Morse Oscillator

The integrals in (6.72) can be written as

gine _ sinx

= Qa/ flz dz, flx) = [pp— (B.41)

where R(h) = K(h)+iL(h). In (B.41) the following notations are introduced

= /1 —[h], n = \/|h|'/2. Since the corresponding system does not have

hyperbolic saddle points we cannot use the method used in the previous

sections. Below we apply a standard asymptotical method to estimate these

integrals.

The regular part of the integral (B.41) can be found by integrating it for

integer values of n = m corresponding to the primary resonances, mw(h) = (2.
Then using the integral

/“ cos(n£V)a] 7w 1—v1—a?\"™!
o 1l—acosz x_\/l—a2 a ’

and continuing it to the noninteger values of 1, we obtain

7
1-Vi-a?
R9(h) = 21 <a> . (B.42)
a
Then the integral (B.41) can be presented as a sum
R(h) = R (h) + R (h) (B.43)

where R(°*°)(h) is the oscillatory part of the integral R(h). We seek R(59)(h)
for large value of 7 > 1. Then it can be found by asymptotic expansion of the
integral in a series of power of n~!. We will find the asymptotic expansion
by integration by part.

Integrating (B.41) by part N times, one can obtain

N

z)eMdy = " -
0 f=) ; (in)

@) +omNTh,

=T

where f()(z) is the k-the derivative of the function f(x). One can show
that f(2(0) = f@®I)(r) = 0, (s = 0,1,2,...). For the odd k = 25 + 1
the derivatives f(?*+1)(0) have non-zero values. For the first two non-zero
derivatives we obtain

1 14 a+ 2a?
— rW) — — £3)(0) = —
ay = f (0) 1—a ) az = f (0) (1 _ a)3 )
1 1—a—2a?
b15f(1)(7f):*1+a7 bzzf(g)(ﬁ):W (B.44)
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h

Fig. B.3. Deviation of the asymptotic formula (B.46) for K (h) from the numeri-
cally integrated one. Parameter \ = 2

Therefore, the expansion of K(°*¢)(h) in a series of power of 1/n up to
fourth terms is given by

2 b
K©9)(h) = Re R*9)(h) = 77(21 <b1 - 772) sin(mn) + O (n~%) . (B.45)
Putting @ = /1 — [h| and = \/|h|'/?, we have obtained the following
asymptotic formula for K (h):

VI
_ 1/2
Kou(h) = 2 (1202
el
SRl /I Th] . [ A IA| I
+ )\2 Sin |h|1/2 bl — bgp + O F . (B46)

At the limit |h| — 0, we have
Kus(h) — Ko = 2mexp(=2) .

The asymptotics of the integral K (h) given by (B.46) is plotted in Fig. 6.12 at
the fixed value of the parameter A = 4. The asymptotic formula (B.46) is in
sufficiently good agreement with the values of K (h) obtained by the numerical
integration of the integral (B.41). The deviation of (B.46) from the numerical
K(h) is shown in Fig. B.3. The maximal deviation, max|K(h) — K,s(h)| is
less than 8 x 1074,



C Proof of Rescaling Invariance
of the Equations of Motion

C.1 The Case of Linear Approximation

For convenience we omit the parameter ¢y in (8.13), and consider the following
linear equation with periodic coefficients:

i—f = —yx +€[p1(t) + c11(t)x + c12(t)y]
% =Y + €lp2(t) + ca1(t)z + ca2(t)y] - (C.1)

We will seek the solutions of (C.1) in the form

x(t) = A(t) exp (—’yt + e/ot 011(t’)dt’) ,
y(t) = B(t) exp ('yt+e/0t CQg(t/)dt/> : (C.2)

For the unknown coefficients A(t), B(t), we obtain the following equations

dA t
2~ e (vt—c [ entt)ar

tecrs(t)B(t) exp (2'yt+e /0 lean(¥)) — exa (¢)] dt’) ,

B t
aB _ epa(t) exp (—’yt — e/ CQQ(tl>dt/)

“+ecar (1) A(t) exp <—27t + 6/0 [e11(t) — coo(t)] dt’) .
(C.3)

The solutions of (C.3) up to the first order of € have the form
t ’ t ’
A(t) = A(0) + eB(0) / 27 ey ()t + ¢ / M py (#)dE + O(e) |
0 0

B(t) = B(0) + €A(0) /Ot 6727t/021(t/)dt/ + e/ot e*”,pQ(t')dt’ +O(€%) . (C.4)

S.S. Abdullaev: Construction of Mappings for Hamiltonian Systems and Their Applications,
Lect. Notes Phys. 691, 335-340 (2006)
www.springerlink.com © Springer-Verlag Berlin Heidelberg 2006
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Now we replace the perturbation amplitude, €, by its rescaled value €, =
€/ . Introducing the notations

Ax(t) = ANV, B\(t) = B(t)A7V/?, (C.5)

1
tox = —1In A
oA 27 nA,

and replacing the integration variable ¢’ — ¢’ — ¢y, the solution, (C.4), for A
can be transformed to

Ax(t) = Ax(0)
t+tox ,
Fex B (0) / 1 e (t — toy )t

tox

t+tox ,
+6>\/ e p (' — tox)dt’ + O(€2) . (C.6)

tox

Transform (C.6) by the following way:

t
Ax() = Ay (0) + exBx(0) / A e (¥ — ton)dt
0

t
-I-G)\/ B’Yt pl(t/ — to,\)dt/

t+tox tox 0
+exBA(0 < / / ) 2 ep(t) — tox)dt!
t+tox Otox
+en (/ / ) p1 t —to,\)dt . (07)

t+tox , tox )
/ e F(t —tor)dt’ = et / (4t —ton)dt
t 0

t
"o 1= n’y/ e"vt,dt/, (C.8)
0

We note that

where f(t) = c12(t),n =2 or f(t) = p1(t),n = 1.

We will consider Poincaré sections of the solutions x(t),y(t), taken at
the sections t = Tm, (m = 0,1,2,...). Then using the periodicity of the
coefficients c12(t), p1(t) and the relations (C.8), (C.7) can be reduced to

¢
A)\(t) = A)\(O) =+ E,\B)\(O) / 62’# [Clg(tl — to)\) =+ 70(1)2} dt’
0
t
+e>\/ e [pi(t —tox) +yp}] dt’ + O(€%) , (C.9)
0

where the constant coefficients, c,, and p, are



C.1 The Case of Linear Approximation 337

0 fox 24t 0 o
Cig = 2/ e et —tor)dt,  p) = / e'p1(t — tox)dt .
O 0

In a similar way, we can obtain the solution for Bj:

¢
B (t) = BA(0) + eAAA(O)/ e 2t [czl(t’ +tox) + ycgl] dt’
0
¢
—i—e)\/ e [pa(t' + tox) +yp3] dt’ + O(e?),  (C.10)
0

where
0 0
) = 2/ e Pleg(t+ton)dt, pd= / e Mpa(t + tor)dt .
—tox —tox

The expressions, (C.9), (C.10), correspond to the solutions of the equa-
tions

% = [ Ex—ex(d + C1277A)} + €x [Pl(f —tox)

+e11(t — toxn)én + ca2(t — tox)ma]

dstA =7 [mx + ex(®) + S16)] + ex[pa(t + ton)
+c21(t 4 toa)éx + c2(t + toa)ma] (C.11)

where
t
f)\(t) = A)\(t) exp <—’Yt + 6)\/ C11 (t, — to)\) dt/> y
0

t
a(t) = Bx(t) exp <’7t + 6)\/ C22 (tl + toa) dtl> . (C.12)
0
By the linear transformation of variables
zx =& —ex (P + amr)

Yr =1+ ex (P + D60) - (C.13)

Equation (C.11) with the accuracy up to the first order of €, may be rewritten
in the form

dx

dftA = —vyax +ex [P1(t —tor) + c11(t — toa)za + c12(t — tor)ya] + O(€3)
d
SR — gt prt+ton) + et + o)z + eralt + toa)ya] + O(S) -

(C.14)

Therefore, the transformation ¢ — €y = Ae of the perturbation amplitude, ¢,
preserves the form of the the equations if the periodic coefficients c¢;i, and p;



338 C Proof of Rescaling Invariance of the Equations of Motion

have the same arguments in both equations, (C.14). Since the coefficients are
periodic functions of ¢ with period T this condition is satisfied, for

2ton = sT', (s==41,42,...).

Using the definition of ¢y, (C.5), we obtain the possible values of the rescaling
parameter A:

A(s) = exp(T's) = A%, (s ==41,42,...), (C.15)

where X is the rescaling parameter given by (8.7). Then using the condition
(8.10) for the coefficients ¢;;(t), and (C.5), (C.11), we have

E(t = 2mm) = exp(—t) Ax(t) = exp(—yt) AN = 2(t)A2

na(t = 2mm) = exp(+7t)Bx(t) = exp(+yt) B(HA™Y2 = y(t)A"/2 |
(C.16)

Finally, putting (C.15) into (C.13), we obtain the relation, (8.15), between
the solutions of (C.1) and (C.14) at the sections t = mT, (m =0,1,2,...).

C.2 The Case of Nonlinear Approximation

Consider the nonlinear differential equation, (8.8) with the perturbation func-
tions g;(z,y,t), (i = 1,2) (8.16). The solution of this equation we will seek
in the form

(t) = A(t) exp(—1t) y(t) = B(t) exp(yt) - (C.17)

For the unknown coefficients A(t), B(t) one can obtain the following equations

dA n
== e enB)(A)F (B e
k=0
a5 _ €Y cor(t)(A)F(B) ket (C.18)
dt &~

The solution of (C.18) with the accuracy up to the first order of € may be
written as

n

AD) = A0+ S AOBO) [ ey yar

k=0 0
n

B(t) = B(0) +eZ(A(O))"’(B(0))"‘k/t e 2= o (#)dt! . (C.19)
k=0 0
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First consider positive values of ¢ > 0. To evaluate the order of the integral
in (C.19), we have specified the periodic coefficients as ¢;;(t) = cos(t + x).
Then, for ¢ = T'm, one can obtain

n7y cos X + sin 'y

n272 + 1 I (n — ) ?

(C.20)

2mm
/ e"cos(t + x)dt = (A" — 1)
0

where A = exp(«T). Since v > 0, the rescaling parameter A > 1. Usually,
the square of A has an order of 10, i.e., A\?, and may be considered as a large
parameter. We can seek the asymptotic behavior of the solutions for A\? > 1,
expanding (C.19) in series of inverse powers of A\?. The main terms in (C.19)
are

A(t) = A(0) + e(B(0))"A\"™C,[1 + O(A2™)]
B(t) = B(0) + ¢(B(0))"A"=2mCy,, [1+ O0(A72™)] | (C.21)

where Cy,, and Cs,, are constants of order O(1). Therefore, for the for positive
t > 0 the asymptotic expansion of the solutions, (C.19), for A2 > 1 may be
written as

A(t) = A(0) + e(B(0))" /Ot I o () a [1 4+ O(A2)]

B(t)=B(0) [1+eO(X?)] . (C.22)

In a similar way, one can write the asymptotic expansion of the solution,
(C.19), for the negative values of ¢ (t < 0) :

A(t) = A(0) [1+e0A?)] ,
B(t) = B(0) + ¢(A(0))" /0 te*<n+1>7t’62n(t’)dt' [1+0(\7%)] . (C.23)

Now we will study the behavior of the solutions, (C.22), (C.23), in respect
to the transformation, e — €y = €/, of the perturbation parameter, €. Using
the notations in (C.5), and performing the transformations of (C.6) similar
to those ones in the previous section, one can obtain the following expressions
for the transformed solutions, A (t), Ba(t), at the positive axis of ¢ > 0:

Ax(t) = Ax(0) 4 ex(BA(0))™ /O e e (8 — toy) + el ] dt!
x [1+4 O()\_Q)] )
Ba(t) = Bx(0) [1+ eAO(A?)], (C.24)

where
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tox
A, =(n+1) / eVt ey (E— toy)dt .
0

By the similar procedure one can transform the solution (C.23), and obtain
the following expressions for A (t), Ba(t) for the negative t < 0:
A)\(t) = A,\(O) [1 + 6)\O(>\_2)] ,

t
Bx(t) = BA(0) + EA(AA(O))n/ e (T ey (¢ + tox) + ved, ] dt!

’ x [1+0(\7?%], (C.25)

with

0
S, = (n+ 1)/ e~ (DY ey (t 4 toy)dE .

—tox

The transformed solutions, (C.24), (C.25), corresponds to the asymptotic
solutions of the following nonlinear equations for the large parameter A% >> 1:

dx -
7; = —7[zx + excl,(y2)"] +ex I;)Cuc(t —tox) (@n)F(ya)" ",
d n
S =i+ e @)+ e eanlt + o) (@) (5)" T+ - (C.26)
k=0

The terms eAcgn(af)", (k = 1,2) before the coefficient v in (C.26) corre-
sponds to the higher order corrections in the expansion of the unperturbed
Hamiltonian, Hy(z,y), in series of power of x,y near the hyperbolic fixed
point, (z =0,y = 0). Since we neglected with these higher order corrections
in Hg(z,y), we can neglect them also in (C.26). Thanks to periodicity of
the coefficients CEZ) (t), (8.17) and (C.26) have the same form for the value
of the phase tgy = w. From the latter condition automatically follows the
value of the rescaling parameter \. The relation, (8.18), between the solu-
tions (z4(t), ya(t)) and (zp(t), ys(t)) of the (8.17) and (C.26) follows from
(C.5), which is valid for the A2 >> 1.



D Relation Between 99 and 0

The term under the integral (10.25) depending on the poloidal angle 6 is

1

fle,0) = (1+ecosd)?(1+ Aecosb) .

Expansion of f(e,6) in a series of powers of € leads to

f(e,0) = i ame™ cos™ 0 |
m=0
= (=1)™ Y (m—k+1)A" . (D.1)
k=0

Using the series (D.1) and integrating (10.25), one obtains the following re-
lationship between 1 and 6 as a series of powers of &:

M
9(0,€) =0 + Z am sinmf + O(eMF1) | (D.2)

m=1

where the coefficients «,,, are also series in powers of €. For M = 4 they are
given by (10.30). By similar integration of (10.26) we obtain a series for the
safety factor ¢(r) (10.31).

Now we consider the inversion of the relation ¢ = 9(8, ) with respect to
0. Suppose that we have a relation in the form

9(0,¢) =0 + Z Oy, sinmb | (D.3)

m=1

with given coefficients a,,. Note that au,;,/am4+1 ~ e. A similar expression
exists for the inverse relation 6 = 6(¥, ¢):

0(9,¢) =09+ Z oy, sinmd | (D.4)

m=1

with the unknown coefficients o,. From (D.3) and (D.4) follows the relation
between the coefficients o, and a,,:
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e
- Z Anbm/a’m’ 5 (D5)
m’/=1
where
27 2
A, = [ mitmo—me gy - L / im0 —m'0) 4 4o
2 2T 0 d9

We expand the integrand in a series of powers of . Since «a,, ~ €™, using
(D.3) one can obtain

dd —im0 & (k) 4
exp(—imd) —aze ;Fm 0) +0(%) ,

where
FO =1, F1(6) = oy (cosf — imsinb) |,
2 m2 o2
F2(9) = mTal + (202 + 1 ——a?) cos 20 — im( 21 + a)sin 26 ,

3 1
FS)(Q) = —im (Oé3 + 2a1a2 + ﬂm al) sin 360

1 i 1
+i% <a1a2 + 4m2a§’> sinf — % (alag + 404:{’) cost

1 1
+(3a3 + §m2a1a2 + ng 3) cos 36 .
Then the matrix A,,,,» can be presented in the form:

1o o i(m'9(0) - me) 4V (0) (1) (2) (3)
Ay = — do=A +A A A+

27 Jo do mm/!
where
1 27 ) , )
AO =, AD) = 2—/ emimi—m' O p@) (9ygo . j=1,2,3,... .
T

The terms of the first order of € are

1 1 1 Qa; 1 3oy
Agl) =0, Agl) =01, AEQ) = 9 AL(%Q) = 9
Aé? = —Q7 , Az(é) = 20&1 s Ai(’jl) = —gal .
The second order terms are
1 3 3
A =-tat, a0 AP =dare s,

AB=0, AP =-al, A =0, AD=alt20,
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5 3 1 2 2 9 2
A = ga% T % AR =0, A = _Za% . A =0,
15 5
A =Bz y S0y, Af —atao.

Finally the third order terms are

1 1
A§31) =0, AS) = _5(0410‘2 + Za§)7 Az(’j) =0,

1 1 L
Aﬁ) - ﬁai’ +aras + 2a3 Ag) T T + Zai)’ Ag;) =0
5 9 - -
AY = Borag- 2ot AP - aY 0,
(3) 13 5 (3) L
Agy = —20q00 + <o Ay = T8 T a1 = gag.

343

Finally, using (D.5) and neglecting the terms of order higher than £® we have
obtained the following expressions for the expansion coefficients o, in (D.4)

in terms of ay:

1 .
—af = a1 + ajas — foz‘f + 0(65) ,

4
1 3 1 3
_a; = g — 504% - 5(1%042 + Zaéll + 50{1(13 + O<66) ’
* 3 3 5
—03 =03 — ;010 + e +O(e”) ,

1
—a = ay — 20103 + 203 an + aj — Za‘f. +0(%) .



E Asymptotic Estimation
of the Integral S,,,,,» (10.49)

We write down the integral (10.49) as the Fourier integral

1 [ -
Smm' (’(/}) = % o f(ﬁ)ezm (b(ﬁ)d,ﬂ ) (El)

where

f(¥) =1+ ecosh(F)

are slowly varying functions of ¥. Integrals of type (E.1) may be evaluated
using the methods of asymptotic expansions in a series of inverse powers
of m’ > 1. However, as we will see below, the method of stationary phase
cannot be directly applied to estimate the integral (E.1) for the values of m’
being of interest because of the specific behavior of the phase function @(19).

According to the localization principle (see Fedoryuk (1989)) for m’ > 1
the integral (E.1) is equal to sum of the contributions at the critical points
for Syms. There are two critical points for the phase function @(19):

91 =0, Vo =m.

As will be shown below, for m’ < m the main contribution to the integral
comes from the first critical point, 91, and for m’ > m the second critical
point contributes to the integral.

Consider first the case m’ > m. One can expand the angle 6 in terms of
(9 — 7) around the second critical point ¥o = 7:

1 ]

0(9) ~ 7+ (¥ — ) + 663(19777)3 ) (E.2)
where f31, O3 are defined by (10.50). In (E.2) we have taken into account that
d20/d192) = 0. Since 0 < B; < 1 and (B3 > 0 the first derivative

O=m
do (V)

5 = (B1 —m/m') + %ﬂg(’ﬁ —m)?,

has two real zeros
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2|m/ By — m| 1/2
m' 33 ) .
when m’ < m/fB;, and complex roots when m’ > m/3;. For the values of
m’ which are sufficiently close to m/@; the singular points 91 2 are close to
each other, and the integral cannot be estimated by the ordinary method
of stationary phase. In the case of degenerate stationary points one should
apply the method described in Fedoryuk (1989).
Using the expansion (E.2), and introducing the integration variable x =
¥ — 7, the integral (E.1) may be written as

19172=7Ti(

’ ]_ ™ .
S = (=)™ o |l + )eiMata®/3) g (E.3)
where '8
mpor —m /
= A= 2.
Q@ m/63/2 ) m 63/

For large values of A and for the small «, the leading term of the asymptotic
expansion of the integral (E.3) may be estimated by replacing f(z + m) by
f(m) and expressing the integral by the Airy function Ai(z):

1 L 3
Smm’(w) = f(ﬂ-)(_l)m+m 7/ ev\(am+x /B)dm

2 J_,

where

™

Ai(z) = 1 /000 cos(zt + t*/3)dt

is the Airy function (see Abramowitz and Stegun (1965)).

The asymptotic formula (E.4) is valid for small values of a. Comparison
with the exact numerical calculations of the integral (E.1) shows that (E.4)
is a good approximation for S,/ in the interval

m' —m/By > —c(m'Bs/2)!/* . (E.5)

where ¢ =~ 3.
A similar asymptotic estimation of S, can be obtained for the small
values of m/’ satisfying the condition

m' —m/y < c(m'|ys]/2)Y? . (E.6)
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There is the following formula for these m’:

where 71 > 1 and 3 < 0 are defined by (10.50).

Outside the intervals (E.5) and (E.6) the integrals Sy, (1) may be esti-
mated by the method of stationary phase. These integrals are fast oscillating
functions of m/, and have an order of (m’)~/2. We will not evaluate them
here because of their small contribution.

The formulas (E.4) and (E.7) are the leading terms of an asymptotic
expansion into a series of inverse powers of m’. The full asymptotic expansions
may be found by the method described by Fedoryuk (1989).



F Sample Program for Implementing
a Mapping Procedure

Below we present a program for the numerical implementation of the mapping
for the generic Hamiltonian system of one-degree-of-freedom perturbed by
time-periodic perturbation. The program is written in C-language.

We consider a Hamiltonian system

dd O0H OH, dl 8H1
2 I (T - i F.1
it = or DTS i~ ar (1)
given by the Hamiltonian function
H = H()(I) + 6H1(I77.9,t) 5
Ho(D) = [w(n)al
m= Mz
1(1,9,¢t) Z H,,(I) cos(md — 2t + x) , (F.2)
m= Ml

where Fourier coefficients, H,,(I), are real functions, and the phase y is
a constant. In (F.2) a finite number of terms numbering from M; to M,
(My < M,), are taken into account.

Let tp = kAT, (k = 0,£1,£2,---), be a time sequence with a step AT.
Then the evolution of Hamiltonian system (F.1) along this time sequence,
ie.,

(Ons1, Tey1) = MO, In) (F.3)

where (9x, Ir) = (V(tx), I(tx)), is given by the mappings (4.6), (4.7), (4.8).
In the first order of perturbation theory the latter can be written as

i =T — F(J, Ok, ti) , e = Ok + G(Jk, Ois i) (F.4)
Y1 = Y +w(Jp) AT, (F.5)

Iivr = i + F(Je, Opg1, th1) s D1 = Yrg1r — G(Jk, Vg1, trgr) (F.6)
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where
0S8(J,9,t)
F(J,’&,t) = Cm s
G(J,0,1) = €522 (F.7)

are perturbation functions determined by the generating function

m=Mo,
S, Jt) = = (t—ty — AT/2) Y Hp(I)

’I’I’L:Ml

X |a(am (J)) sin(md — 02t + x) + b(ayy, (J)) cos(md — 02t + X)] , (F.8)

The functions a(z), b(x), and qu,,(J) are given by

a(x)zl—;osx’ b(x):sizx ,
am(J) = mw(J) — Q] (t — t, — AT/2) . (F.9)

In (F.8), (F.9) the time parameter t, is taken in the middle of the interval
[tis tes1]s Le., to = (b +thy1)/2 =t + AT/2.

The implicit mapping procedure presented by (F.4)—(F.6) is implemented
by the procedure MappingStep(Y,Z,time).

MappingStep (LPLDOUBLE Y, LPLDOUBLE Z, LPLDOUBLE time)
{

LDOUBLE F,G,F_J,G_T,f,f_J,f_t;
LDOUBLE J,theta,U[2],V[2],t_0, eps_acc=1.0E-12;
int L=0, N_iter=20;
t_O=*time+MapPeriod/2.0;
[ mmm The first step ———-—————————————————————- */
GeneratingFunction(&Y[0],&Y[1],&(xtime) ,&t_0,&F,&G,&F_J,&G_T);
J = Y[O]-F;
theta = Y[1];
Iterl:
GeneratingFunction(&J,&theta,&(*time) ,&t_0,&F,&G,&F_J,&G_T) ;
£f=J-Y[0]+F;
f_J=1.0+F_J;
v[0]l=J-f/f_J;
L++;
if ((£_J LE 0) OR (L GT N_iter)) {sigl = 0; goto exit; }
if (fabs(V[0] - J) GT eps_acc )
{J = V[0]; goto Iterl; }
V[1] = Y[1] + G;
[Hmmmmmm The second step ——mmmmm */
U[1] = V[1] + MapPeriod*omega(&V[0]);
*time+= MapPeriod;
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Y it The third step e */

GeneratingFunction(&V[0],&U[1],&(*time) ,&t_0,&F,&G,&F_J,&G_T);
theta=U[1]-G;

Iter2:
GeneratingFunction(&V[0],&theta,&(*time) ,&t_0,&F,&G,&F_J,&G_T) ;
f =theta-U[1]+G;

f_t=1.0+G_T;
Z[1]=theta-f/f_t;
L++;

if ((f_t LE 0) OR (L GT N_iter)) {sig2 = 0; goto exit; }
if (fabs(Z[1]-theta) GT eps_acc)
{theta=Z[1]; goto Iter2; }
z[0] = v[0] + F;
exit: L = 0;
}

Two-dimensional variables (Y[0],Y[1]) and (Z[0],Z[1]) stand for the initial
(I, 9%) and the final (Iy11,941) variables, respectively, and time stands for
tr. In the first step the map (F.4) is written as an algebraic equation,

f(Jw) = Ik — Iy + F(Jg, Uk, t) =0,

with respect to variable Jg, and it is solved using the Newton-Raphson
method Press et al. (1992). The initial value of Jj in the iterative process
is taken J,io) = Iy — F(Iy, U, tx). The iteration is stopped in cases when
the sufficient accuracy, eps_acc, is reached. It is interrupted if the derivative
1'(Jx) becomes negative, or number of iteration exceeds some number N_iter
(it is taken equal to 20).

Similarly, in the third step the map (F.6) the variable ¥4, is found as a
root of the algebraic equation

JWOrs1) = Vg1 — n + G(Jp, Opg1, tegr) = 0.

This procedure calls the subroutine GeneratingFunction (J, theta, time,
to, F, G, Fy,Gr) in which the functions F(J,9,t), G(J,9,t) (F.7) and their
derivatives OF/0J, 0G /09 are calculated.

GeneratingFunction(J,theta,time,t_0,F,G,F_J,G_T)
LPLDOUBLE J,theta,time,t_O,F,G,F_J,G_T;
{
int m;
LDOUBLE S=0.0, S_J=0.0, S_th=0.0, S_thJ=0.0;
LDOUBLE phi_m,sinm,cosm,eps_t, x,x_J;

LDOUBLE mm;
Spectrum_0f _Perturbation(&(*J));
eps_t = - Epsilon * (*time-*t_0);

for (m = M_1; m LE M_2; m++)
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{

mm = (LDOUBLE)m;

X alpha(&(*J), m)*(*xtime-*t_0);

x_J alpha_J(&(*J) ,m)* (*time-*t_0) ;

phi_m = fmod(mm* *theta - Omega* *time + phase, pi2);
sinm = sin(phi_m);

cosm = cos(phi_m);

/* S +=  Hm[m] * (a(&x) * sinm + b(&x) * cosm); */
S_th +=mm*Hm[m] * (a(&x) * cosm - b(&x) * sinm);
S_J += Hm[m] * (a_J(&x)* sinm + b_J(&x)* cosm)*x_J

+ Hm_J[m]*(a(&x) * sinm + b(&x) * cosm);
S_thJ+= mm*Hm[m]* (a_J(&x)* cosm - b_J(&x)* sinm)x*x_J
+ mm*Hm_J[m]*(a(&x) * cosm - b(&x) * sinm);

}
*F = eps_t * S_th;
*G = eps_t * S_J;
*F_J = eps_t * S_thJ;
*G_T = *F_J;

}

This function procedure uses the predefined functions a(z), b(x), and «(z)
(F.9) which are defined below. To avoid singularities at the extremely small
value of z the functions a(z) and b(z) are expanded into series of powers of
z in a small neighborhood of z.

LDOUBLE alpha(LPLDOUBLE J, int m)

{ return((LDOUBLE)m*omega (& (*J))- Omega); }
LDOUBLE alpha_J(LPLDOUBLE J, int m)

{ return((LDOUBLE)m*omega_J(&(*J))); }

LDOUBLE b(LPLDOUBLE x)
{ LDOUBLE y2;
y2 = pow(*x,2.0);
if ( fabs(*x) LT 0.01 )
return(1.0-y2/6.0%(1-y2/20.0%(1-y2/42.0
*(1-y2/72.0%(1-y2/110.0)))));
else return(sin(*x)/ *x);
}
LDOUBLE b_J(LPLDOUBLE x)
{ LDOUBLE y2;
y2 = pow(*x,2.0);
if (fabs(*x) LT 0.01)
return(-*x/3.0*(1-y2/10.0*(1-y2/28
*(1-y2/54.0%(1-y2/88.0)))));
else return((cos(*x) - sin(*x)/ *x)/ *x);
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LDOUBLE a(LPLDOUBLE x)
{ LDOUBLE y2;
y2 = pow(*x,2.0);
if (fabs(*x) LT 0.01)
return(0.5% *x*(1.0-y2/12.0%(1-y2/30.0
*(1.0-y2/56.0%(1-y2/90.0)))));
else return((1.0-cos(*x))/ *x);
}
LDOUBLE a_J(LPLDOUBLE x)
{ LDOUBLE y2;
y2 = pow(*x,2.0);
if (fabs(*x) LT 0.01)
return( 0.5 - y2/8.0 *(1-y2/18.0%(1-y2/40.0
*x(1-y2/70.0))));
else return((sin(*x)-(1.0-cos(*x))/ *x)/ *x);

3

Below we give an example program for calculating Poincaré section of
Hamiltonian system. Specifically, we consider the system with unperturbed
frequency of motion w(I) = 1/1. The Fourier coefficients H,,(I) of the per-
turbation Hamiltonian are constants, H,,(I).

/* Mapping for plotting Poincare section */
#include <math.h>

#include <stdio.h>

#include "mapping.h"

long tempOffset = O;
long curPos = 0;

LDOUBLE Hm[50] ,Hm_J[50] ,Phase[50];
LDOUBLE Epsilon, Omega, time, phase;
LDOUBLE TimePeriod, MapPeriod, D_time;
LDOUBLE pi, pi2;

int M_1, M_2;

int sigl, sig2;

main(argc, argv )
int argc;
char *argv(];
{
FILE *startup, *outX;
int i, j,Trax,Number0fTrax,MaxSteps;
int MapSteps;
BOOL AutoStart = FALSE;
LDOUBLE Y[4], Z[4];
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LDOUBLE J_i, J_f, theta_i, theta_f;
char tStr[30];

char XFileName[200];

memset (tStr,0,30);

memset (XFileName,0,200) ;

——————————— loading initial values into —-------------%/

if (argc NE 2)
{ printf("usage: map _XXXX.ini\n\r");
return 0; }
else
{ int namelen = strlen(argv[1]);
strncpy (tStr,&argv[1] [1] ,namelen - 5);
XFileName[0] = ’x’;
strcat (XFileName,tStr);
strcat (XFileName,".dat"); }

if ((startup = fopen(argv([1],"rt")) NE NULL)

{float fl1 0, £f12 = 0, £f13 = 0;
fscanf (startup,"%d %d\n\r",&NumberOfTrax,&MaxSteps) ;
printf ("Number0fTrax= %d,MaxSteps= %d\n",
NumberOfTrax,MaxSteps) ;
fscanf (startup,"%f %f %f\n\r",&f1l1,&f12,&f13);
Epsilon = fl1;
Omega = f12;
phase = f13;
printf ("Epsilon=%5.2f Omega= 5.2f phase= %f\n",
Epsilon,Omega,phase )
fscanf ( startup, "%d %d %d\n\r",&MapSteps, &M_1, &M_2);
printf ("Step= %d M_1=%d M_2=%d\n\r",MapSteps,M_1,M_2);
fscanf ( startup, "%f %f\n\r",&fl1, &£f12);
theta_i = f11;
J_i = £12;
fscanf ( startup, "%f %f\n\r",&fl1, &f12);
theta_f = f11;
J_f = £12;
printf("J_i= %f, J_f= %f\n", (float)J_i, (float)J_f );
printf("th_i= %f, th_f= %f\n", (float)theta_i,
(float)theta_f );

fclose( startup ); 7}

pi = 4.0 *x atan( 1.0 );
pi2 = 2.0 * pi;
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TimePeriod = pi2/Omega;
MapPeriod = TimePeriod/(LDOUBLE)MapSteps;

if ( NumberOfTrax EQ 1 ) Trax = 1;
else Trax = 0;

for ( i = Trax; i LE NumberOfTrax; i++ )
{ long plotNumber=0;
sigl=1; sig2=1;
time=0.0;
Y[0]=J_i+(J_£f-J_i)*(LDOUBLE) i/ (LDOUBLE) NumberOfTrax;
Y[1]=pi2*(theta_i+(theta_f-theta_i)*(LDOUBLE)1i
/ (LDOUBLE) Number0fTrax) ;
printf ("J=Yf theta=)f\n",Y[0],Y[1]);
DoIteration:
for (j = 1; j LE MapSteps; j++)
{
MappingStep(Y,Z,&time) ;
Z[1]=fmod(Z[1],pi2);
if (Z[1] LT 0.0) Z[1]l+=pi2;
Y[0]=z[0];
Y[1]1=2[1];
if ((sigl EQ 0) OR (sig2 EQ 0) ) continue;
}
plotNumber++;
if (outX=fopen(XFileName,"a+t") )
{ fprintf (outX,"%e %e %e\n",time,Z[1]/pi2,Z[0]); %
fclose (outX);
if ( plotNumber GT MaxSteps )
{ printf("End of trax i=Yd\n", 1i);
plotNumber=0;
continue; }
goto Dolteration;

printf( "end of computations\n" );
printf("\n");
}

The frequency of motion w(I) and its derivative dw(I)/dI are defined by
the functions omega(l) and omega;(I). The procedure SpectrumO f Pertur-
bation(J) defines the perturbation spectrum HI).

LDOUBLE omega (LPLDOUBLE J)
{ return( 1.0/ *J ); }

LDOUBLE omega_J(LPLDOUBLE J)
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{ return(-1.0/pow(*J,2.0)); }

Spectrum_0f _Perturbation(LPLDOUBLE J)
{ int m;
for (m = M_1; m LE M_2; m++ )
{ Hn[m] = 1.0;
Hm_J[m] = 0.0; }
}

The above program uses a heading file “mapping.h”, where the definitions
of some operations and functions are given:

#define FAR _far
#define FALSE O
#define TRUE 1

#define AND &&

#tdefine OR [l
#define EQ ==
#define NE 1=
#define LE <=
#define LT <
#define GE >=
#define GT >

#define ENDIF
#define VER -100
#define HOR -101
#define ROUND_UP -102
#define min(a,b) (((a)<(b)) ? (a) : (b))
#define max(a,b) (((a)>(b)) ? (a) : (b))
typedef struct tgRECT { float left;
float top;
float right;
float bottom;} FRECT;

typedef FRECT * LPFRECT;

typedef struct tgPOINT { float x; float y;} FPOINT;
typedef FPOINT x* LPFPOINT;

typedef double LDOUBLE;

typedef int BOOL;

typedef LDOUBLE * LPLDOUBLE;
typedef LDOUBLE ** LP2LDOUBLE;

[¥———————— Definition of functions ---——----——---——- */
LDOUBLE omega (LPLDOUBLE x) ;

LDOUBLE omega_J(LPLDOUBLE x) ;

LDOUBLE alpha(LPLDOUBLE,int);
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LDOUBLE alpha_J(LPLDOUBLE,int) ;
LDOUBLE a(LPLDOUBLE) ;

LDOUBLE a_J(LPLDOUBLE) ;

LDOUBLE b(LPLDOUBLE) ;

LDOUBLE b_J(LPLDOUBLE) ;

Finally we give an example of a file with initial data of parameters.

0010 1000

0.0010000 1.00000 0.0000000
2110

0.100000 1.050000

0.200000 9.050000
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