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Preface

These notes grew out of a series of lectures that I gave at the Universidade
Federal de Pernambuco, Recife, Brazil. Since this was a limited number of
lectures in the extensive area of periodic solutions of the N-body problem,
I was forced to define a small subset of the literature in order to give a
reasonably complete introduction. Filling in the most of the details resulted
in these lecture notes.

From a generic point of view the N-body problem is highly degenerate.
It is invariant under the symmetry group of Euclidean motions and admits
linear momentum, angular momentum and energy as integrals. This implies
that an attempt to apply the implicit function directly yields a Jacobian with
nullity 8 for the planar problem and nullity 12 for the spatial problem. (The
multiplier +1 has multiplicity 8 in the planar problem and 12 in the spatial
problem.) Therefore, the integrals and symmetries must be confronted head
on, which leads to the definition of the reduced space where all the known
integrals and symmetries have been eliminated. It is on the reduced space that
one can hope for a nonsingular Jacobian without imposing extra symmetries.

The first six chapters develops the theory of Hamiltonian systems, sym-
plectic transformations and coordinates, periodic solutions and their multi-
pliers, symplectic scaling, the reduced space etc. The remaining six chapters
contain theorems which establish the existence of periodic solutions of the
N-body problem on the reduced space.

The N-body problem is the classical prototype of a Hamiltonian system
with a large symmetry group and many first integrals. These lecture notes
are an introduction to the theory of periodic solutions of such Hamiltonian
systems.

I would like to thank Hildeberto Cabral for his kind hospitality during
my visit to the Universidade Federal de Pernambuco, Recife, Brazil. The final
version of this monograph was completed while I was the Fundacié Banco Bil-
bao Vizcaya Scholar at the Centre de Recerca Matematica, Institut d’Estudis
Catalans. Jaume Llibre and his colleagues at the Universitat Autonoma de
Barcelona were most cordial and helpful.

Many people read various parts of the manuscript in its various stages and
sent me comments and corrections. I would like to thank Martha Alvarez,
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Hildeberto Cabral, Anne Feldman, Karl Meyer, and Gareth Roberts for their
help. A special thanks goes to N. V. Fitton for her revisions of my revisions.

I am sure there are some errors in these notes and I hope they are
small. Please notify me of all errors large or small at Department of Math-
ematics, University of Cincinnati, Cincinnati, Ohio 45221-0025, USA or
ken.meyer@uc.edu.

My research has been supported by grants from the National Science
Foundation and the Charles Phelps Taft Foundation.

University of Cincinnati, August 1999 Kenneth R. Meyer
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1. Introduction

1.1 History

The N-body problem is a system of ordinary differential equations that de-
scribes the motion of N point masses or particles moving under Newton’s
laws of motion, where the only forces acting are the mutual gravitational
attractions. The problem is solved for N = 2 because it can be reduced to
the Kepler problem which is a system of ordinary differential equations that
describes the motion of a particle moving under the gravitational attraction
of a second particle fixed at the origin. The solutions of the Kepler problem
are conic sections — circles, ellipses, parabolas, and hyperbolas.

Newton’s formulation of his laws of motion and his law of gravity was
one of the greatest scientific accomplishments of all times. With these simple
principles he was able to completely solve the two-body problem deriving
Kepler’s laws describing the motion of the planet Mars. To the first approx-
imation the orbit of Mars is a solution of the two-body problem where only
the gravitational forces of the sun and Mars are taken into account and this
problem can be reduced to the Kepler problem. Using a perturbation analysis
he was able estimate some of the higher order effects and so explain some of
the anomalies in Mar’s orbit.

Newton next turned to the problem of describing the orbit of the moon.
This is a harder problem since the first approximation should be a three-body
problem — the earth, moon, and sun. The problem he encountered caused
him to remark to the astronomer John Machin that ... his head never ached
but with his studies on the moon.”!

Today the orbit of the moon is obtained either by numerical integration
or by asymptotic series expansion — see [29].

It is now widely believed that the N-body problem for N > 3 cannot be
solved in the same sense as the two-body problem. In fact there is very good
evidence that the general N-body problem is not solvable. However, since
Newton’s time there have been thousands of papers written on the N-body
problem. These papers contain special solutions, asymptotic estimates, in-
formation about collision, the existence and non-existence of integrals, series
solutions, non-collision singularities, etc.

' [37)
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The existence, stability and bifurcation of periodic solutions of the N-
body problem has been the subject of many of these papers particularly since
the works of Poincaré. Poincaré wrote extensively on periodic solutions and
in particular a large portion of his Les méthodes nouvelles de la mécanique
céleste [66] is devoted to this topic. He said about periodic solutions of the
three-body problem

En effet, il y a une probabilité nulle pour que les conditions ini-
tiales du mouvement soient précisément celles qui correspondent a
une solution périodique. Mais il peut arriver qu’elles en different tres
peu, et cela a lieu justement dans les cas ou les méthodes anciennes
ne sont plus applicables. On peut alors avec avantage prendre la
solution périodique comme premiere approximation, comme orbite
intermédiaire, pour employer le langage de M. Gyldén.

Il y a méme plus: voici un fait que je n’ai pu démontrer rigoureuse-
ment, mais qui me parait pourtant tres vraisemblable.

Etant données des équations de la forme définie dans le n° 13 et
une solution particuliere quelconque de ces équations, on peut tou-
jours trouver une solution périodique (dont la période peut, il est
vrai, étre trés longue), telle que la différence entre les deux solu-
tions soit aussi petite qu’on le veut, pendant un temps aussi long
qu’on le veut. D’ailleurs, ce qui nous rend ces solutions périodiques
si précieuses, c’est qu’elles sont, pour ainsi dire, la seule breche par ou
nous puissions essayer de pénétrer dans une place jusqu’ici réputée
inabordable. 2

This conjecture was often quoted by Birkhoff as a justification for his
work on fixed point theorems and related topics — see for example [12, 13].
Poincaré conjecture that periodic orbits are dense has only been established
for C'-generic Hamiltonian systems on a compact manifold by Pugh and
Robinson [68] and in a certain sense for the restricted three-body problem
by Gémez and Llibre [28].

There is an extensive literature on the existence and nature of periodic so-
lutions of the N-body problem, especially the restricted three-body problem.
Many different methods have been used to establish the existence of periodic
solutions in the N-body problem and Hamiltonian systems in general, for
example: averaging — see Moser [55], the Lagrangian manifold intersection
theory — see Weinstein [90], normal forms — see Schmidt [74], numeric —
see Angel and Sim6 [2], majorants — see Liapunov [43] and Siegel [80], spe-
cial fixed-point theorems — see Birkhoff [13], symbolic dynamics — see Saari
and Xia [71], variational methods — see Robinovich [69], and many others.
This is but a small sample of a vast subject. This monograph is concerned
with one small subset of the literature where I have made some contributions.

2 [66, p. 81]
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I will establish the existence and discuss linear stability of periodic so-
lutions of the full N-body problem without exploiting a discrete symmetry.
Almost all the early literature on the existence of periodic solutions uses a dis-
crete symmetry and so only applies in certain symmetric configurations and
in general does not give any stability information. Also most of this literature
establishes the existence in the three-body or restricted three-body problem
only. I will extend Poincaré’s continuation method to new applications by
using symplectic scaling and the symplectic reduction theorem.

Poincaré’s continuation method is a simple perturbation method. It re-
quires a small parameter ¢, which may be a physical quantity, such as one of
the masses, or a scale parameter, which measures the distance between two
of the bodies. A solution is periodic if it returns to its initial position after
a time T', the period. This results in a finite set of equations that must be
solved. Poincaré’s continuation method uses the finite-dimensional implicit
function theorem to solve these equations. When ¢ = 0 one finds a solution,
computes the necessary Jacobian to be nonsingular, applies the implicit func-
tion theorem, and concludes that the solution continues to exist when € # 0
but small. This method is introduced in Chapter 6 and used in Chapters
7-12.

Symplectic scaling is the method of introducing the small parameter € into
the problem while preserving the Hamiltonian nature of the problem. The art
is to introduce the parameter in such a way that when ¢ = 0 the problem
has a periodic solution with the requisite Jacobian nonsingular, which then
yields an interesting theorem. It seems that the scaling yields interesting
results only when it preserves the symplectic structure. Symplectic scaling is
introduced in Chapter 3 and used in Chapters 7-12.

The initial formulation of the N-body problem is a system of equations in
R4\ A for the planar problem or R6™\ A for the spatial problem where A is
the collision set. But the correct place to study the problem in on the reduced
space a (4N — 6)-dimensional symplectic manifold for the planar problem or
(6N —10)-dimensional symplectic manifold for the spatial problem in general.
It is only on this reduced space that one can hope to study the existence and
stability of periodic solutions.

It has been known since the time of Newton that the N-body problem is
invariant under a Euclidean motion (a translation followed by a rotation) and
admits the integrals of linear and angular momentum. They are a curse and
a blessing: a curse because they make the Jacobian of Poincaré’s continua-
tion method highly singular, and a blessing since they can be used to reduce
the dimension of the problem. When the symmetries and integrals are used
correctly, the problem can be reduced to a much lower-dimensional problem
which is again Hamiltonian. This is called the Meyer-Marsden-Weinstein re-
duction; it is the main result of my paper [50] and the paper of Marsden and
Weinstein [44]. In the problems discussed in this monograph, after symplectic
scaling and reduction the requisite Jacobian is nonsingular. Again this is the
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art, since many seemingly similar problems are still degenerate when all the
symmetries and integrals are accounted for. Symplectic reduction is discussed
in detail in Chapter 5 and used in Chapters 7-12.

Many of the chapters end with a list of problems. Some are routine and
some are not. I recommend at least looking at them, since they often con-
tain generalizations and related results. Sometimes the problem ends with a
reference, in which case the reader should realize that at some point in time
the solution of this problem was considered a publishable result.

1.2 Global vs. Local Notation

There is an old saying in celestial mechanics that no set of variables is good
enough. The subject is replete with different sets of variables, many of which
bear the names of some of the greatest mathematicians of all times. There are
not enough alphabets to give each variable a separate symbol, so I will use
a concept from programming languages — global and local. Some symbols
will stand for the same quantity throughout the notes, global variables, and
some will stand for different quantities in different sections, local variables.
In either case I will say what a variable stands for in each context.

Throughout these notes fixed and rotating reference frames will be used,
rotating more often than fixed. Therefore, quantities referring to a fixed ref-
erence frame will in general be in a boldface font, whereas the same quantity
in a rotating frame will be in a regular font. I use a Hamiltonian formal-
ism throughout the notes and write different Hamiltonians in many different
variables. I will always use the generic symbols H, H for the Hamiltonian,
but say something like, “The Hamiltonian of the - -- problem in - - - variables
ig ...

Here is a list of global variables.

e q,p are the position and momentum vectors in fixed rectangular coordi-
nates.

e ¢,p are the position and momentum vectors in rotating rectangular coor-

dinates.

X,y are the position and momentum vectors in fixed Jacobi coordinates.

x,y are the position and momentum vectors in rotating Jacobi coordinates.

H is the current Hamiltonian in fixed coordinates.

H is the current Hamiltonian in rotating coordinates.

O is the current angular momentum vector in fixed coordinates.

O is the current angular momentum vector in rotating coordinates.

U is the current (self-) potential in fixed coordinates.

U is the current (self-) potential in rotating coordinates.

€ is the current perturbation parameter.

m; is the mass of the ¢th particle.
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Many of the above global variables will be subscripted.

The variables u, v, &, (, a, 3, etc. are local variables whose meanings will
be given in context.

R will denote the field of real numbers, C the complex field, and F either
R or C. F" will denote the space of all n-dimensional column vectors, and,
unless otherwise said, all vectors will be column vectors. However, vectors
will be written as row vectors within the body of the text for typographical
reasons. L(F",F™) will denote the set of all linear transformations from F™
to F™ and will sometimes be identified with the set of all m x n matrices.

If A is a matrix, then A7 will denote its transpose, A~! its inverse, and
A~T the inverse transpose, if these matrices exist. A matrix A is block diag-
onal if it is of the form

A1 O12 O13 -+ Oy
Oa1 Az Oaz3 -+ Ogy,

A= O31 O32 Az --- O3,

Opk1 Ok2 Ogs -+ Api

where the A;; are square matrices and the O;; are the rectangular zero ma-
trices. We will write A = diag (A1, Asa, ..., Akk)-

Functions will be real and smooth unless otherwise said, where smooth
means C* or real analytic. If f(u) is a smooth function from an open set O
in R™ into R™, then 0f/0u will denote the m x n Jacobian matrix

oh  oh
8’&1 8’U,n
of _
ou
Ofm  Ofm
8’&1 8’U,n

If f:R™ — RY then 0f/0u is a row vector; let Vf or V, f or f, denote
the column vector (9f/0u)T. (Even when discussing functions on manifolds,
no Riemannian metric is assumed, so Vf is not the gradient vector with
reference to some Riemannian matrix.) When the derivative of f is thought
of as a map from O into L(R™ R™), the space of linear operators from R™
to R™, the derivative will be denoted by Df. The variable ¢t will denote a
real scalar variable called time, and we use Newtonian dots for the first and
second derivatives, i.e., * = d/dt, and ~ = d?/dt>.
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1.3 Summary of Chapters

Chapters 2-6 give general background material on Hamiltonian systems, the
N-body problem, symplectic manifolds, periodic solutions, etc. People with
a good knowledge of these topics can skim through these chapters quickly.
These chapters assume a knowledge of the basic theory of ordinary differential
equations, i.e., existence, uniqueness, linear theory, etc. Also, from time to
time proofs are given by reference.

Each of Chapters 7-12 contains a theorem establishing the existence of
a class of periodic solutions of the N-body problem. These later chapters
depend on the earlier chapters, but they are independent of each other; and
while each has its peculiarities, they are very similar in form. Therefore,
the reader should choose which chapters to read. Chapters 7 and 8 are the
simplest, and are therefore recommenced for the first reading.

Here is a summary of the chapters.

Chapter 2 This chapter introduces the N-body problem as a Hamiltonian
system of equations. The classic integrals of energy, linear momentum,
and angular momentum are derived. Then some of the special cases
are given, namely, the Kepler problem (central force problem), the re-
stricted three-body problem, Hill’s lunar equation, and the elliptic re-
stricted three-body problem. All of the systems are given as examples of
Hamiltonian systems.

Chapter 3 Now that we have seen some examples, it is time to give some
basic theory of Hamiltonian systems — at least as it pertains to celestial
mechanics and periodic solutions. The changes of variables that preserve
the Hamiltonian character of the problem are called symplectic. We give
the basic definition of symplectic changes of variables along with the main
examples of symplectic variables to be used later.

Chapter 4 A central configuration is a configuration of N particles giving rise
to special solutions of the N-body problem. In one such solution coming
from a central configuration, all the particles uniformly rotate about their
center of mass while maintaining their relative positions. Such a solution
is called a relative equilibrium. For example, there is a periodic solution of
the three-body problem in which three particles remain at the vertices of
an equilateral triangles while uniformly rotating. This chapter introduces
central configurations and gives a special coordinate system for central
configurations.

Chapter 5 The N-body problem has many symmetries due to the facts that
the particles are assumed to be point masses and Newton’s law of grav-
ity assumes that space is homogeneous and isotropic. Symmetries often
introduce degenerates, which can cause problems with the analysis un-
less the symmetries are exploited correctly. This chapter is devoted to
understanding the main symmetry of the N-body problem, that is, its
invariance under the group of Euclidean motions. The basic result dis-
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cussed is the symplectic reduction theorem, which states that when all
the classic integrals are held fixed and all the remaining symmetries are
removed, the resulting system is again Hamiltonian. It is on this reduced
space that the perturbation analysis yields the periodic solutions.

Chapter 6 This chapter develops Poincaré’s continuation method for systems
with various degrees of degeneracies. The main example is the N-body
problem.

Chapter 7 Here we prove the existence of Poincaré’s “periodic orbits of the
first kind” by the methods developed in the previous chapters. We estab-
lish periodic solutions in which two particles assumed to have small mass,
called the satellites, move on an approximately circular orbit about a par-
ticle of large mass, called the primary. These are the simplest examples
of periodic solutions on the reduced space.

Chapter 8 We show that under mild nonresonance assumptions, that a non-
degenerate periodic solution of the restricted problem can be continued
into the full (N + 1)-body problem. This result follows easily from the
Hamiltonian of the (N+1)-body problem with one small mass, after it has
been correctly scaled. This is the easiest example of symplectic scaling,
which shows that the restricted problem is indeed the first approximation
of the full problem with one small mass.

Chapter 9 In this chapter we show that there are periodic solutions of the
(N + 1)-body problem on the reduced space in which N — 1 particles
and the center of mass of the other two particles move approximately
on a relative equilibrium solution, while the other two particles move
approximately on a small circular orbit of the two-body problem about
their center of mass.

Chapter 10 The main result of this chapter is the existence of a family of
periodic solutions of the planar (N + 1)-body problem on the reduced
space in which one particle, called the comet, is at a great distance from
the other N particles, called the primaries. The comet moves approxi-
mately on a circular orbit of the Kepler problem about the center of mass
of the primary system, and the primaries move approximately on a rela-
tive equilibrium solution. This is the most degenerate of all the problems
discussed in these notes.

Chapter 11 In this chapter we use the method of symplectic scaling of the
Hamiltonian in order to give a precise derivation of the main problem of
lunar theory. Under one set of assumptions, we derive the main problem
used by Delaunay, and under another, the main problem as given by Hill.
The derivations are precise asymptotic statements about the limiting
behavior of the three-body problem and so can be used to give precise
estimates of the deviation of the solutions of the first approximation and
the full solutions. Using this scaling, we prove that any nondegenerate
periodic solution of Hill’s lunar equations whose period is not a multiple
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of 27 can be continued into the full three-body problem on the reduced
space.

Chapter 12 This chapter deals with the planar N-body problem of classical
celestial mechanics and its relation to the elliptic restricted problem. This
system, unlike the previous system, is periodic. We give a different deriva-
tion of the elliptic restricted problem which gives a restricted problem
for each type of solution of the Kepler problem. Again we show that any
nondegenerate periodic solutions of the elliptic restricted problem whose
period is not a multiple of 27 can be continued into the full three-body
problem on the reduced space.

1.4 Further Reading

This book assumes some knowledge of basic differential equations as found,
for example, in the introductory texts by Sanchez [72] or Arrowsmith and
Place [9]. These are readable, short introductions to the geometric theory
of differential equations and they should give sufficient background. More
advanced texts are [31, 32]. References to special advanced topics will be
given as needed.

Pollard [67] gives a clean and complete description of the solution to the
two-body problem, an introduction to Hamiltonian equations, and a brief
treatment of the restricted problem. This short book is an ideal starting
point for the study of Hamiltonian systems and celestial mechanics. A more
elementary and classical introduction is found in Danby [22] or Moulton [58].

At a higher level of difficulty are: Meyer and Hall [51], about the same
level as these notes; Abraham and Marsden [1], an austere development of
symplectic geometry which omits most of the details in its later chapters;
Arnold [7], an intuitive book which introduces many topics but lacks proofs
at times; and Siegel and Moser [81], a clearly written book with complete
proofs. Of these books, Siegel and Moser is the one to read.

The classic on periodic solutions of the N-body problem is Moulton [58].



2. Equations of Celestial Mechanics

In this chapter the Hamiltonian formulation of the N-body problem is given,
along with the classical integrals of energy, linear momentum, and angular
momentum. Various special cases are given: the Kepler problem (also called
the central force problem), the restricted three-body problem, Hill’s lunar
problem, and the elliptic restricted three-body problem.

2.1 Equations of the N-Body Problem

Consider N point masses moving in a Newtonian reference system, R3, with
the only forces acting on them being their mutual gravitational attractions.
Let the ith particle have position vector q; and mass m; > 0; then by New-
ton’s second law and the law of gravity we have the equation of motion for
the ith particle

N
. Gmimj (Qj — Qi) ou
m;q; = =3 2.1
2 a-alF o 2
where Gmem,
v- Yy Gmm 2.2)

<oyl —agll

In the above, G is the universal gravitational constant, which we will take to
be 1 henceforth, and U is the self-potential or the negative of the potential.
The independent variable is time, ¢, and dots denote differentiation by ¢, so
"= d/dt and "= d?/dt*. Here and throughout this book, we do not divide by
zero, so the term ¢ = j is to be omitted from the sum. The system of ordi-
nary differential equations (2.1) defines the N-body problem (the Newtonian
formulation of the N-body problem).

Although Einstein’s equations of relativity are thought to be the correct
equations describing gravitational problems, the classical N-body problem
gives an extremely accurate description of our solar system and many of the
other systems of astronomy. Lunar landings and Martian probes followed
trajectories of these equations.

Let 9 = (q1,92,...,9x5) € R*N. The vector form of equation (2.1) is
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Mg - VU(q) =0,

where M = diag(mq, m1,m1,...,my, my, my); the Hamiltonian formula-
tion of the N-body problem is obtained by introducing the (linear) momen-
tum vectors. Define p = (p1,...,pn) € R3*" by p = M so p; = m;q; is the
momentum of the ¢th particle. The equations of motion become

q=H, = M lp, p= —-Hy =Uq (2.3)
or, in components,
. 0H /
i = = Pi/ My,
q op; p
(2.4)

_oH 90U _ zijz‘mj(Qj ~ %)

p': = =
' dq;  0Oq; = lai —ajl®

3

where the Hamiltonian is

N
1 - l[pil?
H=_p'M lp-U= -U. 2.5
5P P ; o, (2.5)

H is the total energy of the system of particles. It is an integral (i.e., a
constant of the motion — see Section 5.2) of the system of equations since

oM, oM. oHoH oM (oMY |
dt_(?qq app_aqap op oq )

The vectors q and p are called conjugate variables.

The N-body problem is a system of 3N second-order equations in the
Newtonian formulation and a system of 6 N first-order equations in the Hamil-
tonian formulation. A complete set of integrals for the system would comprise
6N —1 time-independent integrals plus one time-dependent integral. Only ten
integrals are known for all N. Let

C=miqi +...+myqn
be the center of mass of the system and
L=pi+...+pn
be the (total) linear momentum of the system. It follows from (2.3) that

C=L, L =0, C=0o, (2.6)

and so C = Lot + Cy, L = Lg. Ly and Cy are vector functions of the initial
conditions and constants of the motion: therefore, they constitute six integrals
of the motion.
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Let O = Zf[ q; X p; be (total) angular momentum. Since

N
do . .
E:Z(QiXpi‘i‘QiXpi)
=1
- mim;(q; — q;)
=3t Y A0
=1 =1 5=1 q qJ
:0,

O is a vector of integrals. Thus there are three angular momentum integrals.
Energy, center of mass, linear momentum, and angular momentum are the
ten classical integrals of the N-body problem. In order to overcome some of
the difficulties they cause in perturbation analysis, they are investigated in
greater detail in Chapter 5.

2.2 The Kepler Problem

A special case of the two-body problem is when one body of mass M is
assumed to be fixed at the origin — for example, like the sun, the body is
so massive that to the first approximation it does not move. In this case, the
Newtonian equation of the motion of the other body of mass m is of the form

. GMmq
mg = ———m=,
llal
or Haq
q=-— = VU(q),
llall®

where q € R? is the position vector of the other body in a fixed coordinate
system, p is the constant GM (G is the universal gravitational constant),
and U is the self-potential (the negative of potential energy)

="
llqll

If we define momentum p = ¢ € R? , then the Newtonian equation can be
written in the Hamiltonian form

Hq

q:H =P, p:_H = T3
° T al?

where
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H is called the Hamiltonian of the Kepler problem. The Newtonian formula-
tion is a system of three second-order scalar equations, whereas the Hamil-
tonian equations are six first-order scalar equations.

H is an integral of the motion, i.e., it is constant along solutions, since

M oM oM oMo oMo _
dt 8qq (?pp_ dq Op Op Oq

Define O = q X p, the angular momentum. Since

O=qxp+axp=pxp+ax (—ua/lq®) =0,

angular momentum O is constant along the solutions; thus the three compo-
nents of O are integrals. If O = 0, then

i(i>(q><f1)><q_0><q_0
dt \ |lqf lall® lal®

In the first equality above we have used the vector identity (q-q)q—q-q=
(a X q) x q. Therefore, if angular momentum is zero, the motion is collinear.
Letting the line of motion be one of the coordinate axes makes the problem a
one degree of freedom problem and so solvable by quadrature. In this case, the
integrals are elementary and one obtains simple formulas for the solutions.

If O # 0, then both q and p = q are orthogonal to O, and the motion
therefore takes place in the plane orthogonal to O through the origin, the
invariant plane. In this case, take one coordinate axis, say the last, to point
along O; then the motion is in a coordinate plane. The equations of motion in
this coordinate plane have the same form as above, but now q, p € R?. In the
planar problem only the component of angular momentum perpendicular to
the plane is nontrivial, so the problem is reduced to a problem of two degrees
of freedom with one integral. Such a problem is solvable “up to quadrature.”
It turns out that the problem is solvable (well, almost) in terms of elementary
functions. We shall solve this problem in a later section.

2.3 Restricted Problem

There are many restricted problems in celestial mechanics. The word re-
stricted usually implies that one or more of the particles has mass zero. But
the restricted means the restricted circular three-body problem as give in this
section.

The restricted problem is a limiting case of the three-body problem when
one of the masses tends to zero. A careful derivation of this problem will
be given in Chapter 8. In the traditional derivation of the restricted three-
body problem, one is asked to consider the motion of an infinitesimally small
particle moving under the influence of the gravitational attraction of two
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finite particles which revolve around each other in circular orbits with uniform
velocity. A full derivation will be given in Chapter 8, but for now we shall
simply give the Hamiltonian. Let the two finite particles, called the primaries,
have masses ¢ > 0 and 1 — u > 0. Let ¢ € R? be the coordinate of the
infinitesimal particle in a uniformly rotating coordinate system and p € R?
the momentum conjugate to ¢q. The rotating coordinate system is so chosen
that the particle of mass u is always at (1 — u,0) and the particle of mass
1—pisat (—p,0). See Figure 2.1.

a2
A
7 ! \\
// \da
Y

/%{v \
/ A\ e

s t

Fig. 2.1. The restricted problem

The Hamiltonian describing the motion of the third (infinitesimal) particle
in these coordinates is

el
H= 5 q" Jp—U, (2.7)
9 . 01 . .
where ¢q,p € R* are conjugate, J = Jy = 10/ U is the self-potential
gt o (2.8)
dq do

and d; is the distance from the infinitesimal body to the ¢th primary, so that

di’= (@ —1+p)P+q, d°=(n+p’+ae.

The equations of motion are
¢=Hy=Jq+p,

p=—H,=Jp+U,.
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The term ¢”Jp in the Hamiltonian H is due to the fact that the coordinate
system is not a Newtonian system, but instead a rotating coordinate system.
It gives rise to the so-called Coriolis forces in the equations of motion. The
line joining the masses is known as the line of syzygy.

The proper definition of the restricted three-body problem is the system
of differential equations defined by the Hamiltonian above. It is a two degrees
of freedom problem that seems simple but has defied integration; it has given
rise to an extensive body of research and will be treated in detail in Chapter
8.

The full three-body problem has no equilibrium points, but as we will
see, there are solutions of the planar problem in which the particles move
on uniformly rotating solutions — see Chapter 4. In particular, there are
the solutions of Lagrange, in which the particles move along the equilateral
triangular solutions, and there are the collinear solutions of Euler. These
solutions are equilibrium solutions in a rotating coordinates system. Since
the restricted three-body problem is a limiting case in rotating coordinates,
we expect to see vestiges of these solutions as equilibria.

An equilibrium solution for the restricted problem satisfies

0=p+ Jg, 0=Jp+ Uy,

which implies
0=q+U; =V,

where V is the amended potential

1
v=sldl?+U.

Thus an equilibrium solution is a critical point of the amended potential.
First, let us seek solutions that do not lie on the line joining the primaries.
Use the distances dj, d2 as coordinates. We obtain the identity

G +q5 = pdi + (1 — p)d3 — p(l — p),

so V can be written in terms of the distances d; and dz. The equation V, =0
becomes in these variables

(1—p)
d;
which clearly has the unique solution d; = dy = 1. This solution lies at the
vertex of an equilateral triangle whose base is the line segment joining the
two primaries. Since there are two orientations, there are two such equilibria
solutions; one in the lower half-plane is denoted by L4, and one in the upper
half-plane is denoted by Ls5. These solutions are attributed to Lagrange also.

Lagrange thought that these solutions had no astronomical significance,
but he was wrong: in the twentieth century, such a system was discovered

pdy = L5 =0, (1= p)ds - =0,
1
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in our own neighborhood. Consider a line segment connecting the sun and
Jupiter as the base of an equilateral triangle in the sun-Jupiter plane. One
group of about fifteen asteroids, called the Trojans, is found at £4 and another
group of about fifteen, called the Greeks, at Ls.

Now consider equilibria along the line of the primaries where g3 = 0. In
this case the amended potential is a function of g2, which we shall denote by
q for the present, and has the form

V= 1 ¢+ H (1—p) '
27 (g—1+p) (¢+p

In the above, one takes the signs so that each term is positive. There are three
cases: (1) when ¢ < —p, the signs are — and — ; (ii) when —p < ¢ < 1—p, the
signs are — and +; and (iii) when 1 — u < ¢, the signs are + and +. Clearly
V - asq— tooorasqg— —porasq— 1—pu,soV has at least one
critical point on each of these three intervals. Also note that

2

oV _ 0 (1—p)

=1 ,
dq? (¢—14+p?  (¢+p?

where the signs are again taken so that each term is positive, so V is a convex
function having precisely one critical point in each of these intervals, or three
critical points. A sketch of the graph of V' is given in Figure 2.2. These three

Fig. 2.2. The amended potential

collinear equilibria are attributed to Euler and are denoted by L1, Lo, L3, as
shown in Figure 2.3. In classical celestial mechanics literature, these equilib-
rium points are called libration points, hence the use of the symbol L.

One can consider the spatial restricted three-body problem also. In that
case the Hamiltonian is of the same form as (2.7) except now p = (p1, p2, p3) €
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Fig. 2.3. The equilibrium points of the restricted problem

Rga q= (Q1aq25(I3) € Rga

010
J=J=|-100],
000

and U is as in (2.8) with

di?= (@ —1+p’+@+q¢, d=(@+p?+d+d.

2.4 Hill’s Lunar Equations

In a popular description of Hill’s lunar equations, one is asked to consider
the motion of an infinitesimal body (the moon) which is attracted to a body
(the earth) fixed at the origin. The infinitesimal body moves in a rotating
coordinate system: the system rotates so that the positive x-axis points to
an infinite body (the sun) infinitely far away. The ratio of the two infinite
quantities is taken so that the gravitational attraction of the sun on the moon
is finite. A careful derivation of these equations will be given in Chapter 11,
along with a discussion of why Hill’s definition of the “main problem” is
important in lunar theory. For now we will simply give its Hamiltonian:
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1 1 1
H:—pQ—qTJp———q2+—q2. 2.9

2.5 Elliptic Restricted Problem

Previously we gave the Hamiltonian of the circular restricted three-body
problem. In that problem, it is assumed that the two primaries move on
circular orbits of the two-body problem. If one assumes instead that the pri-
maries move on elliptical orbits of the two-body problem, then one has the
elliptical restricted problem. It is no longer autonomous (time-independent)
but rather periodic in time. It also contains a parameter e, denoting the ec-
centricity of the primaries’ orbit. In Chapter 12, we give a detailed derivation
of these equations and the special coordinates used to study this problem;
for now we will just give the Hamiltonian.

The Hamiltonian governing the motion of the third (infinitesimal) particle
in the elliptic restricted problem is

2
p T 1—r(t T

where ¢, p € R? are conjugate, J is Jy, U is the self-potential

U
U_d1+ &

d; is the distance from the infinitesimal body to the ¢th primary, or

di=(q—1+p?+qg, d3=(qn+np’+a,

and r(t) = 1/(1 + ecost). These are special coordinates that keep the pri-
maries at a fixed position.

In all the other examples of this chapter, the Hamiltonian is independent
of time ¢, so it is a constant of the motion or an integral. However, in the
elliptic case, the Hamiltonian is not independent of time and so is not an
integral.

2.6 Problems

1 Show that the Hill’s lunar equations have two equilibrium points on the ¢;
axis. Analyze the linearized equations at these equilibrium points.

2 Show that the elliptic restricted three-body problem has five equilibrium
points — two at the vertices of an equilateral triangle and three collinear.

3 Show that there are no new equilibrium points in:



18 2. Equations of Celestial Mechanics

e the spatial circular restricted three-body problem,
e the spatial elliptic restricted three-body problem,
e the spatial Hill’s lunar problem.



3. Hamiltonian Systems

In this chapter we review some of the basic concepts of the Hamiltonian
formalism and symplectic geometry, but do not give a complete mathematical
development of all of them.

3.1 Hamiltonian Systems

Hamiltonian systems have already been introduced by example, when we
wrote the equations of motion of the Kepler problem, the N-body prob-
lem, etc. as Hamiltonian systems. Before proceeding, some basic facts about
such systems will be summarized; more details and proofs can be found in
Meyer and Hall [51]. The Hamiltonian formalism is the natural mathematical
structure in which to develop the theory of conservative mechanical systems,
especially the equations of celestial mechanics.

A general Hamiltonian system is a system of 2n ordinary differential equa-
tions of the form

u = H,, v=—H, (3.1)
or, in components,
. OH(t,u,v) ) OH (t,u,v)
1: = 7, 1/ — —7, .2
v 8’01' Y 8’(1,1 (3 )

where H = H (t,u,v), called the Hamiltonian, is a smooth real-valued func-

tion defined for (t,u,v) € O, an open set in R! x R™ x R™. The vectors

u = (u1,...,u,) and v = (v1,...,v,) are traditionally called the position

and momentum vectors, respectively, and t is called time. The variables u

and v are said to be conjugate variables: v is conjugate to u, and w is conju-

gate to v. The integer n is the number of degrees of freedom of the system.
For the general discussion, introduce the 2n vector

()

and the 2n x 2n skew symmetric matrix
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01
‘]_Jz‘"_(—m)

where 0 is the n X n zero matrix and I is the n x n identity matrix. Usually
we will use J without subscript — the size will be determined by the context.
With this notation, equation (3.1) becomes

i =JV.H(t z). (3.3)

One of the basic results from the general theory of ordinary differential
equations is the existence and uniqueness theorem. This theorem states that
for each (7, () € O, there is a unique solution z = ¢(t, 7, ¢) of (3.3) defined for
t near 7 satisfying the initial condition ¢ (7, 7,¢{) = ¢. The function ¢(¢, 7, ()
is smooth in all its displayed arguments, and so analytic if the equations are
analytic. We call ¢(¢, 7, () the general solution.

In the special case when H is independent of ¢, so that we have H :
O — R! where O is some open set in R?", the differential equations (3.3)
are autonomous and the Hamiltonian system is called conservative. In this
case, the identity ¢(t — 7,0, () = ¢(¢, 7, () holds, since both sides satisfy the
equations (3.3) and the same initial conditions. In this case, the 7 dependence
is usually dropped and only ¢(t, {) is considered, where ¢(t, ) is the solution
of (3.3) satisfying ¢(0,¢) = (, and we say that the equation defines a local
flow, i.e.,

o(t, d(s,¢)) = (t +5,C) (3.4)

for all ¢, s, and ¢ for which all the quantities in this formula are defined, in
particular, for ¢ and s small. If the solutions are defined for all ¢, then the
above holds for all t and s and ¢ is a flow.

3.2 Symplectic Coordinates

The form of Hamilton’s equations is very special. The special form is not
preserved by an arbitrary change of variables, so the change of variables that
does preserve that special form is very important in the theory. The classical
subject of celestial mechanics is replete with special coordinate systems which
bear the names of some of the greatest mathematicians.

A 2n x 2n matrix S is called symplectic if it satisfies

STJjs = (3.5)

The set of all 2n x 2n symplectic matrices forms a group called the symplectic
group and is denoted by Sp, or Sp(2n,R). The determinant of a symplectic
matrix is +1 and the transpose of a symplectic matrix is symplectic also.
Let T: 0 — R*: (t,2) — Z = T(t, z) be a smooth function with O some
open set in R?" 1, T is called a symplectic map (or transformation or function,
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etc.) if its Jacobian 0T/90z is a symplectic matrix for all (¢, z) € O. The com-
position of two symplectic maps is symplectic and the inverse of a symplectic
map is symplectic. (The inverse function theorem implies that a symplectic
map is locally invertible.) Since the determinant of a symplectic matrix is
+1, a symplectic transformation is orientation- and volume-preserving.

If the transformation z — Z = T'(t, z) is considered a change of variables,
then one calls Z the symplectic or canonical coordinates. Consider a nonlinear
Hamiltonian system 2 = JV,H(t, z) and make the change of variables from
zto Z by Z =T(t,z) = Z(t,z) with inverse z = T~Y(t,Z) = 2(t, Z). Then
the Hamiltonian H (¢, z) transforms to the function K(t, Z) = H(t, z(t, Z)).
Later we will abuse notation and write H (¢, Z) instead of introducing a new
symbol, but now we will be careful to distinguish H and K. It can be shown
[51] that the equation (3.3) transforms to

Z =JVzK(t,Z)+ JVzR(t, Z),
where R is defined by the formula

oT

E(t’ 2) ) JVzR(t, Z).
R is called the remainder function. Note that if the transformation is indepen-
dent of time ¢, then the remainder is zero. Therefore, in the new coordinates,
the equation is Hamiltonian with Hamiltonian K (¢, Z) + R(t, Z). (Here we
assume that O is simply connected so that a closed 1-form is exact; otherwise,
R is only locally defined.)

Proposition 3.2.1. A symplectic change of variables takes a Hamiltonian
system of equations into a Hamiltonian system. If a change of variables pre-
serves the Hamiltonian form of all Hamiltonian equations, then it is symplec-
tic.

Let ¢(t,7,{) be the general solution of (3.3), so ¢(7,7,{) = ¢, and
let X (¢,7,¢) be the Jacobian of ¢ with respect to (, that is, X(¢,7,() =
(09/0C)(t, 7,¢). X(t,7,¢) is called the monodromy matriz. Substituting ¢
into (3.3) and differentiating with respect to ¢, we get

82
e (1.0(,7, Q).

This equation is called the variational equation and is a linear Hamiltonian
system. Differentiating the identity ¢(7,7,() = ¢ with respect to { gives
X(7,7,¢) = I, the 2n x 2n identity matrix, so X is a fundamental matrix
solution of the variational equation. (Recall that a fundamental matrix so-
lution X(¢,7) is a square matrix solution of a linear equation that satisfies
X(7,7) = 1.) Therefore, X is symplectic by the following general result.

X = JS(t,T,0)X, S(t,1,¢) =

Proposition 3.2.2. The fundamental matriz solution of a linear Hamilto-
nian system is symplectic for all t.
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This means that the flow defined by an autonomous Hamiltonian system is
volume-preserving, so in particular there cannot be an asymptotically stable
equilibrium point, periodic solution, etc. This makes the stability theory of
Hamiltonian systems both difficult and interesting.

In the conservative case, the equations define a flow ¢(¢, () and the above
implies that the map ¢ — ¢(¢, () is symplectic where defined. Such a flow
will be called a (local) symplectic flow. The converse is partially true.

Proposition 3.2.3. If ¢(t, () is a local symplectic flow for t small and ¢ €
O’ C R2?" where O is simply connected, then there is a smooth function
H : O — R such that ¢(t,() is the general solution of 2= JV ,H(z).

The definition of a symplectic transformation is easy enough to check a pos-
teriori, but it is difficult to use this definition to generate a symplectic trans-
formation with the desired properties. Here are some results which help in
constructing symplectic transformations.

The differential form

2n 2n n n
0= %ZZJijdzi/\dzj = dz' AdT =) dut Adv' = du Adv
=1 5=1 1=1 1=1

is the standard symplectic form.

Proposition 3.2.4. A transformation z — ( is symplectic if and only if it
preserves the standard symplectic form, i.e.,

n n
D dzt Ade T =) d¢t A dCT
i=1 i=1

See [1, 51].

For example, the change from rectangular coordinates u,v to polar co-
ordinates r, 6 is not symplectic since du A dv = rdr A df. But by defining
I =72/2 = (u? +v?)/2, we have du A dv = dI A df, so the transforma-
tion u,v — I, 0 is symplectic and I, § are symplectic coordinates. They are
known as action-angle variables.

3.3 Generating Functions

Use classical notation z = (u,v) so that the standard symplectic form is

2=> du' Ndv' = dudv.
i=1
Let @ = @(u,v),v = 0(u,v) be a change of variables, and assume that the
functions @ and v are defined in a ball in R?". This change of variables is
symplectic if and only if
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du N dv = du A dv.

This is equivalent to d(udv — @ dv) = 0 or that o1 = wdv — @ dv is closed. o1
is closed if and only if 09 = 01 + d(a?) = udv + vda is closed. In a similar
manner, the change of variables @ = @(u,v),? = 9(u,v) is symplectic if and
only if any one of the following forms is closed:

o1 =udv—udy, o9 = udv + vdu,
(3.6)

o3 = vdu — v du, o4 =vdu+ udv.

Since the functions @ and v are defined in a ball, closed forms are exact by
Poincaré’s lemma; so the change of variables is symplectic if and only if one
of the functions Sy, S2, S3, S4 exists and satisfies one of

dSy (v,v) = o1, dSz (v, u) = o9,

dSs(u,u) = o3, dS4(u, ) = 04.

In the above formulas, there is an implied summation over the components.

These statements give an easy way to construct a symplectic change of
variables. Assume that there exists a function S (v, ¥) such that dS; = oy;
then

dS, = %dv—k 8—5_’161’(_) =udv—udv.
ov ov
So if Y Y
_ = - TPl
U= av (’U, ’U), u 81—) (’U, ’U) (37)

defines a change of variables from (u,v) to (@, ), then it is symplectic. By
the implicit function theorem, the first equations in (3.7) is solvable for @
as a function of u and v when the Hessian of S; is nonsingular. Replacing
v = 9(u,v) into the second equation gives 4 = u(u,v) and this defines a
symplectic change of coordinates. In a similar manner we have

Proposition 3.3.1. The following define a local symplectic change of vari-
ables:

u= %(v 0), U= _ai(v 0) when 0”51 is nonsingular;

= o U BT Ty () when gy 18 nonsinguiar;

2
u = %(v,a), V= 8—5_’2(1),12) when 0 82_ is nonsingular;
0 ovou
(3.8)

v = %(u ), U= —%(u ) when 0”55 is nonsingular;

= gu WM VT g ) when o g 18 nonsingutar;

f%( v) _7%( v) wh 05 inaul
v= 5, W), U= (u,0) when o o is nonsingular.
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(Remark: In the above the partial derivatives are to be column vectors.) The
functions S; are called generating functions. For example, if So (v, 1) = v,
then the identity transformation @ = u, v = v is symplectic, and if Sy (v,?) =
v0, then the switching of variables 4 = —u,? = v is symplectic.

If we are given a point transformation @ = f(u) with 0f/0u invertible,
then the transformation can be extended to a symplectic transformation by
defining Sy (u,?) = f(u)Tv and

i

=, = ).

These transformations are called Mathieu transformations. The particular
case in which f(u) = ATu, where A is a nonsingular n x n matrix gives the
linear symplectic transformation whose matrix is

AT 0
0 At )-

3.4 Rotating Coordinates

01 coswt sinwt
—-10 —sinwt coswt
and consider the planar N-body problem; so the vectors q;, p; are 2-vectors.
Introduce a set of coordinates that uniformly rotate with frequency w by

Let J = Jo = , exp(wJt) = ) be 2 x 2 matrices,

q; = exp(wJt)q;, pi = exp(wJt)p;.

Since J is skew-symmetric, exp(wJt) is orthogonal for all ¢, so the change of
variables is symplectic. The remainder function is — > wq? Jp;, and so the
Hamiltonian of the N-body problem in rotating coordinates is

N N
[lp:]|* T mim;
H= — T Ip. — SO
; 2m; ;wa P Z _

R
The remainder term gives rise to extra terms in the equations of motion which
are sometimes called Coriolis forces.
The equations of motion are

(3.9)
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Usually, we will take w = 1 in our discussions. A great deal of the dis-
cussion of the N-body problem in the following chapters will be in rotating
coordinates. Fixed coordinates will be in a boldface font and rotating coor-
dinates will be in a regular font.

The Kepler problem in rotating coordinates is

2
o 7l T
2 llal

We can use rotating coordinates for the spatial problem also. Let

010 coswt sinwt 0
J=J"=|-100], exp(wJt) = | —sinwt coswt 0
000 0 0 1

be 3 x 3 matrices, and consider the spatial N-body problem; so the vectors
di, p; are 3-vectors. Introduce a set of coordinates that uniformly rotate about
the qs axis with frequency w by

q; = exp(wJt)q;, pi = exp(wJt)p;.

The Hamiltonian has the same form as for the planar problem with the new
definition of J.

3.5 Jacobi Coordinates

Jacobi coordinates are ideal for the problems considered in this book for
several reasons. First, one coordinate locates the center of mass of the sys-
tem; thus it can be set to zero and ignored in subsequent considerations.
This accomplishes the first reduction of the dimension of the problem — see
Chapter 5 on reduction. Second, another coordinate is the vector from one
particle to another, so it can be easily scaled in the problem in which two
of the particles are close — see Chapter 9 on lunar orbits. Third, another
coordinate is the vector to one particle from the center of mass of the other
particles, and it can be easily scaled in the problem in which one particle is
far from the others — see Chapter 10 on comet orbits. Last, the Hamiltonian
and angular momentum are relatively simple in these coordinates.

Because of the nature of the problems considered in this book, it is neces-
sary to discuss the N- and (N +1)-body problems simultaneously and in fixed
and rotating coordinates. For later applications, it is convenient to consider
the (N + 1)-body problem here and to index the masses, position vectors,
and momentum vectors from 0 to N. Jacobi coordinates to be introduced now
work in fixed and rotating coordinates. Since we will use rotating coordinates
more often, this discussion will be for rotating coordinates. The treatment
for fixed coordinates is the same.
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Let g0, 91, ---,9N, Do, - - -, pn be the rotating coordinates used in the pre-
vious sections. Set go = qo and pug = mg. Define a sequence of point trans-
formations by

Tk = 4k — Jk—1,

1
Tk : gk = E(kak + fk—19k—1); (3.10)

U = Mg + k-1

for k = 1,...,N. Thus pj is the total mass and g is the center of mass
of the particles with index 0,1,..., k. The vector x is the position of the
kth particle relative to the center of mass of the previous particles. Con-

sider Ty as a change of coordinates from gp_1,21,...,2Tk—1,qk,---,qN tO
Gky @1y« -y Thy Qk+1, - - -, N OF simply from gr_1, gx to gk, xr. The inverse of
Tk is
k—1
Gk = K Tk + Gk,
1 Kk
T, (3.11)
mg
gk—1 = ——— Tk + Ggk-
Kk

In order to make the linear symplectic extension of T}, (the Mathieu trans-
formation), define Gy = py and

Qr s s (3.12)

and i
Pk = Yk + —Gh,
1223

Q' (3.13)
Gr1 = —y + 222G,
Kk

If we denote the coefficient matrix in (3.10) by A, then the coefficient matrices
in (3.11), (3.12), and (3.13) are A=%, AT=! and AT, respectively, and the
pair T}, Q is a symplectic change of coordinates.

An easy calculation yields

ngflJkal + qkTka e ngJGk + foyk (3.14)
and
1 1 1 1
— ||Gp_1ll? + — 2= |GRIIP+ — 2 3.15
S Grl? + ol = (Gl ¢ (319

where My = mypg—1/tok-
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Since each transformation T}, Qf is symplectic for k =1,..., N, the com-
position of them is symplectic and so the change of variables from qq, . . ., g,
Po,---, PN tOgN, 21, .-, N, GN, Y1, - - ., yN is symplectic. A simple induction
on (3.14) and (3.15) shows that kinetic energy is

N N

1 1

K =3 solpill? = 516Gl + 3 sy luil? (3.16)
=0 i=1

and total angular momentum O is

N N
O:ZqiTinzg%JGN—FinTin. (3.17)

1=0 i=1

Also gy is the center of mass of the system and G is total linear momentum.

This inductive definition does not lend itself to simple formulas for the
z’s and y’s in terms of the ¢’s and p’s, but we require only a few special
properties of this representation. First note from (3.10) that

T1=q — qo- (3.18)

We claim that i

G=gn— Y Ly for k=1,...,N. (3.19)

— M
Equation (3.19) is true when k = 1 since (3.11) gives go = (—m1/p1)x1 + g1
and go = qo. Assume (3.19) for k — 1. So q¢o = gk—1 — Z;:ll(ml/lul)xl, but
by (3.11) again, we have gx_1 = (—mg/pk)Tr + gk, and these two formulas
yield (3.19).
Finally, we claim that

j—1
qj—qi:xj—FZajim for 0<i<j <N, (3.20)
=1

where aj;; are constants. We prove (3.20) by induction on j. For j = 1, this
is just (3.18). Now assume (3.20) for j — 1. We need only consider j > i and
S0

4 — ¢ = (¢ — 20) — (¢ — qo)- (3.21)

By (3.19), we have go = gj—1 —Z{;ll(ml/,ul)xl and by (3.10), ¢; = 2+ g;1.
Since ¢ < j, the induction hypothesis yields ¢; — ¢ = z; + Z;;ll ;o1
Substituting these last three relations into (3.21) yields (3.20).

Letdj; =qj—q; = z;+ Z{;ll a;ux;. The Hamiltonian of the (N+1)-body
problem in rotating Jacobi coordinates becomes
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N
1 1
H=—|Gn|? ——lwill? = g% JG
g |68 + 3 gl - oK s G
(3.22)
N m;m;
St YoM
i=1 0<i<j<N 1]

By (3.20), the last term in (3.22), the potential energy, is independent of gy,
and so the equations for gy and G are

1 .
g'N:JgN—l-N—GN, Gy = JGy. (3.23)
N

Thus the Hamiltonian of the N-body problem in rotating Jacobi coordinates
on the invariant space where gy = Gy =0 is

N
- 1 2 T mimj
H = Z (2—M|yi| - in> - Z ldja| (3.24)
=1

0<i<j<N

In a similar manner, the Hamiltonian of the N-body problem in fixed Ja-
cobi coordinates g, X1,...,xXn, GN,¥1,- .., YN on the invariant space where
gN = GN =0is

N
1 m;m;
H=) ——lyil*- 3 (3.25)
; 2M; OSZ;SN lldyill
Trg g
T3
]
Y
g

Fig. 3.1. Three-body problem in Jacobi coordinates

Consider the two-body problem in fixed Jacobi coordinates. When N =1
and g1 = G; = 0, the Hamiltonian takes the simple form
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Ayl mamg

27

where y = y1, x = x1 = q1 — Qo, M = moma/(mo + mq). This is just the
Kepler problem, so in Jacobi coordinates the two-body problem is just the
Kepler problem. This says that the motion of the moon, when viewed from
the earth, is as if the earth is a fixed body and the moon is attracted to the
earth as a central force. (Is the earth the center of the universe?)

Now consider the three-body problem in fixed Jacobi coordinates. In the
three-body problems, the distances between the bodies and hence the poten-
tial are not too complicated in Jacobi coordinates. Moreover, the Hamiltonian
of the three-body problem in Jacobi coordinates will be transformed to polar
coordinates in the next section, which will be used in Chapter 7 to under-
stand reduction of the three-body problem and to establish the existence of
periodic solutions for two small masses (Poincaré’s periodic solutions of the

first kind).
Let
Ml _ momay : M2 _ mg(mo +m1) :
m0+m1 m0+m1+m2
mo mi
Qg =

—_— ay = ——.
mo + ma mo +my

Then the Hamiltonian of the three-body problem with center of mass fixed
at the origin and zero linear momentum in Jacobi coordinates is

g Il el mom myms mamo

oMy 2My [l fxe —aoxa]l e+ aaxa|

See Figure 3.1. Sometimes one numbers the N bodies from 1 to V. In this case
all the subscripts in the above except the subscripts of the o’s are increased
by 1, which looks nicer to some people.

3.6 Action-Angle and Polar Coordinates

There are two forms of polar coordinates in symplectic geometry. First let
q, p be rectangular coordinates in the plane, so q € R! and p € R'. That
is, we are considering a one degree of freedom problem. The change from
the rectangular coordinates q,p to the usual polar coordinates 7,6 is not
symplectic, but

dqAdp =rdr Adf =d(r?/2) Adf = dI A db,

1 P
I==(q>+p? 0 = arctan —
2(q +p?), arc anq,
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q = Vv2[cosb, p = V2Isiné.

Therefore, I, 0 are symplectic (or canonical) coordinates called action-angle
coordmates The harmonic oscillator £ + w?¢ = 0, if we set q = W&, p = §
can be written as a Hamiltonian system with Hamiltonian

H = %(qz’ +p%) =wl,
and in action-angle coordinates, the equations of motion are
. OH . 0H
o0 or ~ “

So the solutions move in a counterclockwise direction on the circles of constant
radius with uniform frequency w.

Now consider a two degrees of freedom problem with rectangular coordi-
nates q = (q1,q2) with their conjugate momentum p = (p1, p2). Consider
the symplectic extension of polar coordinates in the q plane — i.e., we wish
to change to polar coordinates 7,6 in the g-plane. Thus we need to extend
this point transformation to a symplectic change of variables. Let R, © be
conjugate to r, 0. Take as a generating function

S = pircosf + parsinb,

so that
_88 cos 6 sin 6
— =7 = — =7rsin
4@ op1 ’ a op2 ’
oS
R="22 = pcosO+ pysind = w,
or r
oS .
6= e —p1rsinf 4+ porcosf = q1p2 — q2p1-

If we think of a particle of mass m = 1 moving in the plane, then p; = q;
and p2 = Q2 are linear momenta in the q; and qs directions; thus R = 7 is
linear momentum in the r direction and © = q1q2 — q2q1 = 726 is angular
momentum. The inverse transformation is

plchosﬁ—Qsinﬁ, pg:Rsint?—l-QcosH.
r r

The Hamiltonian of Kepler’s problem in polar coordinates is

H== (R2+@—2>—ﬁ.

r

Since H is independent of 6, it is an ignorable coordinate, and © is an integral.
These coordinates are used to solve the Kepler problem below.
The Hamiltonian of Kepler’s problem in rotating polar coordinates is
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Again H is independent of 6, it is an ignorable coordinate, and © is an
integral.

Consider the three-body problem in fixed Jacobi coordinates with center
of mass at the origin and linear momentum zero. Introduce polar coordinates
for x; and x5 . That is, let

x1 = (r1cosfp,r1sinb), X9 = (19 cos bz, T2 8in6s),
y1 = (Rycosty — (©1/r1)sinfy, Rysiny + (©1/71) cos 0y),

y2 = (Racosfy — (O2/13) sin Bz, Ry sin 6y + (O3 /73) cos 65),

so the Hamiltonian of the three-body problem in Jacobi-polar coordinates
becomes

1 62 1 62 mom
H = 2 ~“1 2 2 _ ot
(1 (F) b e (B)) -2

moma

\/rg + a3r? + 27172 cos(f2 — 61)

(3.26)

mimsg

; V72 + a2r? — 2agrira cos(02 — 6y)

The constants are the same as before. Note that the Hamiltonian depends
only on the difference of the polar angles, that is, on 65 — 6.

3.7 Solution of the Kepler Problem
Recall that the Hamiltonian of the Kepler problem is

_el?
2 al’

where q € R3 is the position vector of the particle in a fixed coordinate
system, p € R? is its momentum, and p is a constant. Also O = q X p,
angular momentum, is constant along the solutions, so the three components
of O are integrals. If O = 0, then the motion is collinear. In this case the
integrals are elementary and one obtains simple formulas for the solutions.
If O # 0, then both q and p = ¢ are orthogonal to O, so the motion
takes place in the plane orthogonal to O. This plane is called the invariant
plane. In this case take one coordinate axis, say the last, to point along O,
so that the motion is in a coordinate plane. The equations of motion in this
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coordinate plane have the same form as above, but now q € R?. In the
planar problem, only the component of angular momentum perpendicular to
the plane is nontrivial; so the problem is reduced to a problem of two degrees
of freedom with one integral. Such a problem is solvable “up to quadrature.”
It turns out that the problem is solvable (well, almost) in terms of elementary
functions.

The Hamiltonian of the planar Kepler problem in polar coordinates is

1 o6? w
H=_(R*+=)-Z.
2( +T2> T

Since H is independent of 6, it is an ignorable coordinate, and © is an integral.
The equations of motion are

. e
T:R, 9:7'_2,
. e .
R=Z%-5  6=0

These equations imply that angular momentum © is constant, say c; then

F=R=c*/r®—pu/r?.

This is a one degree of freedom equation for r, so it is easily solvable. The
equation for r can be solved explicitly.

Assume ¢ # 0, so the notion is not collinear. Make the changes of variables
w=1/r and dt = (r?/c)d so that

. c d c dr 9 o d 2du71
f=——|=—|=cuv"— |u
r2d0 \ r? do do do

2

B
:—c2u2u”———|——:—c2u3—|—,uu2,
r3 r2
or
’1 2
'’ = pfe?,

where ' = d/df. This equation is just the nonhomogeneous harmonic oscilla-
tor, which has the general solution u = u/c?(1 + ecos(f — g)), where e and g
are integration constants. Let f = 6 — g; then

c?/p
=— 3.27
"7 +ecos f ( )
This is the equation of a conic section in polar coordinates. Consider a
line ¢ in Figure 3.2 which is perpendicular to the ray at angle g through the
origin and at a distance ¢?/eu. Rewrite (3.27) as
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Fig. 3.2. An elliptic orbit

2
r—e(c——rcosf>,
ep

which says that the distance of the particle to the origin, r, is equal to e times
the distance of the particle to the line £ , ¢? /ey — r cos f. This is one of the
many definitions of a conic section. One focus is at the origin. The parameter
e is the eccentricity. The locus is circle if e = 0, an ellipse if 0 < e < 1, a
parabola if e = 1, and a hyperbola if e > 0.

The point of closest approach, p in Figure 3.2, is called the perihelion if
the sun is the attractor at the origin or the perigee if the earth is. The angle
f is called the true anomaly and g the argument of the perihelion (perigee).

3.8 Spherical Coordinates

Usually the three dimensional Kepler problem is reduced to the planar prob-
lem because conservation of angular momentum implies that the motion takes
place in a plane perpendicular to the angular momentum vector. However,
sometimes spherical coordinates are useful. This section could be skipped on
the first reading.

Consider the standard spherical coordinates (p, 6, ¢), the radius, longi-
tude, and co-latitude, i.e. define spherical coordinates by

q1 = psin ¢ cosb, gz = psin ¢sinb, ds = pcos ¢.

To extend this point transformation use Mathieu generating function
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S =pipsingcosf + papsin@sinf + pspcos ¢,

SO

P = 5 = P1sin¢g cos 6 + posin ¢sind + p3cos ¢
I
= (q1p1 + q2p2 +q3p3)/p = p,

oS . . :
o= 5 = —pipsingsinb + I)2.P5111<J5C0519 (3.28)
= —p1q2 + P21 = p*0
oS i i
@ = 55 = P1pCos €030+ papcos osin — pypsin g

= p? cos? ¢¢.
Thus R is radial momentum, and © is the qsz-component of angular momen-
tum. From these expressions compute

ps = Pcos¢ — (®/p)sin ¢,
Psing 4 (®/p) cos ¢ = p1 cosf + pasinb,

©/(psin ¢) = —p1 sin 6 + p2 cos 6.

From the last two formulas compute p? + p3 without computing p; and
p2. You will find that the Hamiltonian of the Kepler problem in spherical
coordinates is

1 &2 6? 1
H_—{P2+—2+72,2 }—— (3.29)
2 p=  p?sin ¢ p
and the equations of motion are
. P2 6? 1
)= H :P, P=-—-H :——‘,-7——,
p=ar Pt pisin®g p?
&)
0=Ho = —5 ©=—-Hy=
p? sin
. & . O2\ cos¢
N A
p P sin” ¢

Clearly, ©, the qs-component of angular momentum, is an integral, but
so is G defined by

2
G? = (552 5 + ¢2> : (3.30)
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Later, we shall show that G is the magnitude of total angular momentum.
Now what is the invariant plane in these coordinates? The equation of a
plane through the origin is of the form aq; + 4q2 + vqs = 0 or in spherical
coordinates
asingcosf + Bsingsing + ycosp =0

or

asin(@ — 6y) = bcot ¢.

Let the plane meet the qp, qs-plane in a line through the origin with polar
angle 8 = (2 (the longitude of the node) and be inclined to the qi, gs-plane
by an angle ¢ (the inclination).

When 0 = 2, ¢ = 7/2 so we may take 0y = (2. Let ¢,, be the minimum
¢ takes on the plane, so ¢,, + i = 7/2. ¢, gives the maximum value of
cot ¢ and sin has its maximum value of +1. Thus a = bcot ¢,, or asin¢,, =
bcos ¢p,. Take a = cos¢,, = sini and b = sin ¢, = cosi. Therefore, the
equation of a plane in spherical coordinates with the longitude of the node
{2 and inclination i is

sinisin(f — §2) = cosicot ¢.

Use (3.30) to solve for ¢ and substitute it into the equation for (;5, then
eliminate p? from the equations for ¢ and 6, to obtain

) & @2 1/2 1 @2 1/2 .2 9
¢—_2—{G2— — } _2_{G2_ — } Sln¢ )
P sin“ ¢ P sin® ¢ (&)
Separate variables and let 6 = {2 when ¢ = 7/2, so that (2 is the longitude
of the node. Thus

& ~1/2 )
/ {GZ‘_ o } sm*2¢>d¢:/ o-ldo = (6 — 2))6
O Q

sin? ¢

—/ {G? —0*(1 +u®)} " 2du =
0

_@71/ {62—’&2}71/261’&:
0

6~ tsin H(u/B) =

The first substitution is u = cot ¢ and 3 is defined by 3% = (G? —6?)/62.
Therefore,
—cot ¢ = +£fsin(f — £2).

Finally
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cosicot ¢ = sinisin(f — £2) (3.31)
where
G? -2 sin? i
2 2
B3 = — =tan“i = ol (3.32)

Equation (3.31) is the equation of the invariant plane. The above gives © =
+G cosi. Since ¢ is the inclination and © is the z-component of angular
momentum this means that G is the magnitude of total angular momentum.
In the above take 6y to be {2 the longitude of the node.

3.9 Symplectic Scaling

If instead of satisfying (3.5) transformation Z = T'(¢, z) satisfies

S or" orT
=%z "o

where 4 is some nonzero constant, then Z = T(t, z) is called a symplectic

transformation (map, change of variables, etc.) with multiplier p. Equation

(3.3) becomes

Z =puJVzH(t, Z)+ JV zR(t, Z),

where all the symbols have the same meaning as before. In the time-
independent case, we simply multiply the Hamiltonian by p. Let us look
at a simple application.

Consider a Hamiltonian which has a critical point at the origin, so

H(z) = %ZTSZ + K(z),

where S is the Hessian of H at z = 0 and K vanishes along with its first and
second partial derivatives at the origin. The change of variables z = €Z or
Z = T(z) = ez is a symplectic change of variables with multiplier £~2, so

the Hamiltonian becomes

1 1
H(Z) = 52787 + e K(eZ) = 527 SZ 4 O(e).
In the above, the classical notation O(g) of perturbation theory is used. Since
K is at least third order at the origin, there is a constant C' such that |
e 2K(eZ) |< Ce for Z in a neighborhood of the origin and & small, which is
written e 2K (¢Z) = O(e). The equations of motion become

Z=AZ+0(), A=JS.
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If || Z|| is about 1 and € is small, then z is small: thus the above transformation
is useful in studying the equations near the critical point. To the lowest order
in € the equations are linear, so close to the critical point, the linear terms
are the most important terms. This is an example of what is called scaling
variables, and ¢ is called the scale parameter. To avoid the growth of symbols,
one often says: scale by z — ez, which means replace z by €z everywhere.
This would have the effect of changing Z back to z. It must be remembered
that scaling is really changing variables.

3.10 Problems

1 Show that a 2 x 2 matrix T is symplectic if and only if det T" = 1.

2 Show that if 7" and S are symplectic matrices then so are 771, T7, and
TS.

3 Find the equilibrium points of the Kepler problem in rotating polar coor-
dinates. What do these equilibrium correspond to in non-rotating coor-
dinates? Analyze the linearized equations about this equilibrium point.

4 What is the Hamiltonian of the Kepler problem in rotating-spherical coor-
dinates?

5 The Hamiltonian of the three body problem in Jacobi-polar coordinates
(3.26) depends only on 6y — ;. Make the symplectic change of variables

1 = 01, ¢2 = 02 — 01,
D1 =61 + Oy, Py = Os.

Show that the Hamiltonian is independent of ¢4 (it is an ignorable coordi-
nate) and that its conjugate @1, total angular momentum, is a constant.
6 Show that when angular momentum is zero, O = 0, for Kepler’s problem
that the motion is collinear. Explicitly solve the Kepler’s problem in this
case.
7 Show that scaling the Hamiltonian by H — v~ has the effect of scaling
time by t — vt.
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4. Central Configurations

The N-body problem for N > 2 has resisted all attempts to be solved; indeed
it is generally believed that the problem cannot be integrated in the classi-
cal sense. Over the years, many special types of solutions have been found
using various mathematical techniques. In this chapter we shall find certain
solutions by the time-honored method of guess and test.

These solutions, called central configuration solutions, are important in
celestial mechanics for several reasons. As the particles of the N-body prob-
lem tend to collision or expand to infinity, the positions of the particles tend
to a central configuration — see [70]. For us, the planar central configura-
tions give rise to simple periodic solutions which will be used to establish
other periodic solutions in the later chapters.

4.1 Equilibrium Solutions

The simplest type of solution one might look for is the equilibrium solution.
From (2.1) or (2.3), an equilibrium solution would have to satisfy

ou

— =0 for =1

oq ;
However, U is homogeneous of degree —1, and so by Euler’s theorem on
homogeneous functions,

,....N. (4.1)

au
> U5e, =V (4.2)

Since U is the sum of positive terms, it is positive, but by (4.1) the left-hand
side of (4.2) is zero, which is a contradiction. Thus there are no equilibrium
solutions of the N-body problem.

4.2 Equations for a Central Configuration

To seck collinear solutions of (2.1), try q;(t) = ¢(t)a;, where the a;’s are
constant vectors in R? or R?® and ¢(¢) is a scalar-valued function. Substituting
into (2.1) and rearranging, we have
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N
6>~ dmia; = | > (4.3)

Since the right-hand side is constant, the left-hand side must be constant
also; therefore, (4.3) has a solution if there exist a scalar function ¢(t), a
constant A, and constant vectors a; such that

A

p=—1m 4.4
7 (44
and
al m;m;(a; — a;)
“dma = Y ——L 2 for i=1,...,N. (4.5)
lla; —aill

Equation (4.4) is a simple ordinary differential equation (the one-dimensional
Kepler problem!) and so has many solutions. For example, one solution is
at?/3 where o® = 9\/2. This is a solution which goes from zero to infinity
as t goes from zero to infinity. The complete analysis of (4.4) is left to the
problems. Equation (4.5) is a nontrivial system of nonlinear algebraic equa-
tions. The complete solution is known only for N = 2, 3, but there are many
special solutions known. A configuration of the NV particles given by constant
vectors ay,...,ay satisfying (4.5) for some A is called a central configura-
tion (or c.c. for short). Central configurations are important in the study of
the total collapse of the N-body problem, because it can be shown that the
limiting configuration of the N-particles as they tend to a total collapse is a
central configuration.

Note that any uniform scaling of a c.c. is also a c.c. In order to measure
the size of the N-body system, we define the moment of inertia of the system
as

| N
I= §Zmi|\ql-”2. (4.6)
i=1
Now (4.5) can be rewritten as
ouU o1

where q = (q1,...,qn) and a = (aj,...,ay). The constant A can be con-
sidered as a Lagrange multiplier, so a central configuration is a critical point
of the self-potential U restricted to a constant moment of inertia manifold,
I =1, a constant. Fixing I fixes the scale.

Let a be a central configuration. U is homogeneous of degree —1 and I is
homogeneous of degree 2. By taking the dot product of the vector a with the
equation in (4.7) and applying Euler’s theorem on homogeneous functions,
we find that —U +2X\I =0 or
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_ U
A= 21(a)

> 0. (4.8)

Summing (4.5) on i gives Y m;a; = 0, so the center of mass is at the origin.
If A is an orthogonal matrix, either 3 x 3 in general or 2 x 2 in the planar case,
then clearly Aa = (Aai,...,Aay) is a c.c. also with the same \. If 7 #£ 0,
then (raj,Tag,...,7ay) is a c.c. also with X\ replaced by A/73. Thus any
configuration similar to a c.c. is a c.c. When counting c.c., one only counts
similarity classes.

4.3 Relative Equilibrium

Now consider the planar N-body problem, so all the vectors lie in R?. Iden-
tify R? with the complex plane C by considering the q;, p;, etc., as complex
numbers. Seek a homographic solution of (2.1) by letting q,;(t) = ¢(t)a,
where the a;’s are constant complex numbers and ¢(t) is a time-dependent
complex-valued function. Geometrically, multiplication by a complex num-
ber is a rotation followed by a dilation or expansion, i.e., a homography.
Thus we seek a solution such that the configuration of the particles is al-
ways homographically equivalent to a fixed configuration. Substituting this
guess into (2.1) and rearranging gives the same equation (4.3), and the same
argument gives equations (4.4), which are now the two-dimensional Kepler
problem, and equation (4.5). That is, if we have a solution of (4.5) in which
the a;’s are planar, then there is a solution of the N-body problem of the
form q; = ¢(t)a;, where ¢(t) is any solution of the planar Kepler problem,
e.g., circular, elliptic, etc.

Consider the N-body problem (3.9) in rotating coordinates ¢, ..., gn,
P1,---,PN - An equilibrium solution ¢; = a;, p; = b; of the N-body problem
in rotating coordinates is called a relative equilibrium and must satisfy

bi al m;m;(a; — a;)
— +wla; =0, wJb; + Z — 1 Y fori=1,...
m. .

. N
: 2, Ta -l e
and so the a;’s must satisfy
ol m;m;(a; — a;)
—w?m;a; = Z — 1 " fori=1,...,N.
lla; —aill®

j=1,j#i

This is the same as (4.5) with A = w?. Thus a planar central configuration
gives rise to a relative equilibrium.

The eigenvalues of the linearization of the equations of motion about a
relative equilibrium are called the ezponents of the relative equilibrium and
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the characteristic polynomial of the linearized equations is called the charac-
teristic polynomial of the relative equilibrium. In rotating Jacobi coordinates
the four dimensional symplectic subspace where the center of mass is at the
origin (gnv = 0) and linear momentum is zero (Gy = 0) is invariant and
(3.23) are the equations of motion on this subspace. Equations (3.23) are
linear and the characteristic polynomial of this system is (A\? 4 1)2. Thus,
the characteristic polynomial p(\) of a relative equilibrium has (A2 + 1)? as
a factor.

4.4 Lagrangian Solutions

Consider the c.c. formula (4.5) for the planar three-body problem. Then we
seek six unknowns, two components each for aj, as, as. If we hold the center
of mass at the origin, we can eliminate two variables; if we fix the moment
of inertia I, we can reduce the dimension by one; and if we identify two
configurations which differ by a rotation only, we can reduce the dimension
by one again. Thus in theory we can reduce the problem by four dimensions,
so that we have a problem of finding critical points of a function on a two-
dimensional manifold. This reduction is difficult in general, but there is a
trick that works well for the planar three-body problem.

Let pi; = [|a; —q;|| denote the distance between the i'" and j*" particles.
Once the center of mass is fixed at the origin and two rotationally equivalent
configurations are identified, then the three variables pia, p2s, p31 are local
coordinates near a non-collinear configuration. The function U is already
written in terms of these variables, since

U= (m1m2 22 m?’ml) . (4.9)

P12 P23 P31

Let M be the total mass, i.e., M = > m;, and assume the center of mass is
at the origin; then

Do mamypyy =, > mamgllas — q;l|?
=2 Zj mimgllal|* =237, Zj mim; (i, d;)
+32 20, maimgllag
— 2MI -2, mi(ai, 3, myqy) + 2M1
= 4MT.

Thus if the center of mass is fixed at the origin, then
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1
I= m;;mimjp?j. (4.10)

So I can be written in terms of the mutual distances also. Holding I fixed is
the same as holding I = £ (m1map?, + mamsp3s +mamip3,) fixed. Thus the
condition for U to have a critical point on the set I = constant is

m;m;

2
Pij

+ )\mimjpij =0 for (Z;.]) = (15 2)5 (25 3)5 (35 1)5 (411)

which clearly has as its only solution p1o = pa3 = p31 = A~ /3. This solution
is an equilateral triangle with A as a scale parameter; it is attributed to
Lagrange.

Theorem 4.4.1. For any values of the masses, there are two and only two
non-collinear central configurations for the three-body problem, namely, the
three particles at the vertices of an equilateral triangle. The two solutions
correspond to the two orientations of the triangle when labeled by the masses.

It is trivial to see in these coordinates that the equilateral triangle c.c. is
a nondegenerate minimum of the self-potential U.

4.5 Euler-Moulton Solutions

Consider the collinear N-body problem, so q = (qi,...,qx) € RN, Set
S" = {q € RY : I(q) = 1}, an ellipsoid or topological sphere of dimension
N —1in R¥; set G = {C(q) = Y_m;q; = 0}, a plane of dimension N — 1
in RY; and let S = S’ NG, a sphere of dimension N — 2 in the plane G.
(See Figure 4.1, where N = 3, S is a two-sphere, G is a plane, and S is a
great circle.) Let A}, = {q € RN :q; =qj}and A" = Aj;; so U is defined
and smooth on RV\ A’. Since A’ is a union of planes through the origin it
intersects S in spheres of dimension N — 3, denoted by A.

Let U be the restriction of U to S\A; then a critical point of U is a
central configuration. Note that S\A has N! connected components. This
is because a component of S\ A corresponds to a particular ordering of the
q;’s. That is, to each connected component there is an ordering q;, < q;, <
... < diy, where (i1,42,...,in) is a permutation of 1,2,..., N. There are N!
such permutations. Since U — oo as q — A, the function U has at least one
minimum for each connected component. Thus there are at least N! critical
points.

Let a be a critical point of U; then a satisfies (4.5) and A = U(a)/2I(a).
The derivative of U at a in the direction v = (v1,...,vN) € T,S, where T, S
is the tangent space to S at a, is
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Fig. 4.1. The spaces S’ and S for N = 3

mimj (’Uj — ’Ui)

DU(a)(v) = =Y ——F—2 4 XD “maain;, (4.12)

la; —a; |

and the second derivative is

m;m;

D*U(a)(v,w) = 22 | ((wj —w;)(vj — vi))—l—)\Zmiwivi. (4.13)

aj — a; |3

From the above, D*U(a)(v,v) > 0 when v # 0, so the Hessian is positive
definite at a critical point and each such critical point is a minimum of U.
Thus there can only be one critical point of ¢/ on each connected component,
or there are N! critical points.

In counting the critical points above, we did not remove the symmetry
from the problem. The only one-dimensional orthogonal transformation is a
reflection in the origin. So, having counted a c.c. and its reflection, we have
counted each c.c. twice: thus we have

Theorem 4.5.1. ( Euler-Moulton) There are exactly N'/2 collinear central
configurations in the N-body problem, one for each ordering of the masses on
the line.

These c.c. are minima of ¢ only on the line. It can be shown that they
are saddle points in the planar problem.
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4.6 Central Configuration Coordinates

Consider the planar case. If (aj,...,ay) is a central configuration, then so is
(0Aay,...,aAay), where a is a nonzero scalar and A € SO(2,R) is the set
of 2 x 2 rotation matrices. Since the origin in R?¥ is a limit of central config-
urations, we shall consider it a central configuration also. Thus a central con-
figuration begets the set of central configurations C, = {(aAay,...,aAay) :
a €R,A € SO(2,R)}. Not all the a;’s are zero, so assume that a; is nonzero.
Then {aAa; : a € R, A € SO(2,R)} is clearly the plane, and this set is iso-
morphic to C,. Thus C, is a two-dimensional linear subspace of R?.
The equations of motion admit angular momentum,

N
o= Z q; Jp;, (4.14)

Jj=1

as an integral. Define the critical set X C R*V\ A as the set in which VH
and VO are dependent, i.e.,

K={(q,p) e R*™\A:aVH(q,p)+6VO(q,p) =0,a, 3 € R, a? 4+ = 1}.

(4.15)
Since VH is never zero and VO is zero only at the origin, it is enough to
look for solutions where both « and 3 are nonzero. The point (q,p) = (a, b)
is in the critical set K if and only if

ou - ap; -
oq +4Jp; =0, m; = fBJq;. (4.16)

(0%

If (a,b) € K, then a = (ay,...,ay) is a central configuration and (a,b) is a
relative equilibrium.

Let a = (a1,...,an) be a specific central configuration scaled so that
> mjllaj|| = 1. Let ¢’ = {(eAay,...,acAay) : o € R,A € SO(2,R)} as
above. Define C’ as the subset of R*Y defined by

C' ={(aAay,...,cAay; Bmia,...,Bmyay) :
a,fe€R,ABe SO(2,R)}.

Proposition 4.6.1. C’ is a four-dimensional invariant linear symplectic sub-
space of RV,

Proof. A symplectic basis for C’ is
up = (al,...,aN;O,...,O), Uz = (Jal,...,JaN;O,...,O),

vy = (0,...,0;may,...,myan), va = (0,...,0;mJay,...,myJay).
(4.17)
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So C’ is a four-dimensional linear symplectic subspace of R*N.
For the moment, think of the vectors q;, p;, etc. as complex numbers.
Then the set C' is defined by

C' ={(zay,...,zay; wmiay,...,wmyay) : z,w € C}.

Let (zoai,...,zoan;wWomiay,..., Womyay),2zo,wo € C,z9 # 0 be any
point in C" and let z(t), w(t) be the solutions of the Kepler problem
Z=W

w=—z/|z], (4.18)

3

starting at zop, wo when ¢ = 0. Then it is easy to verify that
V(t) = (a(t),p(t) = (z(H)au,. ... z(t)ay; w(t)mias, ..., w(t)myay)

is a solution of the equations of motion of the N-body problem in fixed
coordinates and clearly V(t) € C’' for all t. This proves that C’ is invariant.

Proposition 4.6.2. There exist symplectic coordinates (z,w) for C' and
symplectic coordinates (Z, W) for & = {x € R*N : {2,C'} = 0} so that
(z,Z;w, W) are symplectic coordinates for R*™ and the Hamiltonian of the
N-body problem, H(z,Z;w, W), has the properties

0H(z,0;w,0)/0Z = 0,

0H(z,0;w,0)/0W = 0, (4.19)

1

2|

1
H(z,0; w,0) = Hic(z,w) = 5wl

Proof. Since C' is symplectic, £ is also symplectic and R*Y =’ @ &' — see
Meyer and Hall [51], page 43. Thus the vectors in (4.17) can be extended
to a symplectic basis ui, ..., usN; V1, ..., VaN, With us, ..., usnN;vs, ..., 02N &
symplectic basis for £’. Given this basis, let z, w be symplectic coordinates
for C" as in the proof of Proposition 4.6.1 and Z, W be symplectic coordinates
for £'. The first two equations in (4.19) simply say that C’ is invariant, and
the last says that in the z, w coordinates in C’, the motion is that of the
Kepler problem (4.18). Hy is just the Hamiltonian of the Kepler problem.

Remark: The above discussion heavily used complex multiplication and
thus is valid for the planar problem only. One can use real numbers for
the general case of R™. In this case the corresponding C’ would be a two-
dimensional invariant linear symplectic subspace of R?"V. The coordinates z
and w in (4.19) would be one-dimensional.

For n = 4 (respectively, n = 8), one can use Hamilton’s quaternions
(Cayley numbers). In these cases the corresponding C’ would be an eight- (a
sixteen-) dimensional, invariant linear symplectic subspace of R¥V (R16V).
The coordinates z and w in (4.19) would be four- (eight-) dimensional.



4.6 Central Configuration Coordinates 47

The argument given above uses only the homogeneity of the force field
and so works for inverse power laws in general.

Now consider the problem in rotating coordinates. Let a = (a1, ...,an) be
a central configuration and C = {(aAay,...,aday) :a € R, A € SO(2,R)}
as above. Define C as the subset of R*" defined by

C ={(cday,...,aAan; BBmiay,...,BBmyay) :
a,feR,A Be SO2,R)}.

The same reasoning yields the following Proposition.

Proposition 4.6.3. C is a four-dimensional invariant linear symplectic sub-
space of RV, Moreover, there exist symplectic coordinates (z,w) for C and
symplectic coordinates (Z,W) for & = {x € R*N . {x,C} = 0} so that
(2, Z;w, W) are symplectic coordinates for R*N and the Hamiltonian of the
N-body problem, H(z, Z;w, W), has the properties

0H(z,0;w,0)
oz

0H(z,0;w,0)

=0 oW

(4.20)
1 1
H(z,0;w,0) = Hg(z,w) = §Hw|\2 — 2T Kw— T

Now consider angular momentum, first in fixed coordinates and then in ro-
tating coordinates.

Proposition 4.6.4. In the symplectic coordinates (z,Z;w, W) of Proposi-
tion 4.6.2, angular momentum has the form

0 =z"Jw+ (Zz", WHB(Zz" WT)T, (4.21)

where B is a skew-symmetric matriz of dimension (4N —4) x (AN —4). In the
symplectic coordinates (z, Z;w, W) of Proposition 4.6.3, angular momentum
has the form

O=2"Jw+ Z", whBZ", whT, (4.22)

where B is a skew-symmetric matriz of dimension (4N —4) x (4N — 4).

Proof. Use complex notation again and consider the case of rotating coordi-
nates, since both cases are essentially the same. Recall that O =3 quJ Dj =
>.SG;pj. When Z = W = 0, we have ¢; = za; and p; = mjwa;, so
O =Szwd m; | a; |*>= Szw. (Here § stands for the imaginary part of
a complex number.)

Since the Hamiltonian on the invariant subspaces C’ (respectively, C) is
just the Hamiltonian of the Kepler problem in fixed coordinates (rotating
coordinates), there are lots of special coordinates which simplify the equations
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of motion. One useful special coordinate system is the Poincaré elements —
see Meyer and Hall [51] or Szebehely [86]. These coordinates are valid in a
neighborhood of the circular orbits. In a non-rotating frame, the Hamiltonian
of the Kepler problem in Poincaré elements is

Hk(Q1,Q2, P1,Po) = —1/2PF, (4.23)

and in the rotating frame it is
1
Hic(Q1, Q23 Pr, Po) = =1/2Pf = Pi + 5(Q3 + P3). (4.24)

In the above, Q; is an angular variable defined modulo 27 and the other
variables are rectangular variables. Angular momentum in these variables is
given by

Ox =P, —(Q3 +P3), Ok =P — (Q5+ P3). (4.25)

Note that Q2 = P2 = 0 and Q2 = P> = 0 correspond to the circular orbits
of the Kepler problem.

Proposition 4.6.5. Consider a fized central configuration a of the N-body
problem in fived coordinates. This central configuration gives rise to a periodic
solution V o (t) where the bodies uniformly rotate about the center of mass on
circular orbits. Let the period of V,(t) be T, and the energy of V be H,.
In the fized energy surface H = Hy, there is an invariant three-dimensional
manifold containing Vo and filled with periodic solutions, all of period exactly
T,. In fact, this set is the subset of C' with H = Hy fized at H,.

Proof. Tt is well known that the period of the elliptic solutions depends only
on the value of the energy. One can also integrate the problem in Poincaré
elements.

We have shown that (A?+1)? is a factor of the characteristic polynomial of
a relative equilibrium, but there are other known factors. Consider the system
on the invariant subspace given in Proposition 4.6.3. The Hamiltonian of the
Kepler problem in a rotating frame in polar coordinates is

1 o? 1
HK_§(R2+T—>—(9——. (4.26)

The circular orbit when angular momentum @ = +1 is an equilibrium point
given by 6 arbitrary, r = 1,0 = 1, R = 0. The linearized equations about
this periodic solution are

6=06—2r, 6 =0, 7= R, R=—r+26. (4.27)

The characteristic equation of this system is A2(A? +1). Thus we have shown
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Proposition 4.6.6. The characteristic polynomial p(\) of a relative equilib-
rium has the factor A2(\% 4+ 1)3.

Let p(A) = A2(A2 +1)3r(N). If 7()\) does not have zero as a root, then the
relative equilibrium will be called nondegenerate, and if r(\) does not have
a zero of the form ni, where n is an integer, then the relative equilibrium is
called nonresonant. For the two-body problem we have p(\) = A2(A\?+1)3, so
the relative equilibria are nonresonant. Moulton’s collinear relative equilibria
are nondegenerate for all N — see Pacella [62]. The Lagrange equilateral
triangle relative equilibria and the FEuler collinear relative equilibria for the
three-body problem are nonresonant by the analysis in Siegel and Moser [81],
Section 18.

4.7 Problems

1 When ¢(t) is a real scalar, equation (4.4) is a one degree of freedom Hamil-
tonian systems. It is the one dimensional Kepler problem with Hamilto-
nian H = 3||p||?—1/||q]|. Plot the level curves of H in the q, p-plane. In
the equation H = h, solve for p = q and separate variables in this first
order equation for q. Thus you have solved the one dimensional Kepler
problem.

2 Show that for any values of the masses, there are two and only two non-
coplanar c.c. for the four-body problem, namely, the regular tetrahe-
dron configuration with two orientations. (Hint: Read the section on La-
grangian solutions again.)

3 Consider the spatial Kepler problem in rotating coordinates (rotating
about the qs axis). Find the relative equilibrium and its characteristic
polynomial.

4 State and prove the spatial generalization of Proposition 4.6.6. (Hint: Use
spherical coordinates.)
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5. Symmetries, Integrals, and Reduction

Many of the mathematical models of physical systems have special symmetry
properties which are introduced to simplify the analysis. The N-body problem
has many symmetries due to the facts that the particles are assumed to
be point masses and that Newton’s law of gravity assumes that space is
homogeneous and isotropic. Symmetries often introduce degenerates into the
problem, which can cause problems with the analysis unless the symmetries
are exploited correctly. This chapter is devoted to understanding the main
symmetry of the N-body problem, namely, its invariance under the group of
Euclidean motions, and to exploiting this symmetry. We will touch on some
topics from differential topology but not belabor the subject. Some proofs
will be outlined or given by reference.

As stated above, the N-body problem has many symmetries. In gen-
eral, there are two types of symmetries which occur in differential equations,
namely, discrete and continuous symmetries.

First consider some examples of systems with discrete symmetries. The
Kepler problem is a simple example. Recall that the equations of motion are

. . nq
q:Hp:P, P:—Hq:—w,

where H is the Hamiltonian

)

llall

The Hamiltonian is invariant under the reflection (q,p) — (q, —p), which
implies that if (q(t), p(t)) is a solution, then so is (q(—t), —p(—t)). This is
a property shared by many Hamiltonian systems, since many are quadratic
in the momentum (e.g., the N-body problem). Such systems are called re-
versible. Notice that this transformation is anti-symplectic, i.e., it takes the
symplectic form dq A dp into its negative, or satisfies ATJA = —J, where
A = diag{I, —I}. The Hamiltonian is also invariant under the transformation
(q,p) — (—q, p), with similar implications.
As a second example, consider the restricted three-body problem

1 1%
Ip|?

2
Ho P,
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where ¢, p € R? are conjugate and U is the self-potential

1% L—p

(g =1+ p)2+g3)2 (o +w)?+¢3)'/?

It is invariant under the anti-symplectic transformation (g1, g2, p1,p2) —
(¢1, —q2, —p1, p2). This implies that if (g1(t), ¢2(¢), p1(t), p2(t)) is a solution,
then so is (g1(—t), —q2(—t), —p1(—t), p2(—t)). This in turn implies that if a
solution of the restricted three-body problem crosses the line of syzygy (the
line joining the primaries) perpendicularly at times ¢t = 0 and ¢t = T # 0,
then the solution is 27-periodic. This criterion has been used many times to
find periodic solutions of the restricted three-body problem and other similar
problems. Both of these examples are called discrete symmetries.

This book will not be concerned with establishing periodic solutions by
exploiting discrete symmetries. First, the practical reason is that establishing
periodic solutions using this kind of symmetry is the subject of a book of equal
or greater length! Second, the theoretical reasons are that not all systems
admit this type of symmetry and quite often this type of argument gives no
stability information.

Now consider some systems which admit continuous symmetries. The Ke-
pler problem is invariant under rotations as well as under reflection, that is, if
A is a rotation matrix, then the Hamiltonian of the Kepler problem in invari-
ant under the transformation (q,p) — (Aq, Ap). Note that this transfor-
mation is symplectic. This invariance implies that if (q(¢), p(¢)) is a solution
of the Kepler problem, then so is (Aq(t), Ap(t)). This type of symmetry is
called a continuous symmetry because there is a continuum of rotations.

The Hamiltonian of the N-body problem,

N
H=)" H;’;JL Sy
1=1

o Ta gl

is invariant under Euclidean motions, i.e., rotations and translations. The
Hamiltonian of the N-body problem is invariant under the transformation
(a1,.--,an,P1,---,PN) — (Aqs +b,..., Agn + b, Ap1, ..., ApN), where
A is a rotation matrix and b is a vector. This implies that a Euclidean dis-
placement of a solution is a solution also. This seems reasonable, for if the
universe consisted of just N point masses, then there would not be any pre-
ferred coordinate frame, and one frame is as good as the next.

Continuous symmetries of Hamiltonian systems imply the existence of in-
tegrals. Symmetries and integrals cause degeneracies in perturbation analysis.
Therefore, we must study the implications of the symmetries and integrals
on the dynamics.

2
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5.1 Group Actions and Symmetries

We will need some basic terminology of differentiable manifolds and Lie
groups. The examples in this book are very concrete, but the general termi-
nology is important for keeping the concepts clear. Here we shall give loose
definitions, and the reader is referred to a modern book on differentiable
manifolds, such as [1, 35], for complete details.

A manifold (of dimension n) is a topological space 9t such that each
point of M has a neighborhood which is homeomorphic to an open set in R™.
That is, if people living in this space were sufficiently myopic, they would
think they were living in R™. This explains why many hidebound people
thought the earth was flat. Standard manifolds are: R™, Euclidean space;
S* = {z € R*" : ||z|| = 1}, the n-sphere; T™ = S! x -+ x S!, the n-torus;
the Mobius strip; any smooth surface without self-intersection. If { € 91 is
such point, then there are a neighborhood W of ¢ and a homeomorphism
¢: W — V C R™. The pair (W, ¢) is called a chart at  or simply a local
coordinate system at . Think of the surface of the earth as the two-sphere,
S2. Then a good atlas has enough charts (maps) so that every point on the
earth is in at least one chart. Since the charts are on a flat page, they can
be considered in R?. The chart is a picture of a homeomorphism of a part of
the surface of the earth into R2.

A differentiable manifold is simply a manifold with a collection of local
coordinate systems such that every change of coordinates is differentiable
with a differentiable inverse. This collection is called an atlas. A differential
manifold is the natural place to do differential analysis. Functions, differen-
tial equations, differential forms, etc. are differentiable or smooth if they are
differentiable in all coordinate systems of the atlas.

A Lie group is a group & whose underlying set is a manifold such that
multiplication and taking inverses are smooth operations — see [35]. There
is no loss of generality in thinking of a Lie group as a closed subgroup of the
group of all invertible n x n matrices with matrix multiplication as the group
product.

Some of the standard examples of Lie groups are:

e GL, = GL(n,R): The group of all real n x n invertible matrices. It is called
the general linear group.

e O, = O(n,R): The group of all real n x n orthogonal matrices. It is called
the orthogonal group.

e SL, = SL(n,R): The group of all real n x n matrices with determinant
equal to +1. It is called the special linear group.

e SO, = SO(n,R) =0, NSL,: It is called the special orthogonal group.

e Sp, = Sp(n,R): The group of all real 2n x 2n symplectic matrices. It is
called the symplectic group.

e U, =U(n,C): The group of all complex n x n unitary matrices. It is called
the unitary group.
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e R™: with the group product being vector addition.

A (smooth) action of a Lie group & on manifold M is a map ¥ : & X
M — M such that

e For each v € &, the map ¥(vy,-) : M — M is a diffeomorphism.
e The map ¥(e,-) : M — M is the identity map, where e is the identity
element in &.

o U(v,¥(y2,()) =¥(m - 72,() for all v1,72 € & and all ¢ € M.

When there is only one action under discussion, we use the more compact
notation ¥(~, ¢) = ¢, so last property in the above can be written v; (12¢) =
(m72)¢.

Let & be any of the matrix groups listed above. Then ¥(v, () = 7( is an
action on R™, where v( is just the usual product of the matrix v and the
vector (. An action of the additive group R™ on R™ is ¥(~,() =~ + (.

When confused, think that the manifold is Euclidean space R™, the group
is rotations SOy, and the action is matriz multiplication!

Consider an ordinary differential equation on 9t of the form

2= f(2), (5.1)

where z is a local coordinate system on 90t and f is smooth in the coordinate
system. An autonomous differential equation on 91 is thought of as a smooth
vector field on 9. At any point, the differential equation defines a solution
and the derivative of that solution is thought of as a tangent vector at that
point.

This tangent vector at z is, of course, f(z). For us, smooth vector fields and
autonomous differential equations are the same. Let ¢(t, () be the solution
of (5.1) satisfying ¢(0,¢) = ¢. We will call ¢(t, () the general solution and
sometimes write ¢, = ¢(t, -). We assume for simplicity of the discussion that
@(t,¢) is defined for all ¢t € R, ¢ € M. In this case, we say that ¢ defines a
flow on M, that is, ¢ satisfies the following:

e For each t € R, the map ¢, : M — M is a diffeomorphism.
e The map ¢g : MM — M is the identity map.
® Do = drir, 1€, O(t, d(1,()) = ¢(t+7,() for all t,7 € R and all { € M.

Note that a flow is an action of the additive group R on 9t and so we
sometimes write ¢(¢, () = t. An autonomous differential equation like (5.1)
defines a flow and conversely. Given ¢(t, ), the differential equation defining
it is (5.1) with f(z) = (9¢(t, 2)/0t) |t=0-

A symmetry of (5.1) is a diffeomorphism ¢ : 9t — 9 such that if ¢(¢) is
a solution of (5.1), then so is g(¢(t)), i.e., g takes solutions to solutions. That
is, g is a symmetry if
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By differentiating this last expression and then setting ¢ = 0, we prove
that ¢ is a symmetry if and only if

Y1) = f6z) (DS =fog)

A group & (actually the action ¥ of &) is a symmetry group of the equation
(5.1) if for each g € &, the diffeomorphism (g, -) : M — M is a symmetry
of (5.1).

Example 1: Consider the Aristotelian central force problem

z

P p——
=113

z € R3\ {0}.

(In Aristotle’s physics, force was proportional to velocity.) This problem is
clearly rotationally symmetric. In the fancy words given above, let ¥ be the
action of the rotation group SOz on R3\ {0} by matrix multiplication and
let f be the right hand side of the equation above, f(z) = —z/||z||>. Then for
each A € SO3,z € R?\ {0}, we have

P2 = 1049 = T2 = A (=) = 4 = 2 o),

[|Az[? [I211° z

Note that for the usual matrix action, f(Az) = Af(z) suffices.
Example 2: Consider the system in the plane given by

s=Jata(l-|2?),  zeR

One can verify directly that this system is SOz-invariant as was done above,
or change the system to polar coordinates

r=r(l—1r?), =1, (5.2)

and note that these equations do not depend on 6. The phase portrait is
given in Figure 5.1, where only four orbits are shown — the origin, the limit
cycle, and two orbits asymptotic to the limit cycle. All the other orbits are
obtained by rotating the asymptotic orbits.

Proposition 5.1.1. Let & be a symmetry group with action ¥ of the differ-
ential equation (5.1) and let ¢ be the general solution of (5.1). Then

V(7,¢(t Q) = oL, ¥(7,¢))  (or ¥(t¢) = t(1())
forally e &,te R, (e M.

This simply means that the map ¥, : ( — ~( takes a solution to a
solution. In the Aristotelian central force problem, if we rotate a solution, we
still have a solution.
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2z

TS

Fig. 5.1. Phase portrait of second example

One of the ways to handle a system which has a symmetry group is to
study the system on the quotient space obtained by identifying symmetric
points. This quotient space is usually called the reduced space. The advantage
is that the reduced space is of lower dimension and is sometimes considerably
simpler. The disadvantages are, first, that a quotient space may not be a nice
space (not a manifold) and, second, that it can be quite difficult to write
the equations on the reduced space. It is important for us to understand the
reduced space, since the periodic solutions of the N-body problem established
in the later chapters live on a reduced space.

Let ¥ be an action of & on M. Call two points (1, (2 € MM equivalent and
write (1 ~ (s if there is a v € & such that v(; = (o (i.e., ¥ (7, (1) = (2). Let
[€] = {w € M : ( ~ w}, so [(] is the set of all points equivalent to ¢, the
equivalence class of (. The reduced space is the set of all equivalence classes,
ie, Mp =M/& = {[(] : ¢ € M}. One places the quotient topology on Mz
so one has a concept of closeness — [(] and [w] are close if there are ¢’ € [(]
and w’ € [w] with ¢’ and w’ close. However, this quotient space may not be
a manifold in general. That is the bad news; the good news is that the flow
¢ naturally defines a topological flow ¢ on the quotient space by

¢r(t,[¢]) = [o(£, ).

In words, the flow ¢ takes an equivalence class into an equivalence class. This
follows from the definitions and from Proposition 5.1.1. Define the projection
map by IT : M — Mpr : ¢ — [¢]. The action of projecting by IT will
sometimes be loosely referred to as “dropping down.”

Ezample 1 (continued): The symmetry group for the Aristotelian central
force problem is SO3 acting on R? \ {0}. Given any point in ¢ € R3\ {0} at
distance p from the origin, then ¢ can be rotated to the point (p, 0,0) on the
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positive ray of the first coordinate axis. Thus the reduced space is an open
ray, which is a manifold. If we put the Aristotelian central force problem in
spherical coordinates, we note that the equations do not depend on the two
angles, and the radius equation becomes p = —1/p?, which defines the flow
on the reduced space. In this flow, all the orbits tend to the origin. (Aren’t
you glad Aristotle was wrong?)

Ezample 2 (continued): In the second example above, the reduced space is
a closed ray (a manifold with boundary) and the flow is given by the equation
7 =r(1 —r?). The flow has fixed points at 0 and 1, and all the other orbits
are asymptotic to 1.

In the second example, the reduced space fails to be a manifold because
the origin is a boundary point. Far worse things can happen, so we need a
criterion that ensures a nice reduced space.

An action ¥ : & x M — M is free if for each ¢ € M, the only solution
of ¥(v,¢) = v¢ = ( is v = e, the identity element of &. Note that neither
of our examples is free. In the first example, for each z € R?\ {0} there is a
nontrivial rotation that has z as its axis and so this rotation leaves z fixed.
In the second example, all elements of the group leave ( = 0 fixed, so the
second action is not free.

The action is proper if the map ¥ : & x M — M x M : (v,() —
((,¥(v,()) is a proper map, i.e., the inverse image of a compact set is com-
pact. Fortunately, if the group & is compact, the action is proper, and our
main example, SO,,, is compact.

Proposition 5.1.2. If the action ¥ : & x M — M is free and proper, then
the reduced space is a manifold.

This is not a very sharp result, since the first example is not free, but the
reduced space is a nice manifold. The isotropy group of ( € M is G, = {v €
& : v¢ = (}. In the first example, the isotropy group of any z € R3\ 0 is
the group of rotations about z, which is essentially SO2. In general, if the
isotropy group depends smoothly on the point, the quotient space is still a
manifold. See [35] for details and proofs.

By Proposition 5.1.1, an orbit in the full space 9 is projected onto an
orbit on the reduced space 9 p, and so invariant sets are projected onto
invariant sets. Sometimes the projected set is simpler than the original. In
Example 2 above, the limit cycle » = 1,0 arbitrary is projected onto the
critical point » = 1. An invariant set for a flow on 9 that projects to an
equilibrium point on My, is called a relative equilibrium.

Ezxample 3: Consider the equations

= v —uw(u? + v?),
0= —u —vw(u? +v?),

w:—(u2+v2)2+(u2+02)3,
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where (u,v,w) € R3, or in cylindrical coordinates (r, 8, w),
= —r’w, 9:—1, w=—r*+75.

Again, these equations are independent of # and so are invariant under rota-
tions about the w-axis. This is the SO, action

D(A, ((u,v),w) — (A(u,v),w).

(In the above, the vectors are written as row vectors but should be column
vectors.) One obtains the equations on the reduced space by ignoring the 6
equation. The equations on the reduced space admit the integral
I = %wQ + £T4 - %T2,

and the phase portrait of this system is given in Figure 5.2. The point r =
1,w = 0 is an equilibrium point corresponding to a periodic solution in the
full space R3, so it is a relative equilibrium. This equilibrium point in the
reduced space is a center, and there are many periodic orbits encircling it
with varying periods. If 7 is one of these periodic solutions with period T,
then ~ is a circle in the reduced space and comes from a torus in the full
space, i.e., I' = I~ 1(v) is a torus in R3. If T' is commensurable with 27 (the
f-period), then I is filled with periodic solutions, but if T" is incommensurable
with 27, then I is filled with quasi-periodic solutions. Since the period varies
from orbit to orbit on the reduced space, both phenomena occur.

An invariant set in 9% that projects to a periodic solution on the reduced
space, Mg, is called a relative periodic solution. In the third example above,
the invariant torus I is a relative periodic solution whether it is filled with
periodic solutions or quasi-periodic solutions.

A one-parameter subgroup of a Lie group & is a closed subgroup smoothly
isomorphic to R or R/Z, i.e., g C & is a one-parameter subgroup if there is a
smooth map g : R — g C & such that g(t1+t2) = g(t1)-§(t2) forallt1,t2 € R
and g(R) # e, e the identity in &. It can be shown (see [35]) that the set of
all one-parameter subgroups can be put into one-to-one correspondence with
tangent vectors to & at the identity element. One way the correspondence is
easy. Given a one-parameter subgroup g, the tangent vector at the identity
is dg(t)/dt |t=o. The set of all such one-parameter subgroups is called the Lie
algebra of ® and will be denoted by 2; it is thought of as the tangent space
at the identity of &. Given A € 2, the one-parameter subgroup is denoted
g(t) = e = exp(At).

If & is one of the matrix Lie groups, then its Lie algebra is 2 = {B :
eBt € & for all t}. The algebras corresponding to the standard groups given
above are:

e gl, = gl(n,R): The algebra of all real n x n matrices.
e 0, = o(n,R): The algebra of all real n x n skew-symmetric matrices.
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Fig. 5.2. Phase portrait of the third example

o sl, = sl(n,R): The algebra of all real n x n matrices with trace = 0.

e 50, = so(n,R): The same as oy,.

e sp, = sp(n,R): The group of all real 2n x 2n Hamiltonian matrices.

e u, = u(n,C): The group of all complex n x n skew-Hermitian matrices.

In general, an algebra is a vector space with a product. In the case of
the matrix algebras given above, the product is [A, B] = AB — BA, the Lie
product of two matrices.

Given an action ¥ of a group & on M, and an element A € 2, one can
associate a flow and hence a vector field as follows. The flow is defined by
Ya(t,z) = ¥(e, 2) and the vector field is ga(z) = Oa(t, 2)/0t |i=o.

For example, if & = SO3, M = R3 with the action being matrix multipli-
cation, then for any A € soz the flow is 14 (t, 2) = etz and the vector field
or differential equation is 2 = Az. If & with action ¥ is a symmetry group
for (5.1), then by Proposition 5.1.1,

1/),4(5, (b(ta Z)) = (b(tﬂ/)A(Sa Z))a t,seR, z e M.

One says that the flows ¥4 and ¢ or the vector fields g4 and f commute
when the above holds. One can show

Proposition 5.1.3. Two vector fields f and g commute if and only if [f, g] =
0, where [-, -] is the Lie bracket defined by

el =2

See [35] for the proof.

_ g

(2)g(z) - 52

(2)f(2),  (If,9] = Dfg — Dgf).
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5.2 Systems with Integrals

An integral for the equation (5.1) is a smooth function F' : 9T — R that
is constant along solutions, i.e., F(¢(t,¢)) = F(¢) for all t € R, ¢ € M,
where ¢(t, () is the general solution of (5.1). A function F' is an integral for
(5.1) if and only if VF(C) - f({) = 0 for all ¢ € 9. (Simply differentiate
the expression F(¢(t,¢)) = F(¢) with respect to t and then set ¢t = 0; note
that a function is constant if and only if its derivative is identically zero.)
If F is an integral, then the set F~!(c) for ¢ € R is an invariant set, and
if F' is not too degenerate, then this invariant set is of lower dimension. We
have already seen many examples of integrals. Energy, linear momentum, and
angular momentum are all integrals for the N-body problem.

Let F = (F1,..., Fy) : M — R¥ be a smooth function. A regular value of
F is a ¢ € R¥ such that for each ( € F~(c) the Jacobian 0F(¢)/0¢ = DF(()

is of maximal rank.

Proposition 5.2.1. If ¢ is a reqular value of F, then F~(c) C M is a
smooth manifold of dimension n — k.

If k =n—1 and F is an integral for (5.1), i.e., each Fj is an integral, then
F~!(c) is a one-dimensional manifold. The only one-dimensional manifolds
are unions of arcs or circles, so each component of F~1(c) is a union of orbits
of the equation, so the system is “solved.”

Ezample: One of the classic examples of a non-Hamiltonian system with
an integral is the Volteria-Lotka predator-prey system

= (a—bv)u, v = (—c+ du)v,

where u,v > 0 are scalar variables and a, b, ¢, d are positive constants. The
usual fable about these equations is that u is the population of a prey and v
is the population of a predator. There are two equilibrium points, (0,0) and
(¢/d,a/b). The two coordinate axes are invariant. The population of the prey
u increases in the absence of predator, and the population of the predator v
decreases in the absence of prey. (The origin is a saddle point.) In the first
quadrant the system admits the integral

I = ucefduvaefbv'
The level curves of I are easily found, since it factors into a product of a func-
tion of u alone and a function of v alone. (Take logs.) The point (¢/d, a/b) is
the point where I takes its unique global maximum value. The level curves
are closed curves encircling the point (¢/d,a/b) (except for this point it-
self), representing periodic solutions of the system. So the fable says that the
predator-prey populations oscillate about the equilibrium state.

Ezample: The Kepler problem admits the angular momentum vector O =
q x p and the energy H = ||p||?/2 — 1/||q|| as integrals. Assume O # 0 for
now. The only fact used to derive this is the fact that the force is a central
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force. Because the force satisfies an inverse square law, there is an additional
integral. From the vector identity

ﬁ(i>(qva><q
dt \ ||a lal®

3

one gets

d(q> .
p (o) =px 0,
dt \ ||q]

q
e+ — r=pxO0
“{ |q|}

where e is a vector integration constant called the Lorenz vector. It is an
additional vector integral of the Kepler problem. Of course, not all of these
integrals are independent. We have three components of O, three components
of e, and one H for a total of seven integrals. However, the most you can have
is five for a nontrivial system in RS. Clearly e-O = 0, so e lies in the invariant
plane.

It is easy to see that if e = 0, then the motion is uniform and circular.
If O # 0, then by defining e = e(cosw,sinw), it is not to hard to show
that w is the argument of the perigee and e is eccentricity. Eccentricity was
determined by O and H, so the new integral is w, the argument of perigee. In
the planar Kepler problem, three independent integrals are ¢ = ||O||, angular
momentum; h = H, energy; and w = argument of e, the argument of the
perigee. See the lovely little book by Pollard [67].

which integrates to

5.3 Noether’s Theorem

For Hamiltonian systems, integrals and symmetries are closely related. One
implies the other.

A symplectic manifold is a differentiable manifold where Hamiltonian sys-
tems live. A symplectic manifold M is a differentiable manifold with a spe-
cial atlas of symplectic charts (or symplectic coordinates). In particular, one
changes from one chart to another by a symplectic change of variables. A
Hamiltonian system of equations on a symplectic manifold is a system of
differential equations which is Hamiltonian in every symplectic coordinate
system.

Consider the Hamiltonian system which in local symplectic coordinates z
is

2=JVH(z). (5.3)
(Careful: the above system of equations makes sense only in symplectic co-
ordinates.) A function F' is an integral of (5.3) if and only if VF - 2 =
VFTJVH = 0, which leads to the definition of the Poisson bracket operator.
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Let F and G be smooth functions from 9 into R! and define the Poisson
bracket of F' and G by

- oFToc orFToa
{F.G}=VEIVG = ou v Ov Ou’
where z = (u,v). A symplectic change of coordinates preserves the Pois-
son bracket, so the definition given above does not depend on the choice of
symplectic coordinates z. (See [51].)
Clearly {F, G} is a smooth map from R?” to R as well, and one can easily
verify that {-,-} is skew-symmetric and bilinear. A little calculation verifies
Jacobi’s identity:

{FAG H}}+{G {H F}}+{H {F,G}} =0.
By the above discussion we see
Proposition 5.3.1. F is an integral for (5.3) if and only if {F, H} = 0.

By the skew-symmetry of the Poisson bracket, we see that F' is an integral of
the system with Hamiltonian H if and only if H is an integral of the system
with Hamiltonian F'.
Ezxample: The equations of the planar Kepler problem are
. OH . OH nq

q=——=p, P=—F—=-—"7,
op oq llall®

which has angular momentum integral O = (q xp)-k = q”'Jp as an integral.
Likewise, the system

=29 _

0)
q J % _

= N = —— — 4
p q, p 9q Jp (5.4)

has H = ||p||?/2 — u/||q|| as an integral. Note that the Hamiltonian flow
defined by (5.4) is just rotations, i.e., ¥(t, (q, p)) = (e’tq,e’'p).

Poisson bracket predicts not only integrals for Hamiltonian systems, but
also symmetries. Given functions F, G, we can form a third function K =
{F,G}. Given vector fields f, g, we can form a third vector field k£ = [f, g].
They are closely related! Indeed:

Proposition 5.3.2. If f = JVF, g = JVG, then [f,g] = JV{F,G}.

So the Poisson bracket is just the Lie bracket in disguise, and vice versa.
Since the Lie bracket being zero means that the flows commute, the Poisson
bracket being zero means the corresponding Hamiltonian flows commute also.

Proposition 5.3.3. Let ¢(t,{) and (¢, () be the Hamiltonian flows defined
by 2 = JVH and 2 = JVF respectively. Then {H,F} = 0 if and only if
(b(ta 1/)(73 C)) = 1/’(73 (b(ta C)) or (bt © 1/)7- = 1/)7- o (bt'
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Restating what has been proved so far gives

Proposition 5.3.4. If the system with Hamiltonian H admits an integral
F, then the Hamiltonian flow defined by F is a symmetry for H, i.e.,

H(y(7,¢)) = H(C).

The converse is also true. A symplectic action is an action ¥ of a Lie group
® on a symplectic manifold 9t such that the for each fixed v € &, the map
U, =U(y, ) : M — M is symplectic. Let H : M — R be a Hamiltonian.
Then & (actually the action ¥ of &) is a symmetry group of H if

HW(v,0)=H() forallye®,(eM.

Then for each A € A, ¥4(t,¢) = (e, () is a Hamiltonian flow. If 9 is
simply connected, then the Hamiltonian flow 14 comes from a Hamiltonian
system with a Hamiltonian function F'y : 991 — R. Noether’s theorem states
that F4 is an integral for the Hamiltonian system defined by H.

Theorem 5.3.1. (Noether’s Theorem [61]) Let & be a symmetry group of
the Hamiltonian H on the simply-connected symplectic manifold 9. Then

for each element A of the Lie algebra U, there is an integral Fa : M — R,
i.e., {H,Fa} =0.

Proof. Let A € 2 and a(t,¢) = ¥(e?, (). Since 14 (t,() is a Hamiltonian
flow and 90t is simply connected, 14 (¢, ¢) is the general solution of a Hamilto-
nian system with Hamiltonian F4 : 91 — R. Since & is a symmetry group
for H, H(¢¥a(t,¢)) = H(¢) or H is an integral for the F4 flow. That is,
{F4, H} =0, but this implies F4 is an integral for the H system.

5.4 Integrals for the N-Body Problem

Consider the N-body problem in fixed coordinates with Hamiltonian

= pl? mim;
H(Z) - Z 2m; Z .

Y
i=1 1<i<j<N lai = ay

where z = (qi1,...,9qN,P1, .- -, Pn) € ROV, The N-body problem is defined
on the symplectic manifold RSV \ A, where A is the set with q; = q; for some
i # j. The Hamiltonian is invariant under translations, that is, the additive
group R? is a symmetry group for H. The action ¥ : R? x (R6V\ A) — RN
given by

LpT(ba(qla"'anapla"'apN)):(ql+b?"'an+b7pla"'apN)

is symplectic. The algebra of R? is itself and for a € R3 (the algebra), the
one-parameter subgroup whose tangent vector is a is
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wa(ta(qla"'anapla"'apN)):(ql+ta’5"'an+ta’apla"')pN)'

The Hamiltonian that generates v, is F = a’(p1 + - - - + pn). By Noether’s
theorem, F = a”(py + --- + py) is an integral for the N-body problem for
all @ € R3, so linear momentum L = p; + - - - 4+ py is an integral. In general,
translational invariance implies the conservation of linear momentum.

The N-body problem is also invariant under rotation, that is, the rotation
group SOs3 is a symmetry group for the N-body problem. The action ¥x :
SO3 x (RSN \ A) — RN\ A given by

WR(Aa(qla"'anapla"'apN):(Aqla"'aAqNaApla"'aApN)

is symplectic and H is invariant under this action. The algebra of SOj is sos,
the set of all 3 x 3 skew-symmetric matrices. Given B € so3, we define the
Hamiltonian flow

B\, d1,---,9N,P1,.--,PN)) = (€ Q1,...,€ QN,€ P1,...,€6 PN).
w (t( )) (Bt Bt Bt Bt )

The Hamiltonian that generates ¥p is F = Zivzl ql Bp;, so by Noether’s
theorem it is an integral for the N-body problem. If we take the three choices
for B as follows:

000 001 010
001], 000], -100 |,
0-10 ~100 000

then the corresponding integrals are the three components of angular momen-
tum. Therefore, the fact that the Hamiltonian is invariant under all rotations
implies the law of conservation of angular momentum.

Thus the translational symmetry gives rise to three integrals, which are
the three components of linear momentum, and the rotational symmetry gives
rise to three integrals, the three components of angular momentum. The linear
momentum integrals are always independent and the angular momentum
integrals are independent unless the total angular momentum is zero. So in
general there are six independent integrals (not counting H itself), so holding
these integrals fixed effects a reduction from RV to a manifold of dimension
6N — 6.

5.5 Symplectic Reduction

The symmetries give rise to integrals and holding the integral fixed reduces
the dimension of the problem. But that is not alll Think about a problem
with rotational symmetry, e.g., a problem invariant under an SOs3 action like
the N-body problem discussed in the last section. We saw that this symmetry
gives rise to the integrals of angular momentum. Thinking classically, angular
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momentum is a 3-vector pointing in space. If this vector is nonzero, the
integral manifold obtained by holding it fixed is an invariant manifold of
three fewer dimensions. But not all the symmetry is used up! The integral
manifold is invariant under those rotations that leave the angular momentum
integral fixed. In other words, there is still an SOy action left. Thus we
can fix the three components of angular momentum and then pass to the
quotient space of the SO action. Since SOs is a one-dimensional group, the
quotient space has one less dimension, so the dimension has been reduced by
3+1=4. Interestingly, this last space is symplectic and the resulting flow is
Hamiltonian — see Meyer 1973 [50] and Marsden and Weinstein 1974 [44].)

As before, let 9t be a symplectic manifold of dimension 2n, ¥ : & x M —
M be a symplectic action of the Lie group & of dimension m, 2 the algebra
of &, and H : M — R a Hamiltonian that admits & as a symmetry group.

Assume that there are m integrals Fi,...,F, : M — R. Let F =
(Fi,...,Fy). Assume that a € R™ is a regular value for F so that 91 = F~!(a)
is a submanifold of M of dimension 2n — m. Let &, be the subgroup of &
that leaves 2 fixed. Let the dimension of &, be s. Now assume that &, acts
freely and properly on 9, so that the quotient space B = N/B, (the reduced
space) is a manifold of dimension 2n —m — s. The Hamiltonian H is invariant
under the action, so the restriction of H to I is invariant under &, and is
well defined on the quotient space. Let H : 8 — R be this function. Given
all this we have

Theorem 5.5.1. ‘B is a symplectic manifold. The flow defined by H on M
drops down to the quotient space B as a Hamiltonian flow with Hamiltonian

H. See [50].

This theorem is not sharp. The free and proper assumptions simply imply
that the quotient space and the projection map are nice. What is essential is
that the quotient and projection maps be smooth. To give a complete proof
of this theorem would require a more detailed development of the theory of
symplectic manifolds, so only the key idea will be given, and that may be
incomprehensible to many. It may be best to skip to the next section, where
the main example is discussed, or see [50, 1] for a complete proof.

The matrix J in a symplectic coordinate system defines a nondegenerate,
skew-symmetric bilinear form on tangent vectors at some point (p € 9.
(Technically, J is the coefficients of a nondegenerate closed 2-form.) That is,
if u,v are tangent vectors in a symplectic chart, we define {u,v} = u”Jv.
Clearly {-, -} is bilinear ({ou; +Pug, v} = a{uy, vi+5{uz, v}, {u, av1+pv2} =
afu,v1} + f{u,v2},a, B € R ), skew-symmetric ({u,v} = —{v,u}), and
nondegenerate ({u,v} = 0 for all v implies u = 0).

This bilinear form characterizes a symplectic manifold. This bilinear form
is well defined on 9 by restriction, and by the symmetry assumption it is
well defined on the quotient space 8. What needs to be proved is that it is
nondegenerate, which is established in the next lemma.
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Let V' be the space of all tangent vectors at the point y and V* its dual
space. Since we are working in one symplectic coordinate system, we will
identify these spaces. Let W = span{VFi({p),..., VFn({)} C V be the
linear space that is the span of all differentials to the integrals defining 91.
Thus the tangent space to M is WO = {v € V: fTv =0 for all f € W}. Let
Wt ={Jf:fe W}, soWtis the set of tangent vectors to the one-parameter
group actions. That is, W# = {d14(0, (o) /dt, a € A}, and WO NW* is the set
of tangent vectors to one-parameter groups whose orbits lie in 91.

Thus WO/(W°N W*) is the tangent space to B.

Lemma 5.5.1. If [u],[v] € WO/(W° N W?#), then {[u],[v]} = {u,v} is a
well-defined skew-symmetric nondegenerate bilinear form on WO /(WONW*),

Proof. If ¢ € W#, n € WO, then {£,n} = 0 by definition. Thus if u,v € W°
and &,n € WONWE, then {[u+¢),[v+n]} = {[u+&,[v+n} = {u,v}, so
the bilinear form is well defined on the quotient space.

Now assume that {[u], [v]} = 0 for all [v] € WO/(W°NW#). Then {u, v} =
0 for all v € W9 or Ju € W. Thus v € W¥ or [u] = 0. Thus {-,-} is
nondegenerate on W0/(W° N W#),

This is the key lemma in the proof of the symplectic reduction theorem.

5.6 Reducing the N-Body Problem

The Hamiltonian of the N-body problem is invariant under the translation
action ¥p, and so, as we have seen, linear momentum is a vector of integrals.
Holding components of linear momentum fixed (say, equal to zero) places
three linear constraints on the system, so the space where linear momentum
is fixed is a (6N — 3)-dimensional subspace of RY. But the action of R* by
U does not change linear momentum, so all of R? acts on the set where
linear momentum is zero. Thus two configurations of the N bodies which are
translations of one another can be identified, namely, (q1,...,q9n5,P1,-- -, PN)
and (q1 +0b,...,qn +b,P1,...,PnN), where b is any vector in R3. Making this
identification reduces the dimension by another three dimensions, making the
total space (6N — 6)-dimensional. This space is the first reduced space.

The easiest way to do the reduction just discussed is to use the Jacobi
coordinates given in Section 3.5. Because of later applications, we will shift
the numbering system and number the particles from 0 to N —1. The variable
g is the center of mass and all the other position coordinates xi,...,Xn_1
are relative coordinates, so the identification given above implies that (g +
b,x1,...,xny-1,G,¥y1,...,yn-1) and (g, x1,...,Xn-1,G,¥1,...,YyN_1) are
equivalent. A representative of the equivalence class is (0,x1,...,XN-1,
G,y1,---,YyN-1), 1.e., a set with the center of mass at the origin. Linear mo-
mentum G is an integral, so the reduction discussed above is accomplished
by setting g = 0 and fixing G, say to zero. The problem is described by
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a Hamiltonian on an even-dimensional space, the first reduced space. The
Hamiltonian on the first reduced space is

H=Y" lyall® v mm
i=1 2M; 1<i<j<N-1 1]

Note that the problem is not Hamiltonian when just the integrals of linear
momentum are fixed, but it is Hamiltonian when these integrals are fixed and
points are identified by the translational symmetry.

Now comnsider the SO3 symmetry given by the action ¥g, which gives rise
to the angular momentum integrals. We work on the (6N — 6)-dimensional
first reduced space with the Jacobi coordinates (x1,...,Xn, y1,--.,¥YnN)- Re-
call that in Jacobi coordinates angular momentum looks the same as before,

i.e.,
N-1
0= E X; XYi.
1=1

There are three angular momentum integrals, and they are independent
except at syzygies, that is, except on configurations where the particles lie
along a straight line through the center of mass. Consider the subset 91 C
RSN =6 of phase space where angular momentum is some fixed, nonzero vector
O. This is a (6N — 9)-dimensional space (submanifold), which is invariant
under the flow defined by the N-body problem. Not all rotations leave 91
fixed: only those that are rotations about O do. That is, let SO} be the
subgroup of SO3 that leaves O fixed. If, for example, O = ck, where ¢ # 0
is a constant, then SO comprises all matrices of the form

cosf sinf 0
—sinf cosf 0

0 0 1

So SO} is one-dimensional, since it can be parameterized by the angle of
rotation 6.

Clearly, if A € SO, then A leaves M invariant, so two points z, 2" € N
can be identified if Wr(A,z) = 2/, i.e., if one configuration can be rotated
into the other by a rotation about O. Let B be the identification space
M/SO5. Tt turns out that N is (6N — 9)-dimensional, and B is (6N — 10)-
dimensional. The interesting facts are that B is symplectic and the flow of
the N-body problem is Hamiltonian on B, i.e., there are local coordinates on
B which are symplectic, and the equations of motion of the N-body problem
are Hamiltonian.

The two reductions can be done together. The N-body problem is a first
order system of differential equations in a 6 N-dimensional space R\ A. The
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first reduction of placing the center of mass at the origin and fixing linear
momentum reduces the problem to a linear subspace of dimension 6 N — 6.
Fixing angular momentum reduces the problem to a (6N — 9)-dimensional
space . Identifying configurations which differ by a rotation about the an-
gular momentum reduces the problem to the reduced space 8 of dimension
6N — 10.

Consider the three-body problem in more detail. The three-body problem
on ‘B is a time-independent Hamiltonian system. Two further reductions can
be accomplished by holding the Hamiltonian (energy) fixed and eliminating
time to get a nonautonomous system of differential equations of order 6. The
reduction of the three-body problem is classical, with the elimination of the
node due to Jacobi [36]. Also see [38]. These further reductions will not be
needed here.

First, we will figure out the global topological type of 95 for the three-
body problem and then give a local coordinate system on B which will be
very useful and informative. Recall from Section 3.5 that the Hamiltonian of
the three-body problem in Jacobi coordinates with the center of mass at the
origin and linear momentum equal to zero is

2 2
o Il llyall® mema  mama  mame C (5.5)
2My - 2My x| [[xe —aoxa]]  ([x2 + oaxq]
where

Ml _ mommsi : M2 _ mg(mo —|—m1) :

mo +my mo + my + mg
Mo mi

ag = ———, apg=——.

mo + my mo + my

This effects the first reduction. Here, to be consistent with the later part
of the book, we have labeled the masses mg,mi, mo. In these coordinates,
angular momentum is

O =x; Xy1+ X2 X yo.

Just for the fun of it, we will use Hamilton’s quaternions to find the global
geometry. Let Q denote the space of quaternions and consider phase space
(R%)? x (R?)? as coordinatized by Q x Q as follows: To (x1,X2,y1,y2) =
((x},x2), (x3,%3), (y1,y3), (yi,¥3)), associate the quaternions

u=x] + X0 +xpj + x5k, v=yi+yii —y3j+ysk.
Compute vu = o+ai+3j+vk, where o = (x1 Xy1+x2Xy2)-k, k = (0,0, 1), is

the scalar angular momentum and «, 3, v are combinations of the components
of x1,%2,¥y1,y2. Thus for a given o # 0, the space M is
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N={(u,v) €QxQ:u#0and v=(o+ai+ fj+vk)u '}

Thus M is coordinatized by u € Q \ {0} ~ $3 x R! and (o, 3,7) € R, or N
is just S3 x R4

The SO action on (R?)? x (R?)? is equivalent to the S* action on Q x Q
given by (0, (u,v)) — (r(0)u,vr(0)~1) , where § € S* and r(f) = cosf +
1sinf. Thus to pass down to B = 9/S0; is to identify the points

(u, {(0+ i + Bj + vk} u™") and (r(0)u, {(o + ai + Bj +yk}(r(0)u) ")

on M. Note that the identified points both have the same coordinates in the
last three places, namely «, 3,7. Thus B = {(Q\ {0})/S02)} x R3. For each
three-sphere about {0} € Q, the SO, action is just (0, u) — r(0)u, which is
the usual action giving rise to the Hopf fibration, so (Q\{0})/S0O2 ~ S? xR1.
Thus B = S% xR*. This result is found in [24], but the quaternions calculation
came from [50].

Now let us construct local coordinates on B. Putting the Hamiltonian
(5.5) in polar coordinates gives

1 e? 1 62 mom
H— 2 1 2 = _ Mmomy
{1 (F) b (e (3)) -2

momn2

; V72 + adr? — 2agrir2 cos(f2 — 0;)

mimsa

B \/rg + a?r? + 2047175 cos(f2 — 01) '

Since the Hamiltonian depends only on the difference of the two polar angles,
make the symplectic change of coordinates

p1 = 01, P2 = 0y — 01,
D1 =01+ 6Oy, Dy = Os.

Since the Hamiltonian is independent of ¢1, it is an ignorable coordinate and
its conjugate @1, total angular momentum, is a constant. The reduction is
accomplished by ignoring ¢; and setting @; = ¢, where c is a constant. The
Hamiltonian on the reduced space becomes

1 (c — Po)? 1 b2 moma
H= 2 2 S I O
2M; {Rl N ( r? o\t 73 1

mimsg

\/Tg + Ozgrf + 27172 cos(g2)

m21myg

- V3 + a3r? — 2airira cos(¢2)
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The Hamiltonian (5.6) has three degrees of freedom with symplectic coordi-
nates (r1, 72, ¢2, R1, Ra, P2) and one parameter ¢. Thus we have the Hamil-
tonian of the three-body problem in local coordinates.

5.7 Problems

—_

Verify that GL,,, Oy, SL,,SO,,, Sp, are groups.
Verify

e A€ sl, if and only if et € SL,, for all t.

e A € s0, if and only if et € SO,, for all t.

e A € sp, if and only if et € Sp,, for all t.
3 A Lie algebra is a vector space A with a non-associative product [, -] :
A x A — A which is linear in both arguments (bilinear) and satisfies the
Jacobi identity

[\]

[A,[B,C]]+ [B,[C, Al + [C, [A, B]] = 0.

verify that gl,,, sy, so,, sp, are Lie algebras when the product is [A, B] =
AB — BA.

A system of equations @ = f(u), u € R*" admits a time reversing symmetry
or is reversible if f(Ru) = —Rf(u) where R is an 2n x 2n matrix such
that R is similar to diag {I,,, —1I,}. So R? = I5,. Show that if ¢(t) is a
solution then so is Rp(—t).

5 Write i + u® = 0 as a system and show that R = diag {1, —1} makes the

system reversible. What about R’ = diag {—1,1}?

6 Let H(u) be a Hamiltonian such that H(Su) = H(u) where S is an 2n x 2n
matrix such that S is anti-symplectic (ST JS = —J) and S is similar to
diag {I,, —I,}. Show that the system defined by H is reversible. In this
case we say that H defines a reversible Hamiltonian system.

Show that a classical Hamiltonian system of the form H(q,p) = p? Mp +
V(q) defines a reversible Hamiltonian system where M is an n x n sym-
metric matrix and V : R® — R.

8 Show that the restricted problem (2.7) admits a time reversing symmetry.

(Hint: S = diag (1,-1,-1,1).)

W~

EN|



6. Theory of Periodic Solutions

In this chapter, the basic theory of periodic solutions, their continuation, and
their stability is presented. The first two topics are very closely related, since
many of the questions about equilibrium points are very similar to questions
about fixed points. Later, we will show that periodic solutions are related to
both.

6.1 Equilibrium Points

Consider first a general system

2= f(2), (6.1)

where f: O — R" is smooth and O is open in R™. The results in this section
are of a local nature and so we can work in one coordinate system, z. Let
the general solution be ¢(t, (), i.e., (¢, () is the solution of (6.1) such that
#(0,¢) = (. An equilibrium point (rest point, critical point, stationary point)
is a zp € O such that f(zg) = 0. It gives rise to an equilibrium solution
@(t, z0) such that ¢(t,29) = 2o for all ¢: so questions about the existence
and uniqueness of equilibrium solutions are finite-dimensional questions. The
eigenvalues of 0f(zy)/0z are called the (characteristic) exponents of the equi-
librium point. If 9f(z9)/0z is nonsingular, or equivalently the exponents are
all nonzero, then the equilibrium point is called elementary.

Proposition 6.1.1. Elementary equilibrium points are isolated.

Proof. f(z0) =0 and 0f(z9)/0z is nonsingular, so the inverse function theo-
rem applies to f; therefore, there is a neighborhood of zy with no other zeros

of f.

Henceforth, let the equilibrium point be at the origin, i.e., z9 = 0. The
analysis of stability, bifurcations, etc. of equilibrium points starts with an
analysis of the linearized equations. For this reason, one rewrites (6.1) as

2= Az +g(2), (6.2)
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where A = 0f(0)/0z, g(z) = f(z) — Az; so g(0) = 0 and 0g(0)/0z = 0. The
nonlinear terms are contained in g.

The linearized equations (about zg) are obtained by setting g(z) = 0. The
eigenvalues of A are the exponents of the equilibrium point, so called because
the linearized equations (e.g., g(z) = 0 in (6.2)) have solutions which contain
terms like exp(At), where A is an eigenvalue of A.

There are many different stability concepts. Here are a few:

e The equilibrium point z = 0 is said to be positively (negatively) stable if
for every € > 0 there is a § > 0 such that ||¢(t, ()| < e for all t >0 (¢ < 0)
whenever ||| < 6.

e The equilibrium point z = 0 is said to be stable if it is both positively and
negatively stable.

e The equilibrium z = 0 is unstable if it is not stable. (The adjectives “posi-
tively” and “negatively” can be used with “unstable” also.)

e The equilibrium z = 0 is asymptotically stable if it is positively stable and
there is an 1 > 0 such that ¢(¢,{) — 0 as t — +oo for all ||| < 7.

e The equilibrium is spectrally stable if all its exponents are pure imaginary.
(In Hamiltonian systems, the equilibrium is called elliptic.)

e The equilibrium is linearly stable if it is spectrally stable and the matrix A
is diagonalizable.

In many books “stable” means positively stable, but the above convention
is the common one in the theory of Hamiltonian differential equations. If all
the exponents have negative real parts, then a classical theorem of Liapunov
states that the origin is asymptotically stable; see [18, 31, 39]. But the eigen-
values of a Hamiltonian matrix are symmetric with respect to the imaginary
axis, so this theorem never applies to Hamiltonian systems — see [51]. In
fact, since the flow defined by a Hamiltonian system is volume-preserving, an
equilibrium point can never be asymptotically stable.

Liapunov also proved that if one exponent has a positive real part, then
the origin is positively unstable [18, 31, 39]. Thus a necessary condition for
the stability of the origin is that all the eigenvalues be pure imaginary, whence
the definition of spectrally stable. However, linear stability does not imply
stability — see [51]. If all the exponents have real parts different from zero,
then the equilibrium point is called hyperbolic.

Assume now that the differential equations depend on some parameters.
Consider

2= f(z,v), (6.3)

where f : O x @ — R™ is smooth, @ is open in R”, and Q is open in R*.
The general solution ¢(t, z, v) is smooth in the parameter v also.

Let z = zp be an equilibrium point when v = v* (i.e., f(z0,v*) =0). A

continuation of this equilibrium point is a smooth function n(v) defined for v

near v* such that n(v*) = zp and n(v) is an equilibrium point for all v near

v* (ie., f(n(v),v) =0).
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Proposition 6.1.2. An elementary equilibrium point can be continued.

Proof. Apply the implicit function theorem to f(z,v) = 0. By assumption,
f(z0,v*) = 0 and Of(z0,v*)/0z is nonsingular; so the implicit function the-
orem asserts the existence of the function n(v) such that n(v*) = 2z and

fnw),v) =0.

Corollary 6.1.1. The exponents of elementary equilibrium points vary con-
tinuously with the parameter v.

Proof. The exponents of the equilibrium 7(v) are the eigenvalues of the Ja-
cobian df(n(v),v)/0z. This matrix varies smoothly with the parameter v, so
its eigenvalues vary continuously with the parameter v. The dependence may
not be differentiable.

6.2 Fixed Points

Consider a diffeomorphism
z— 2 = f(2), (6.4)

where f: O — R" is smooth and O is open in R™. We think of f as defining
a discrete dynamical system, i.e., the orbit of a point z is Ufzz f*(2), where
f* is the k*" iterate of f and

ffF=fofo--of k times for k > 0,
f0 is the identity map,
f*k:fflofflo~~~of71 k times for k > 0.

A fized point is a zp € R™ such that f(zo) = 20, or f(20) — z0 = 0: questions
about the existence and uniqueness of fixed points are finite-dimensional ques-
tions. The eigenvalues of 9f(z9)/0z are called the (characteristic) multipliers
of the fixed point. If 9f(29)/0z — I is nonsingular, or equivalently, the mul-
tipliers are all different from +1, then the fixed point is called elementary.

Proposition 6.2.1. Elementary fixed points are isolated.

Proof. Apply the implicit function theorem to h(z) = f(z) — z = 0. Since
h(zo) = 0 and Oh(zp)/0z = 0f(z9)/0z—1 is nonsingular, the implicit function
theorem applies to h. Therefore, there is a neighborhood of zy with no other
zeros of h or fixed points of f.
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Henceforth, let the fixed point be at the origin, i.e., zg = 0. The analysis
of stability, bifurcations, etc. of fixed points starts with an analysis of the
linearized equations. For this reason, one rewrites (6.4) as

2 — 2 = Az + g(2), (6.5)

where A = 0f(0)/0z, g(z) = f(z) — Az, so g(0) = 0 and 9g(0)/0z = 0. The
eigenvalues of A are the multipliers of the fixed point. The linearized map at
zp is obtained by setting g = 0.

Again there are many different stability concepts. Here are a few:

e The fixed point z = 0 of (6.4) is said to be positively (negatively) stable if
for every ¢ > 0 there is a § > 0 such that || f*(2)| < e for all k > 0 (k < 0)
whenever ||z|| < 4.

e The fixed point z = 0 is said to be stable if it is both positively and
negatively stable.

e The fixed point z = 0 is unstable if it is not stable. (The adjectives “posi-
tively” and “negatively” can be used with “unstable” also.)

e The fixed point z = 0 is asymptotically stable if it is positively stable and
there is an 77 > 0 such that f*(2) — 0 as k — o0 for all ||z|| < 7.

e The fixed point is spectrally stable if all its multipliers have absolute value
1. (For symplectic maps, the fixed point is called elliptic.)

e The fixed point is linearly stable if it is spectrally stable and the matrix A
is diagonalizable.

If all the multipliers have absolute value less than 1, then a classical
theorem states that the origin is asymptotically stable; see [18, 31]. But the
eigenvalues of a symplectic matrix are symmetric with respect to the unit
circle, so this theorem never applies to symplectic maps — see [51]. In fact,
since the diffeomorphism is volume-preserving, a fixed point can never be
asymptotically stable.

Also, if one multiplier has absolute value greater than 1, then the origin
is positively unstable [18, 31]. Thus a necessary condition for stability of
the origin is that all the eigenvalues have absolute value 1. However, linear
stability does not imply stability. If all the multipliers have absolute values
different from 1, then the fixed point is called hyperbolic.

Assume now that the diffeomorphism depends on some parameters; con-
sider

z— 2 = f(z,v), (6.6)

where f: O x Q — R" is smooth, @ is open in R”, and Q is open in R*.
f%(z,v) is smooth in the parameter v also.

Let z = zp be a fixed point when v = v* (i.e., f(z0,v*) = 20). A con-
tinuation of this fixed point is a smooth function n(v) defined for v near
v* such that n(v*) = zp and n(v) is a fixed point for all v near v* (i.e.,

fnw),v) =n(v)).
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Proposition 6.2.2. An elementary fixed point can be continued and the mul-
tipliers vary continuously with the parameter v.

Proof. Apply the implicit function theorem to h(z,v) = f(z,v) — 2 =0.

6.3 Periodic Differential Equations

Consider the periodic system

2= f(t,2), (6.7)

where f: Rx O — R™ is smooth and O is open in R™. Let f be T-periodic in
t with T >0, i.e., f(t +T,2) = f(t, 2) for all (t,2z) € R x O. Let the general
solution be ¢(t, ¢), i.e., ¢(t, {) is the solution of (6.7) such that ¢(0,¢) = (. A
periodic solution of (6.7) is a solution ¢(t, (o) such that ¢(t+T, (o) = ¢(t, (o)
for all ¢.

Lemma 6.3.1. A necessary and sufficient condition for ¢(t, (o) to be peri-
odic with a period T is

o(T, Go) = Co- (6.8)

Proof. Let ¥(t) = ¢(t + T, (o). By assumption 4(0) = ¢y and 9)(t) = ¢(t +
T,Go) = f(t +T,9(t +T,6)) = f(t,o(t + T,C)) = f(t,¥(t)). Thus (1)
satisfies the same equation and initial conditions, so the uniqueness theorem
for ordinary differential equations implies ¢(t, (o) = ¥ (t) = ¢(t + T, o).

This lemma shows that questions about the existence and uniqueness of pe-
riodic solutions are ultimately finite-dimensional questions. The analysis and
topology of finite-dimensional spaces should be enough to answer all such
questions.

We will reduce all questions about periodic solutions to questions about
diffeomorphisms. For the periodic system (6.7), define the period map P to
be

P(z) = ¢(T, 2),

so the map z — 2’ = P(z) is a diffeomorphism. By the lemma above, a
point (p is the initial condition for a T-periodic solution if and only if it is a
fixed point of P.

Let ¢(t, o) be a periodic solution. The matrix 0¢(T, (y)/0z is called the
monodromy matriz, and its eigenvalues are called the (characteristic) multi-
pliers of the periodic solution. Note the multipliers are the same as the mul-
tipliers of the corresponding fixed point of the period map. We will say that
the periodic solution is “stable” (“linearly stable”, etc.) if the corresponding
fixed point is stable (linearly stable, etc.)
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Example: A simple example to illustrate these ideas is the forced Duffing’s
equation. One version of Duffing’s equation is

i + w?u + yu® = Acost.

Assume that the forcing is small by setting A = ¢B and treating ¢ as a small
parameter. Writing this as a system, we have

w\ wv
0 ) "\ —wu— (y/w)u +e(B/w)cost |-

When ¢ = 0, the system has a 27 periodic solution v = v = 0. The linear

variational equation about this solution is

uw\ 0 w v
v) \—w0 w /)’
The fundamental matrix solution is

coswt sinwt
oAt —

— sin wt cos wt

Now e42™ — I is nonsingular if and only if w # n with n € Z. That is, if
the natural frequency w is not an integral multiple of the forcing frequency
1. In this case, the theory above says that Duffing’s equation has a small
2m-periodic solution.

The main example of a periodic system treated in this book is the el-
liptic restricted three-body problem discussed in Chapter 11. All the other
examples are autonomous (time-independent).

6.4 Autonomous Systems

Consider again a general autonomous system
2= f(2), (6.9)

where f: O — R" is smooth and O is open in R™. Let the general solution
be ¢(t, (). As above, a solution ¢(t, {y) is T-periodic, T > 0, if and only if

o(T, Go) = Co- (6.10)

There is a problem already, since the period T is not defined by the equation.
There is no external clock!

It is tempting to use the implicit function theorem on (6.10) to find a
condition for local uniqueness of a periodic solution. To apply the implicit
function theorem to (6.10), the matrix d¢(T, (y)/0z — I would have to be
nonsingular, or equivalently, 1 would not be a multiplier. But this will never
happen.
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Lemma 6.4.1. Periodic solutions of (6.9) are never isolated, and +1 is al-
ways a multiplier. In fact, f({p) is an eigenvector of the monodromy matrix
corresponding to the eigenvalue +1.

Proof. Since (6.9) is autonomous, it defines a local dynamical system, so a
time-translate of a solution is a solution. Therefore, the periodic solution is
not isolated. Differentiating the group relation ¢(7, ¢(t, (o)) = &(t + 7,¢o)
with respect to ¢t and setting t = 0 and 7 = T', we have

g—f(T, C0)$(0, Co) = $(T, o),

O, 0) 7 (@) = ().

Since the periodic solution is not an equilibrium point, f({p) # 0.

Because of this lemma, the correct concept is “isolated periodic orbit.”
In order to overcome the difficulties implicit in this lemma, one introduces
a cross section. Let ¢(t,(p) be a periodic solution. A cross section to the
periodic solution, or simply a section, is a hyperplane X' of codimension 1
through {y and transverse to f({y). For example, X would be the hyperplane
{z : aT(z — o) = 0}, where a is a constant vector with a® f({y) # 0. The
periodic solution starts on the section and, after a time T, returns to it. By
the continuity of solutions with respect to initial conditions, nearby solutions
do the same. See Figure 6.1. So if z is close to {y on X, there is a time 7 (z)
close to T such that ¢(7 (2), z) is on X. T (2) is called the first return time.
The section map, or Poincaré map, is defined as the map P : z — ¢(7 (2), 2),
which is a map from a neighborhood N of (p in X into X.

Fig. 6.1. A cross section
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Lemma 6.4.2. If the neighborhood N of (o in X is sufficiently small, then
the first return time, T : N — R, and the Poincaré map, P : N — X, are
smooth.

Proof. Let X = {z : a®'(z — (o) = 0}, where aTf({y) # 0. Consider the
function g(t,2) = a®(¢(t,¢) — Co). Since g(T,¢o) = 0 and dg(T,(y)/0t =
aT (T, ¢o) = aT f(¢o) # 0, the implicit function theorem gives a smooth
function 7 (z) such that g(7 (z),z) = 0. If g is zero, then it defines X' so that
the first return time 7 is smooth. The Poincaré map is smooth because it is
the composition of two smooth maps.

The periodic solution now appears as a fixed point of P; indeed, any fixed
point z of P is the initial condition for a periodic solution of period 7 (z1),
since (7 (z1), 2T) would satisfy (6.8). A point 2 € N such that P*(2) = 2T for
some integer k > 0 is called a periodic point of P of period k. The solution of
(6.9) through such a periodic point will be periodic with period approximately
kT.

The definitions of monodromy matrix and multipliers are the same as for
periodic systems. (Indeed, an autonomous system is a T-periodic system for
any T.)

Lemma 6.4.3. If the multipliers of the periodic solution are 1, Ao, ..., A\,
then the multipliers of the corresponding fized point of the Poincaré map are
A2,y A

Proof. First translate coordinates so that (; = 0 and then rotate the co-
ordinates so that f({y) = (1,0,...,0), so X' is the hyperplane z; = 0. Let
B = 0¢(T, (o)/0z, the monodromy matrix. By Lemma 6.4.1, f({p) is an
eigenvector of B corresponding to the eigenvalue +1. In these coordinates,

1 x x X X

0
B=.

A

0

Clearly the eigenvalues of B are +1 along with the eigenvalues of A.

We also call the eigenvalues As, ..., A, the nontrivial multipliers of the
periodic orbit. Recall that an orbit is the solution considered as a curve in
R™, so it is unaffected by reparameterization. A periodic orbit of period T
is isolated if it has a neighborhood L such that there is no other periodic
orbit in L with period near to T. However, there may be periodic solutions
of much higher period near an isolated periodic orbit. A periodic orbit is
isolated if and only if the corresponding fixed point of the Poincaré map is
an isolated fixed point. A periodic orbit is called elementary if none of its
nontrivial multipliers is +1. As before, we have:
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Proposition 6.4.1. Elementary periodic orbits are isolated and can be con-
tinued.

We shall say that a periodic solution is stable, spectrally stable, etc. if the
corresponding fixed point of the Poincaré map has the same property. But
be careful: the timing is lost and this definition of stable is not the usual
definition due to Liapunov. The usual definition is as follows: the periodic
solution ¢(t, {y) is Liapunov stable if for each € > 0 there is a § > 0 such that
lo(t, ¢) — (1, Co)|| < € for all t € R provided ||¢ — (of| < 6.

The definition used here is usually called orbital stability. Let ¢(t, (o) be
a periodic solution and let P = {¢(t, (o) : t € R}, so P is the orbit of the
periodic solution. The periodic solution ¢(t, (o) is orbitally stable if for each
e > 0, there is a § > 0 such that d(¢(¢,(),P) < ¢ for all ¢ € R, provided
[ = Coll < 6. Here d is the distance from a point to a set.

Ezample: Consider the system

= v(1 4+ u? +v?), 0 = —u(l +u?® +v?),
or, in polar coordinates,
r = 0, 9’ =-1- T2.

All solutions are periodic, but the periods vary. Fach orbit is a circle centered
at the origin. If two points are close, then the circles they lie on are uniformly
close. But the angular velocity differs in each circle, so if two solutions start
near to each other but on different circles, then at some time they will be far
apart. These solutions are orbitally stable (or stable in our sense), but not
Liapunov stable. To see that these solutions are stable in our sense, note that
@ = 0,7 > 0 is a cross section for all the non-equilibrium solutions and the
Poincaré map is the identity map.

Ezample: Consider the system

o=+ u(l —u?—?), 0= —u+v(l —u® —v?),
which in polar coordinates is
F=r(1-r%), 0=-1

The origin is an elementary equilibrium point, and the unit circle is an el-
ementary periodic orbit. To see the latter claim, consider the cross section
f# = 0 mod 2x. The first return time is 27. The linearized equation about
r =11is 7 = —2r, so the linearized Poincaré map is r — r exp(—4n). The
multiplier of the fixed point is exp(—4mn).

6.5 Systems with Integrals

As we have seen, the monodromy matrix of a periodic solution has +1 as a
multiplier. If equation (6.9) were Hamiltonian, the monodromy matrix would
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be symplectic, so the algebraic multiplicity of the eigenvalue +1 would be
even and hence at least 2. Actually, this is simply due to the fact that an
autonomous Hamiltonian system has an integral.

Throughout this section, assume that equation (6.9) admits an integral F,
where F' is a smooth map from O to R, and assume that ¢(¢, y) is a periodic
solution of period 7. Furthermore, assume that the integral F' is nondegen-
erate on this periodic solution, i.e., VF((y) is nonzero. For a Hamiltonian
system, the Hamiltonian H is always nondegenerate on a non-equilibrium
solution since VH ({y) = 0 would imply an equilibrium.

Lemma 6.5.1. If F is nondegenerate on the periodic solution ¢(t,(p), then
the multiplier +1 has algebraic multiplicity of at least 2. Moreover, the row
vector OF ({y)/0x is a left eigenvector of the monodromy matrix corresponding
to the eigenvalue +1.

Proof. Differentiating F(¢(t, ¢)) = F(z) with respect to z and setting z = (o

and t =T, we have
OF (Go) 99(T, Go) _ 9F(Co)
0z dz 0z
which implies the second part of the lemma. Choose coordinates so that
f(¢o) is the column vector (1,0,...,0)7 and 9F({y)/dz is the row vector
(0,1,0,...,0). Since f((p) is a right eigenvector and OF ({p0z is a left eigen-
vector, the monodromy matrix B = 9¢(T, {y)/0z has the form

1 x x x x
01000
0 x X x X
B=10xx x x

0 X X X X

Expand by minors and let p(A) = det(B — AI). First, expand along the first
column to get p(A) = (1 —A) det(B’ — AI), where B’ is the (m —1) x (m—1)
matrix obtained from B by deleting the first row and column. Next, expand
det(B’ — M) along the first row to get p(\) = (1 — \)2det(B” — \I) =
(1= X)%q(\), where B” is the (m — 2) x (m — 2) matrix obtained from B by
deleting the first two rows and columns.

Again, there is a good geometric reason for the degeneracy implied by this
lemma. The periodic solution lies in an (m — 1)-dimensional level set of the
integral, and typically in nearby level sets of the integral, there is a periodic
orbit. So periodic orbits are not isolated.

Consider the Poincaré map P : N — X where N is a neighborhood of
w’ in X. Let € be flow box coordinates at w’, that is, £ is a local coordinate
system at w’ with w’ corresponding to £ = 0, and the equations (6.9) in these
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coordinates are £, = 1,6, =0,...,&, = 0, and F(§) = & — see [51]. In these
coordinates, we may take X' to be & = 0. Since & is the integral in these
coordinates, P maps the level sets & = constant into themselves, so we can
ignore the £ component of P. Let e = &, let X, be the intersection of X
and the level set F' = e, and let &3,...,&, be coordinates in X,. Here e is
considered as a parameter (the value of the integral). In these coordinates,
the Poincaré map P is a function of ¢ = (&s,...,&,) and the parameter e.
So P(e,¢) = (e,Q(e, ()), where for fixed e, Q(e, ) is a mapping of a neigh-
borhood N, of the origin in X, into X.. @ is called the Poincaré map in
an integral surface. The eigenvalues of 9Q(0,0)/9¢ are called the multipliers
of the fixed point in the integral surface or the nontrivial multipliers. By the
same argument as above, we have the following lemma.

Fig. 6.2. Poincaré map in an integral surface

Lemma 6.5.2. If the multipliers of the periodic solution of a system with
a nondegenerate integral are 1,1, A3, ..., A, then the multipliers of the fixed
point in the integral surface are Az, ..., An.

Lemma 6.5.3. If the system is Hamiltonian, then the Poincaré map in an
integral surface is symplectic.

Proof. Use the Hamiltonian flow box theorem (see [51]) to get symplectic
flow box coordinates (£,7n). In this case, H = 1 and the equations are
él = 1,5'1- =0 fori = 2,...,n, and 7; = 0 for ¢ = 1,...,n. The cross
section is &5 = 0 and the integral parameter is 71 = e. The Poincaré map in
an integral surface in these coordinates is in terms of the symplectic coordi-
nates &a,...,&n, M2, - -, n o0 Y. Since the total map (£,7n) — (T, (&, 7))
is symplectic, the map ¢ — Q(e, () is symplectic.
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If none of the nontrivial multipliers is 1 and the integral is nondegenerate
on the periodic solution, then we say that the periodic solution (or fixed
point) is elementary or nondegenerate.

Theorem 6.5.1. (Cylinder Theorem) An elementary periodic orbit of a sys-
tem with an integral lies in a smooth cylinder of periodic solutions parame-
terized by the integral F. (See Figure 6.3.)

Proof. Apply the implicit function theorem to Q(e,y) —y = 0 to get a one-
parameter family of fixed points y*(e) in each integral surface F' = e.

In the same manner we have the following important perturbation theorem.

Theorem 6.5.2. Let H. : P. — R be a smooth one-parameter family of
Hamiltonians for |e| < e9. Let ¢(t) be a non-degenerate T-periodic solution
of the system whose Hamiltonian is Hy. Let ho = Ho(¢(t)). Then there exist
an €1 > 0 and smooth functions T(e, h), P(t,e,h) such that for |e| < e1 and
|h — h0| <eér:

1. T(0,ho) =T, &(t,0,ho) = &(t),

2. H.(D(t, e, h)) = h,

3. ®(t,e, h) is a T(e, h)-periodic solution of the system whose Hamiltonian
1s H..

This is an elementary and classical result (see Meyer and Hall [51] or
Abraham and Marsden [1]). The proof is a simple application of the implicit
function theorem to the cross section map restricted to an energy level.

The solution &(t, e, h) will be called a continuation of ¢(t).

Fig. 6.3. The cylinder of periodic solutions
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6.6 Systems with Symmetries

As before, let ¥ : & x I — M be an action of a Lie group & (with algebra
20) on a manifold 9, and let there be a smooth vector field X defined on 9
such that in local coordinates z, X has the form of the differential equation

i = f(2). (6.11)

Let the general solution be ¢(¢,¢). Assume that & is a symmetry group for
equation (6.11), so we have

o, ¥(g9,0)) =¥(g,0(t,()) forallt e R, g € &, ( € M. (6.12)

Sometimes it is best to study the flow defined by (6.11) by dropping down
to the quotient space, and sometimes it is not. The reduced space may not be
a manifold everywhere, and it may be difficult to determine the nature of the
reduced space globally. Questions about periodic solutions are local questions,
so global assumptions about the reduced space may not be germane to the
problem at hand. Here we will look briefly at the periodic solutions on all of
I, not on the reduced space.

The solution ¢(¢, ) returns to a symmetric configuration at a time 7' if
there is a g € ® such that

o(T, Go) = ¥(yg, Co)- (6.13)
Lemma 6.6.1. If (6.13) holds, then ¢(nT, (o) = ¥(g™, (o) for alln € Z.

Proof. The formula holds for n = 0, 1. Assume it holds for some n > 1. Then
o((n+1)T,¢) = o(T, ¢(T, Go)) = (T, ¥(g", o))
=W(g", o(T, o)) = ¥(g",¥(g,C0))

= W(gn+l, CO))

so the formula holds for positive n. For negative n, note that
(T, (97" o)) = P97, o(T, o)) = (g~ (g,0)) = Co
and

Lp(gila CO)) = (b(_Ta (b(Ta Lp(gila CO)) = (b(_Ta CO)

and use induction as before.
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Thus if a solution returns to a symmetric configuration once, it will do so
periodically. There are two cases.
Consider the map ¥ (-, (p) : & — 9. The image of this map, denoted by
O C M, is the set of images of the point (y by the group action; it is called
the orbit of & through (o. For each a € 2, 14 (t, () = ¥ (e, () is a flow which
commutes with ¢(t, ). Let
V= { dwa(ta CO)

dt

o' O € A and ge*' = eatg} .

V is the set of tangent vectors to O at (y. Let w = ¢(0, (o). The two cases are
(i) w € V, in which case we call the solution ¢(t,{y) a relative equilibrium,
and (ii) w ¢ V, in which case we call the solution ¢(t, {y) a relative periodic
solution.

In order to find a relative periodic solution, one must solve (6.13), or
equivalently, solve

Vg o(T0)| =G (6.14)

for g, T,(o. Define the (characteristic) multipliers of the relative periodic
solution (equilibrium) to be the eigenvalues of

(g ", o(T,Q)) ’
8< C:Co'

Lemma 6.6.2. Let the dimension of V be s. Then a relative equilibrium has
the multiplier +1 with multiplicity at least s and a relative periodic solution
has the multiplier +1 with multiplicity at least s + 1.

Proof. Since all of the actions ¥, v,, ¢ commute, equation (6.14) implies

Lp(gila (b(Tv 1/)a(t, CO))) = 1/)a(t, CO)

Differentiate this expression with respect to ¢ and set t = 0 to get

0% (g~ $(T, Go)) dvba(t, €) dipa(t, G

¢ dt t=0 dt  li=o

so each vector in V' is an eigenvector corresponding to the eigenvalue +1.
Therefore, the multiplicity is at least s.
We also have

W(g~", o(T, 6(t, C0))) = b(t, Go)-

Differentiate this expression with respect to ¢ and set t = 0 to get

O¥(g~", ¢(T, o)) do(t, Q) dip(t, §)

¢ dt  li=0 dt lt=0

so w = ¢(T,¢p) is also an eigenvector corresponding to +1. If w ¢ V', then
the multiplicity is at least s + 1.
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6.7 Hamiltonian Systems with Symmetries

Assume we are in the same situation as in Section 5.5, that is, let 9t be a
symplectic manifold of dimension 2n, ¥ : & x 9 — MM a symplectic action
of the Lie group & of dimension m, 2 the algebra of &, and H : 91 — R a
Hamiltonian that admits & as a symmetry group.

Assume that there are m members of the algebra 20 which giving to m
integrals Fy,..., Fy, : 9 — R. Let F = (F1,..., F;,). Assume that ¢ € R™
is a regular value for F, so that 1 = F~!(a) is a submanifold of 9 of
dimension 2n — m. Let &, be the subgroup of & that leaves 91 fixed. Now
B, acts on N as a symmetry group. Define V' and s as in the last section.

Lemma 6.7.1. Under the assumptions stated above, a relative equilibrium
has the multiplier +1 with multiplicity at least m + s and a relative periodic
solution has the multiplier +1 with multiplicity at least m + s + 2.

For the spatial N-body problem, we have m = 3+3 =6 and s = 3+1 =4,
so a relative periodic solution has the multiplier +1 with multiplicity at least
12. For the planar N-body problem, we have m = 2+1 =3 and s = 2+1 = 3,
so a relative periodic solution has the multiplier +1 with multiplicity at least
6. These are very degenerate problems!

A sharper, less geometric and more algebraic result is as follows. Let F
be the set of all integrals for the system with Hamiltonian H (so in particular
HeF), W={JVF({): FeF}CcR™ Z={ueW :{u,W}=0}.

Theorem 6.7.1. The geometric multiplicity of the multiplier +1 of a peri-
odic solution is at least dimW . The algebraic multiplicity of the multiplier
+1 of a periodic solution is at least dimW + dim Z.

Proof. See Meyer 1973 [50]

6.8 Problems

Refer to the problems at the end of Chapter 5 before considering the first
few problems here.

1 Consider a system of equations % = f(u), u € R?" which admits a time
reversing symmetry f(Ru) = —Rf(u) where R is an 2n x 2n matrix such
that R is similar to diag {I,, —1I,}. Let FIX = {u € R* : Su = u}.
Show that FIX is an n dimensional subspace of R?". Show that if ¢(t)
is a solution with ¢(0) € FIX and ¢(T) € FIX with T > 0, then ¢(t)
is a 27T-periodic solution and the orbit of this periodic solution is carried
into itself by R. Such a periodic solution is called a symmetric periodic
solution.
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2 Let S be an anti-symplectic (ST.JS = —J), 2n x 2n matrix which is similar
to diag {I,, —I,}. Prove that the fixed point set of S, FIX = {u € R?":
Su = u} is a Lagrangian subspace. A Lagrangian subspace of R?" is an
n-dimensional linear subspace such that the Poisson bracket ({u,v}) is
identically zero.

3 Show that a solution of the restricted problem which crosses the sygyzy
axis (the line joining the primaries) perpendicularly at times ¢t = 0 and
t=1T,T >0 is a symmetric 27 periodic solution.

4 (Gareth Roberts) Show that a solution is a relative equilibrium as defined
in the text if and only if it becomes an equilibrium on the reduced space.



7. Satellite Orbits

Here we prove the existence of Poincaré’s “periodic orbits of the first kind” by
the methods developed in the previous chapters. By first kind, he meant that
the solutions were planar and nearly circular. We do not follow Poincaré’s
original proof exactly. He used a discrete symmetry, arguing that if the three
bodies are collinear at time ¢t = 0 and again at a time ¢t =T > 0, then they
will return to their same relative position periodically with period 7. That
is to say, these solutions are not necessarily periodic in fixed space, but are
periodic when the rotational symmetry is eliminated. In fact, Poincaré was
proving the existence of periodic solutions on the reduced space, which we call
relative periodic solutions. His proof does not give any information about the
characteristic multipliers of these solutions and so contains no information
about the stability of these orbits. A by-product of the proof given here is
that the solutions are elliptic and hence linearly stable.

7.1 Main Problem for Satellite Problem

In celestial mechanics, the “main problem” is the equation of the first ap-
proximation, so “defining the main problem” is setting forth the assumptions
that yield the correct equations of the first approximation. One of Hill’s major
contributions to celestial mechanics was redefining the main problem of lunar
theory — see Chapter 11 for details. Here we will define the main problem
for Poincaré’s periodic solutions of the first kind.

Consider a fixed Newtonian frame and let (qo, q1,q2; Po, P1,P2) be the
position and momentum vectors, relative to this frame, of three particles
having masses mg, m1, ms. In our informal discussions, we shall refer to the
particle of mass mg as the sun and the particles of masses m; and mq as the
satellites.

Since we wish to eliminate the motion of the center of mass, we choose to
represent the equations in Jacobi coordinates (q,x1,%2, G,y1,y2) and then
set g = G = 0. That is, we perform the following symplectic change of
coordinates,
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X1 = 41 — 9o,

X2 = g2 — (mo +mq) ' {moqo + miq1},

y1 = (mo +m1)”"{mop1 — mipo},

y2 = (mo +m1 +ma) ™ {(mo + m1)p2 — ma(po + p1)},

obtaining
2
|Yi|2> mommy mimsa mamo
H= - - - : 7.1
;(zMi bl e —aoall etaml Y
where
M, = momi , M, = ma(mo +my) ,
(mo +ma1) (mo + m1 +ma)
mo my
Q)= ———, o = ————.
* 7 (mo + ma) LT (mo +my)

The main assumption for this problem is that the sun is much more
massive than the satellites, i.e., we scale by

mip — gmy, mo —> EM2

so that
M =emq +O(E2), Mo :€m2+0(52).

Scale the variables by

Y1 — €y, Y2 — €y,

1

which is symplectic with multiplier e™", so the Hamiltonian becomes

H_{|Y1|2 M}+{|Y2|2 m0m2}+0(5)_ (7.2)

2my x| 2my  ||xel]

To see the above, note that ||q; — qo|| = ||x1]| and ||q2 — qol| = ||x2|| + O(e).
Thus to the first order, the problem is two Kepler problems.

Now change from rectangular coordinates xi,X2,¥y1,y2 to polar coordi-
nates r1, 01,72, 02, R1, @1, Ro, O3 so that the Hamiltonian becomes

1 6?2 1 62
H_—{R§+T—21}—m0ml +—{R§+T—§}—M+O(s).

2m1 T1 2m2 T2
1 2

Total angular momentum O = ©; + O is an integral and the problem
is invariant under rotation, so H is invariant under the transformation
(61,602) — (61 + 7,02 + 7). Thus to drop down to the reduced space, make
the following symplectic change of variables:

p1 = 01, b1 = 61 + Oy,

p2 =02 — 01, P2 = O.
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Now ¢, is ignorable and @, is an integral, so on the reduced space ignore ¢;
and set @1 = ¢, a constant. Then local coordinates on the reduced space are
r1,T2, ¢2, Ry, Ra, @5 and the Hamiltonian becomes

1 — &,)? 1 P2
H——{Rﬂ%@Tf)}—mW”+ {Rﬁﬁé}—mww+0@.

2m1 1 T1 2m2 2 T2

The main problem is the equation obtained from the above Hamiltonian with
€ =0, i.e., the first approximation.

7.2 Continuation of Solutions

Set € = 0 so that the problem decouples completely and @5 is an integral
again. Let @5 = b, ¢ = a+ b, so the equations of motion on the reduced space
when € = 0 are

. R - a? momy

T = ) 1— 3 2
ma mlrl Tl

. RQ R . b2 momso

T2 = —, 2 — 3 P
ma mary Ts

. b a .

¢2 = 3 @2 =0

mQT% miry

The r;, R; equations have a critical point at

CL2

T1:f1:—2, R1:0,
momy
b2
T2:T2:—2, RQZO,
momms

and the variational equation about this critical point is

. 2 .. 2
T1 “+ niry = 0, T2 =+ Noro = 0,
where
mgm3 mgm3
ny = ng =
a3’ b3

These quantities are just the mean anomalies for the circular solutions of
the Kepler problem. Recall that the mean anomaly of a circular orbit of the
Kepler problem is just its frequency.

The equation for ¢ when r1 = 71,7 =79, Ry =0, Ry =0 is

¢o =ny —ny = N.
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Thus the equations when ¢ = 0 have a periodic solution r; = ry,ry =ry, R =
0,R2 =0,P3 = ¢, p2 = Nt and its period is
2w

T=2
N

and its characteristic multipliers are
_|_1, _|_1, e:l:’ian, e:l:ingT'

This periodic solution is nondegenerate (elliptic, in fact), provided only two
multipliers are equal to +1, i.e., provided

_m ¢ 7, _ M2 ¢ 7. (7.3)
nz —ni nz —ni
If this condition holds, then the periodic solution is nondegenerate when
€ =0 and so, by Theorem 6.5.2, it can be continued into the full three-body
problem on the reduced space. Thus we have

Theorem 7.2.1. When € = 0, the system whose Hamiltonian is (7.2) con-
sists of two Kepler problems. Circular periodic solutions of these two Kepler
problems such that (7.3) holds can be continued into the three-body problem
with two small masses as elliptic relative periodic solutions.

7.3 Problems

1 Consider the restricted problem (2.7) with p considered as a small param-
eter. When p = 0 you have the Kepler problem in rotating coordinates.
Change to polar coordinates and investigate what happens when the
circular orbits of the Kepler problem in rotating coordinates are nonde-
generate, and hence can be continued into the restricted problem for p
small. These periodic solutions of the restricted problem correspond to
the periodic solutions of the first kind of Poincaré.

2 Show that the elliptic solutions of the Kepler problem in rotating coordi-
nates are degenerate (all the multipliers are +1).

3 Try the same type of scaling on the four (or more) body problem. Assume
one mass is finite and the others are order e. Show that the circular
solutions when € = 0 are degenerate (too many +1s).

4 Show that there are symmetric periodic solutions of the (N+1)-body prob-
lem when one particle has finite mass and the others have mass of order
€. See Moulton [58].

5 Show that there are periodic solutions of the spatial three-body problem
with masses mg, emy, emy which are continuation of doubly-symmetric
circular orbits of the spatial Kepler problem in rotating coordinates. See
Soler [84].
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Previously we introduced the restricted problem whose Hamiltonian is (2.7).
Since there are various “restricted problems” we need to be more precise. In
general in a restricted problem one or more particles are assumed to have mass
equal to zero (the infinitesimal(s) or satellite(s)) and several of the particles
have finite mass (the primaries). The k primaries are assumed to follow some
known solution of the k-body problem while the infinitesimals move under
the gravitational influence of the primaries. But since the infinitesimals have
no mass they have no effect on the motion of the primaries or each other.

What we have called the restricted problem is more properly called the
circular restricted three-body problem. The three particles have mass p, 1 —
1,0, > 0 and so it is restricted. The primaries of mass 4 and 1 — ¢ move on
a circular solution of the two—body problem and hence are “circular”. Since
it has been studied extensively by Poincaré, Birkhoff and countless others,
the adjectives are usually dropped and it becomes known as “the” restricted
problem.

In this chapter we will discuss the classical restricted problem in the plane
and in space and then we will introduce the circular restricted (N + 1)-body
problem. We will drop the adjective “circular” in this chapter since this is
the only case considered. Non-circular restricted problems are discussed in
Chapter 12.

To define the general restricted (N+1)-body problem take any planar cen-
tral configuration (q1,...,qn) = (a1,...,an) of the N-body problem. This
choice is the selection the primaries. So (g1, ..., qn, p1,...,pn) = (a1, ..., an,
wmiay, ..., wmyay) is a relative equilibrium, i.e. an equilibrium point in a
rotating coordinate system rotating with angular velocity w. The rotation is
about the origin in R? for the planar problem or about the z axis in R? for
the spatial problem. By scaling the size of the central configuration we will
assume that w = 1. Now place a particle of mass zero (the infinitesimal) in the
gravitational field created by the primaries. The motion of the infinitesimal
is governed by the equations of motion whose Hamiltonian is

Hgn = |Inl*/2 = €"Jn - Z HCLJ 5” (8.1)
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In the planar case £, € R? and J = J, and in the spatial case £, 1 € R?
and J = J*, where

010
Jz—(_ol(l)>, J = -100
000

In this chapter, we show that under mild nonresonance assumptions, a
nondegenerate periodic solution of the planar or spatial restricted three-
body problem can be continued into the full three-body problem and then
we generalize this result to the (N + 1)-body case. This result follows easily
from the standard perturbation result for Hamiltonian systems, Theorem
6.5.2, after the Hamiltonian of the problem with one small mass has been
correctly scaled. This scaling shows that the restricted problem is indeed the
first approximation of the full problem with one small mass.

Also we shall show that some bifurcation results for the restricted problem
can be continued into the three or (N + 1)-body problem.

8.1 Main Problem for the Three-Bodies

In this section we make a series of symplectic changes of variables in the
three-body problem which show that the restricted problem is the limit of
the reduced problem with one small mass. The reduced problem with one
small mass is separable to the first approximation, i.e. the Hamiltonian of the
reduced problem to the first approximation is the sum of the Hamiltonian of
the restricted problem and the Hamiltonian of the harmonic oscillator.

The three-body problem in the plane is a six degree of freedom problem
and a nine degree of freedom problem in space. By placing the center of mass
at the origin and setting linear momentum equal to zero, the planar problem
reduces to a four degree of freedom problem and the spatial problem to a six
degree of freedom problem. This is easily done by using Jacobi coordinates
— see Section 3.5. The Hamiltonian of the three-body problem in rotating
(about the z-axis) Jacobi coordinates (zo, x1, T2, Yo, Y1, Y2) iS

Iy l* o [ - momy
H="-">"——a5J — _
2M0 Ty JYo + 2M1 Ty JY1 H I H +
2
ll 2 |l — T Ty, — mimso - mamo
2M> | z2 — ozt || | z2 + a1z ||
where
MO =mg +my +m2, Ml = 7m0m1 MQ = —m2(m0 + ml)

)
mo + ma mo +my + me
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mo mi
o= ——, o= —-—.
mo +my mo + my
In the planar problem z;,y; € R? and J = J,, whereas, in the spatial problem
z;,y; € R and J = J*. In these coordinates x( is the center of mass, yg is

total linear momentum, and total angular momentum is
O =0 X yo+ x1 X Y1 + T2 X yo.

The set zo = yo = 0 is invariant and setting these two coordinates to zero
effects the first reduction. Setting x¢ = yo = 0 reduces the planar problem by
two degrees of freedom and the spatial problem by three degrees of freedom.

Assume that one of the particles has small mass by setting ma = 2 where
€ is to be considered as a small parameter. Also set mg = p, m; =1 — p and
v = pu(l — p), so that

My=v=p(l—p), My=e’/(14+*)=e"—ec'+...

Qg = M, ar =1—p.

The Hamiltonian becomes

H=K+H
where 1
1%
K —— 2 _ TJ o
2]/ H 1 H 'rl Y1 H 1 Ha
and
- (1+ed) e2(1— p) e
H:T [l y2 H2 —xgjyz— - .
€ | 2 —px || [ 22+ (1 — p)z ||

K is the Hamiltonian of the Kepler problem in rotating coordinates. We can
simplify K by making the scaling z; — x;, y; — vy;,, K - v 'K, H — v~ 'H,
g2~ — 2 so that

1 1
K= P ol - (8.2)
2 EXl
and
N £2(1 — 1) 2y
H=—~ —x5 Jys — - . (8.3
gz el = e = T T T v a e &9

We consider angular momentum to be nonzero. In the planar problem we
can reduce the problem by one more degree of freedom by holding A fixed and
ignoring rotations about the origin. One way to reduce the spatial problem
by two more degrees is to hold A fixed and eliminate the rotational symmetry
about the A axis. Another way to reduce the spatial problem is to note that
A, the z-component of angular momentum, and A =| A ||, the magnitude
of angular momentum, are integrals in involution. It is a classical result that
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one can reduce a system by two degrees of freedom if there are given two
independent integrals in involution [92].

Consider the planar case first. In K change from rectangular coordinates
1,1 to polar coordinates so that

1 1
K=Ky=-3R*+ =% -60——, (8.4)
2 r2 r

where 7, # are the usual polar coordinates in the plane, R is radial momentum
and @ is angular momentum. This problem admits K3 and @ as integrals in
involution.

K, has a critical point at

r=1, 6=0, R=0, ©=1.

Expand K5 in a Taylor series about this critical point, ignore the constant
term, and make the scaling

r—1—er, 00— 0,

R — ¢R, e—-1— %0,

K2 — 572K25
to get
1
K> =5 {r’ + R*} +0(e).
Now scale H by the above and

zo =& =2y, H— e 2H. (8.5)
The totality is a symplectic scaling with multiplier £72 and so the Hamil-
tonian of the planar three-body problem becomes Hg + £ (r? + R?) + O(e),
where Hp is the Hamiltonian of the restricted three-body problem, i.e.

S e “
He=g Inl =T re— o Tera—mo &9

To obtain the above expansion recall 1 = (rcosf,rsinf) = (1,0) + O(e).
Thus in the planar case the Hamiltonian of the reduced three-body problem
is to the first approximation the sum of the Hamiltonian of the restricted
problem and the Hamiltonian of the harmonic oscillator.

Thus symplectic coordinates on the reduced space are &,r,n, R. What
do the new coordinates mean? The mass of the satellite is €2 and Yo 1S its
momentum, so 7 is its velocity. £ is the satellite’s position. r and R measure
the deviation of the primaries from a circular path.
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We take a different tack for the spatial case. In the spatial case K = K3
has a critical point at #; = a = (1,0,0)7, y; = b = (0,1,0)” — it corresponds
to a circular orbit of the Kepler problem. Expand K3 in a Taylor series about
this point, ignore the constant term and make the scaling

T1 — a+ eu, y1 — b+ ev, Ks — e 2K, (8.7)

to get K5 = K* + O(g) where

1
(v% + 2+ vg) + w1 — U2 + 3 (—21@ +u2 + ug) . (8.8)

K* =

N~

Again scale H by (8.7) and (8.5). The totality is a symplectic scaling
with multiplier e =2 and so the Hamiltonian of the spatial three-body problem
becomes Hr+K*+0O(e) where K* is given in (8.8) and Hp is the Hamiltonian
of the spatial restricted problem (i.e. (8.6) with (u,0) and (1 — y, 0) replaced
by (u,0,0) and (1 — ,0,0)).

We have already reduced the spatial problem by using the transitional
invariance and the conservation of linear momentum, so now we will com-
plete the reduction by using the rotational invariance and the conservation
of angular momentum.

Recall that angular momentum in the original unscaled coordinates is
O = x1 X y1 + 2 X y2 and in the scaled coordinates it becomes

O = (a+eu) x (b+ev)+e*xn (8.9)

and so holding angular momentum fixed by setting A = a x b imposes the
constraint

O=axv+uxb+O0(e) = (—us, —vs,v2 +ur) + O(e). (8.10)

Now let us do the reduction when € = 0 so that the Hamiltonian is
H = Hi + K* and holding angular momentum fixed is equivalent to us =
vg = v2 + u1 = 0. Notice that the angular momentum constraint is only on
the g, p variables. Make the symplectic change of variables

1 = Uy + vg, Ry =,
ro = ug + v, Ry = vg, (8.11)
r3 = U3, R3 = vs,
so that 1 1
K* = (r3 + R3) + 5 (r§ + R3) +-riR2 —ri. (8.12)

Notice that holding angular momentum fixed in these coordinates is equiv-
alent to r;y = r3 = R3 = 0, that R; is an ignorable coordinate, and r; is an
integral. Thus passing to the reduced space reduces K* to
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1
K* = 5(r;% + R3). (8.13)

Thus when € = 0 the Hamiltonian of the reduced three-body problem be-
comes

1
H=Hp+ 5(r2’+1%2), (8.14)

which is the sum of the Hamiltonian of the restricted three-body problem
and a harmonic oscillator. Here in (8.14) and henceforth we have dropped
the subscript 2. The equations and integrals all depend smoothly on £ and
so for small € the Hamiltonian of the reduced three-body problem becomes

1
H=Hpg+ §(r2+R2)+O(€). (8.15)
We get the same form for the Hamiltonian in both the planar and the
spatial problems. We can also introduce action angle variables (I, ¢) by

r=+v2[cost, R = Vv2[lsin,

to give
H=Hr+I1+0() (8.16)

in both cases.

The reduced three—body problem in two or three dimensions with one small
mass is approximately the product of the restricted problem and a harmonic
oscillator.

8.2 Continuation of Periodic Solutions

A periodic solution of a conservative Hamiltonian system always has the
characteristic multiplier +1 with algebraic multiplicity at least 2. If the pe-
riodic solution has the characteristic multiplier 41 with algebraic multiplic-
ity exactly equal to 2 then the periodic solution is called non-degenerate or
sometimes elementary. A non-degenerate periodic solution lies in a smooth
cylinder of periodic solutions which are parameterized by the Hamiltonian.
Moreover, if the Hamiltonian depends smoothly on parameters then the pe-

riodic solution persists for small variations of the parameters — see Chapter
6.

Theorem 8.2.1. A nondegenerate periodic solution of the planar or spatial
restricted three—body problem whose period is not a multiple of 2w can be
continued into the reduced three—body problem.

More precisely:
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Theorem 8.2.2. Let n = ¢(t),£ = () be a periodic solution with period T
of the restricted problem whose Hamiltonian is (8.6). Let its multipliers be
+1,+1, 8,871 in the planar case or +1, +1, 61,6f1, 62,6;1 in the spatial
case. Assume that T # n2mw for alln € Z and B # +1 in the planar case
or B # +1 and B2 # +1 in the spatial case. Then the reduced three—body
problem, the system with Hamiltonian (8.15), has a periodic solution of the
form n = ¢(t) + O(e), £ = Y(t) + O(e), r = O(e), R = O(e) whose period
is T + O(g). Moreover, its multipliers are +1,+1, 8+ O(g), 37 + O(e),
T +0(e),e T 4+ O(e) in the planar case or +1,+1, B1 +O(e), By + O(e),
Bz +0(e), Byt + O(¢e), €T +0(e), e T 4 O(e) in the spatial case.

Proof. When € = 0 the reduced problem with Hamiltonian (8.15) has the pe-
riodic solution n = ¢(t), £ = ¥(t), r = 0, R = 0 with period T'. Its multipliers
are +1,4+1, 3,571, ¢T, e~ in the planar case or +1,+1, 61,6f1, 62,6;1,
e’ e~ in the spatial case. By the assumption T" # n27 it follows that
e = +1 and so this periodic solution is non-degenerate. The classical con-
tinuation theorem (Theorem 6.5.2) can be applied to show that this solution

can be continued smoothly into the problem with € small and non-zero.

The planar version of this theorem is due to Hadjidemetriou [30]. There are
similar theorems about non-degenerate symmetric periodic solutions — see
[48] and the problems. For a different approach, see [42].

There are three classes of non-degenerate periodic solutions of the re-
stricted problem that are obtained by continuation of the circular orbits of
the Kepler problem using a small parameter. The small parameter might be
1, the mass ratio parameter, giving the periodic solutions of the first kind of
Poincaré [81, 66], a small distance giving Hill’s lunar orbits [13, 19, 81], or a
large distance giving the comet orbits [48, 56]. All these papers cited except
[48] use a symmetry argument, and so do not calculate the multipliers.

However, in Meyer and Hall [51] a unified treatment of all three cases is
given and the multipliers are computed and found to be nondegenerate. Thus,
there are three corresponding families of periodic solutions of the reduced
problem. The corresponding results with independent proofs for the reduced
problem are found in [47, 48, 57, 56, 65, 80].

One of the most interesting families of nondegenerate periodic solution of
the spatial restricted problem can be found in Belbruno [11]. He regularized
double collisions when g = 0 and showed that some spatial collision orbits
are nondegenerate periodic solutions in the regularized coordinates. Thus,
they can be continued into the spatial restricted problem as nondegenerate
periodic solutions for p # 0. Now these same orbits can be continued into
the reduced three-body problem.
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8.3 Bifurcations of Periodic Solutions

Many families of periodic solutions of the restricted problem have been stud-
ied and numerous bifurcations have been observed. Most of these bifurcations
are ‘generic one parameter bifurcations’ as defined in [46]: also see [51] Chap-
ter VIII. Other bifurcations seem to be generic in either the class of sym-
metric solutions or generic two-parameter bifurcations. We claim that these
bifurcations can be carried over to the reduced three-body problem mutatis
mutandis. Since there are a multitude of different bifurcations and they are
all generalized in a similar manner we shall illustrate only one simple case
— the 3-bifurcation of [46] called the phantom kiss in [1]. My son suggested
that 3-bifurcations should be called trifurcations.

Let p(t, h) be a smooth family of non-degenerate periodic solutions of the
restricted problem parameterized by Hg , i.e. Hr(p(t,h)) = h, with period
7(h). When h = hg let the periodic solution be pg(t) with period 79, so
po(t) = p(t, ho) and 70 = 7(hg). We will say that the 7p-periodic solution
po(t) of the restricted problem is a 3-bifurcation orbit if the cross section map
(¥, ¥) — (¢, ¥') in the surface Hg = h for this periodic orbit can be put
into the normal form

V' =1+ (2nk/3) + a(h — ho) + BF/2 cos(3Y) + - - -
U =W —206W3/?sin(31)) + - - -

T:T0+...

and k = 1,2, and o and 3 are non-zero constants. In the above ¥, ¥ are nor-
malized action-angle coordinates in the cross section intersect Hr = h, and
T is the first return time for the cross section. The periodic solution, p(¢, h),
corresponds to the point ¥ = 0. The multipliers of the periodic solution py(t)
are +1, +1, eT2km/3 ¢=2kmi/3 (cube roots of unity) so the periodic solution is
a nondegenerate elliptic periodic solution. Thus, this family of periodic solu-
tions can be continued into the reduced problem provided 7y is not a multiple
of 27 by the result of the last subsection.

The above assumptions imply that the periodic solution p(t, k) of the
restricted problem undergoes a bifurcation. In particular, there is a one pa-
rameter family, ps(t, k), of hyperbolic periodic solution of period 379 + - - -
whose limit is po(t) as h — hg. See [46, 51] for complete details.

Theorem 8.3.1. Let po(t) be a 3-bifurcation orbit of the restricted problem
that is not in resonance with the harmonic oscillator, i.e. assume that 319 #
2nm, for n € Z. Let p(t,h,e) be the 7(h,e)-periodic solution which is the
continuation into the reduced problem of the periodic solution p(t, h) for small
e. Thus p(t, h,e) — (p(t, h),0,0) and 7(h,e) — 7(h) as e — 0.

Then there is a function ho(g) with ho(0) = ho such that p(t, ho(e), €) has
multipliers +1, +1, eT2km/3 e=2km/3 o701 O(g), e~ T 4-0(e), i.e. exactly one
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pair of multipliers are cube roots of unity. Moreover, there is a family of peri-
odic solutions of the reduced problem, p3(t, h, e) with period 37(h,e)+- - - such
that p3(t, h,e) — (p3(t, h),0,0) as e — 0 and p3(t, h,e) — p(t, ho(e),€)
as h — ibo(é‘). The periodic solutions of the family ps(t, h,e) are hyperbolic-
elliptic, i.e. they have two multipliers equal to +1, two multipliers which are
of unit modulus, and two multipliers which are real and not equal to +1.

Proof. Since the Hamiltonian of the reduced problem is H = Hp + 3(r? +
R?) 4+ O(e) we can compute the cross section map for this periodic solution
in the reduced problem for ¢ = 0. Use as coordinates ¢, ¥, r, R in this cross
section and let 7 = h — hg. The period map is (¢,¥,r, R) — (¢',¥', 7', R')
where

O =1 (1, W, r, R, ) = + (2mk/3) + an + B/ cos(3¢p) + - - -

W =0, W,r, R,n,e) = ¥ — 2605/ sin(3¢) + - -
r! _ (Y, ¥, r, R,n,€) —B(" 4.
R R, ¥,r, R, n,¢) R

B ( cos T sin7'> '
—sinT cosT

Since the periodic solution of the restricted problem is non-degenerate it can
be continued into the reduced problem and so we may transfer the fixed point
to the origin, i.e. ¥ =r = R = 0 is fixed.

Since « # 0 we can solve ¢'(0,0,0,0,7,¢) = 2rk/3 for n as a function of
e to get 7j(g) = h — ho(e). This defines the function hy.

Compute the third iterate of the period map to be

where

(1/)? Lp? T, R) — (1/’3’, an Tsa RB))

where

3 =1p 4 21k + 3an + 38%/% cos(3) + - - -,

U3 =W — 26032 sin(3Y) + - - -,

(gg)_Bs(;)+...

Since 37 # 2k7 the matrix B> — E is nonsingular, where E is the 2 x 2
identity matrix. Thus we can solve the equations r® —r = 0, R* — R = 0 and
substitute the solutions into the equations for ¢ — ¢ =0, ¥3 — ¥ = 0.

The origin is always a fixed point; so, ¥ is a common factor in the formula
for w3, Since B # 0, the equation (W3 — W)/(—2p¥3/2) = sin(3¢) + - - - can
be solved for six functions ¢;(¥,h) = jn/3 4+ ---,5 = 0,1,...,5. For even
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j, cos31; = 41+ ---, and for odd j, cos3¢p; = —1 + ---. Substituting these
solutions into the 1 equation gives (% — 1) — 2h7)/3 = an + pw/2 +
The equations with a plus sign have a positive solution for ¥ when afn is
negative, and the equations with the negative sign have a positive solution
for ¥ when afn is positive. The solutions are of the form Jl 1z _ = Fan/p.
Compute the Jacobian along these solutions to be

a4 (10 0 F650;/2
(T, 1) _(01>+< +(38/2%,% 0 )

and so the multipliers are 1+3a?n?, and the periodic points are all hyperbolic-
elliptic.

There are many other types of generic bifurcations, e.g. Hamiltonian
saddle-node bifurcation, period doubling, k-bifurcations with k£ > 3 etc. as
listed in [46, 51]. If such a bifurcation occurs in the restricted problem and
the period of the basic periodic orbit is not a multiple of 27 then a simi-
lar bifurcation takes place in the reduced problem also. The proofs will be
essentially the same as the proof given above.

8.4 Main Problem for (N + 1)-Bodies

Consider the (N +1)-body problem with Hamiltonian H 41 in rotating rect-
angular coordinates (q,p) where the particles are indexed from 0 to N, and
make one mass small by setting mo = 2. Then Hamiltonian (2.5) becomes

e2m
Hives = ol 22° = af o - Zuq—éou”” o
J

where Hp is the Hamiltonian of the N-body problem with particles indexed
from 1 to N.

Select the primaries by choosing any planar central configuration of the
N-body problem, say (ai,...,an). Let Z = (q1,...,9n;P1,.-.,PN) and
zZ* = (a1,...,an; —myiJaq,...,—mnyJan), so Z* is a relative equilibrium.
(Here we have scaled the central configuration so that the frequency w is 1.)
By Taylor’s theorem, we have

1

5(Z —z9T8(Z -z 4+0(|Z - Z*|*), (8.18)

where S is the Hessian of Hy at Z*. In (8.17), make the change of variables

Hy(Z) = Hy(Z*) +

@0=¢& po=¢n Z=Z"—¢V. (8.19)

Now ¢; = a; + O(g). This change of variables is symplectic with multiplier &2
and thus (8.17) becomes
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Hyr = o lInl*/2 = €5 n - ZHJ a +%VTSV+O(5). (8.20)

Thus to the lowest order in e, the Hamiltonian of the (N + 1)-body problem
decouples into two Hamiltonians, namely, the Hamiltonian of the restricted
(N 4 1)-body problem (8.1), and the Hamiltonian of the linearization of the
N-body problem about the relative equilibrium Z*,

1
= 5VTSV. (8.21)

Thus when € = 0, the equations of motion are

£=JE+,
(8.22)

n=Jn - Z Ha —£H3’
and

vV =JSV. (8.23)

For the problem of one small mass, these are the equations of the first approx-
imation. (Remember that J is a generic symbol — for the planar problem it
is 2 x 2 in (8.22) and 4N x 4N in (8.23), but for the spatial problem it is
3 x3in (8.22) and 6N x 6N in (8.23).)

8.5 Reduction

Let M =e24+my+...+my and V = (uy,...,un,v1,...,05), SO we have
qi = a; —eu; and p; = —m;Ja; — ev;. Since the center of mass of the relative
equilibrium is fixed at the origin, we have Zf[ my;a; = 0. Thus the center of
mass of the system is

C = {e*¢ —e(mius + ...+ myun)}/M, (8.24)
linear momentum is
L=¢*np—ce(vy +...+un), (8.25)

and angular momentum is

N
O =e2Tgn— Z(ai - sui)TJ(miJai + ev;). (8.26)
1
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From (8.24), (8.25), and (8.26, we see that the manifold B, of the reduced
space depends smoothly on e.
The defining relations of the reduced manifold when € = 0 are

miug + ...+ myuy =0,
v1+...+uy =0, (8.27)

Ziv{—uiTJ(miJai) +al Ju;} =0,

which are linear constraints on the N-body problem only, so the reduction
applies only to the N-body problem when € = 0.

8.6 Continuation of Periodic Solutions

Now apply Theorem 6.5.2 to the system on the reduced space whose original
Hamiltonian is (8.20) to get

Theorem 8.6.1. Let ¢(t) be a periodic solution of the planar restricted prob-
lem (8.22) with period T and characteristic multipliers 1,1, 3, 37, where 3 #
1. Let the characteristic exponents of the relative equilibrium be 0,0, £, 41,
*as, ..., xan, where a;7 # 0 mod 2mi for j =4,...,N. Then the T-periodic
solution & = ¢(t), V = 0 of Equations (8.22) and (8.23) can be continued into
the planar (N + 1)-body problem on the reduced space as a relative periodic
solution. Its multipliers are

1,1,84+ O(e), g+ O(e), exp tiT, exp tasT, ..., exp tayT.

By Theorem 6.5.2, it is enough to show that the periodic solution & = ¢(t),
V' = 0 is nondegenerate on the reduced space. By Corollary 4.6.6, passing
to the reduced space eliminates 0, 0, =i, ¢ as characteristic exponents of the
relative equilibrium, so the characteristic multipliers of this periodic solution
are
1,1, 6%, exp +ir, exp +asT, . . ., exp+anT.

Thus the multiplicity of the characteristic multiplier +1 is exactly 2 and
Theorem 6.5.2 applies.

8.7 Problems

1 Write the Hamiltonian of the restricted four-body problem where the pri-
maries are at the Lagrange equilateral triangle central configuration. Find
the equilibria when the masses are all equal to 1.
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2 Scale the restricted (N +1)-body problem by & — £72£, 7 — en. So € small
means that the infinitesimal is near infinity. Observe that near infinity
the Coriolis force dominates and the next most important force looks like
a Kepler problem with both primaries at the origin. See [51].

3 Show that there are nearly circular orbits of very large radius of the re-
stricted (N + 1)-body problem by using the scaling of Problem 2 and
Theorem 6.5.2. What does this say about the (N + 1)-body problem?
See Chapter 10.

4 Take the restricted (N +1)-body problem and translate one primary to the
origin, then scale by & — ¢2¢, n — 71, and t — 7 3t. So € small means
the infinitesimal is near the primary. Which force is most important, next
most important? See [51].

5 Show that there are nearly circular orbits of very small radius of the re-
stricted (N + 1)-body problem by using the scaling of Problem 4 and
Theorem 6.5.2. What does this say about the (N + 1)-body problem?
See Chapter 9.

6 Consider ;1 as a small parameter in the restricted three-body problem.
Show that there are nearly circular orbits for small p by using Theorem
6.5.2. What does this say about the three-body problem? See [51]. Did
you get the same result as in Chapter 77

7 Consider any one of the generic one-parameter bifurcations in [46] or [51]
Chapter VIII. Show that these bifurcations can be continued into the
(N + 1)-body problem.

At the Lagrange point £4 in the restricted three-body problem for p < py
there are many bifurcations as discussed in [74, 53]. Show that these
bifurcations carry over to the three-body problem. See [54].

9 State and prove the spatial generalization of Theorem 8.6.1. (Hint: Note
that the essential fact the needs to found is the generalization of Corollary
4.6.6. In the proof of this Corollary replace polar coordinates by spherical
coordinates.)

oo



104 8. The Restricted Problem



9. Lunar Orbits

Another method of introducing a small parameter into the (N + 1)-body
problem is to assume that the distance between two of the particles is small.
In this case, we shall show that there are periodic solutions in which N — 1
particles and the center of mass of the other pair move approximately on a
relative equilibrium solution, while the pair move approximately on a small
circular orbit of the two-body problem about their center of mass.

9.1 Defining the Main Problem

In this Chapter only the planar problem is considered. Consider the (N 41)-
body problem with Hamiltonian H 1 written in rotating Jacobi coordinates
as discussed in Section 3.5. Assume that the center of mass and linear mo-
mentum are fixed at the origin, so the Hamiltonian is

N
3 llwill® T mim;
i=1 v 0<i<j<N 7IT

and total angular momentum is

N
0= leTJyl (9.2)
i=1

The vector x; is the position vector of the first particle relative to the
zeroth particle. We wish to consider the case when these two particles are
close, so we make the change of variables

Tr] = 545, (93)

where ¢ is a small positive parameter. This change of variables is not sym-
plectic, but compensation will be made later. The Hamiltonian becomes

2
Hypi = llyall AT Ty, — momi

+ Hy + O(e%), 9.4
20, A TN T OE) ©-4)
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where H p is the Hamiltonian of the N-body problem in rotating Jacobi coor-
dinates. The N particles have masses (mg +m1), mae, ..., my and the Jacobi
coordinates are indexed from 2 to N. Also My = momi/(mo + m1). Note
that O(*) terms do not contain the momentum terms vy, ..., yx. Angular
momentum becomes

N
O=c'al Ty +> af Jyi. (9.5)

1=2

The origin of the coordinate system for Hy is the center of mass of the pair
with masses mg, m.

Take any planar central configuration (zs,...,zx5) = (ag,...,an) of the
N-body problem — this selects the approximate path of the center of mass of
the pair with masses mg, m; and the N —1 particles with masses mas, ..., my.
So (T2, s TN, Y2y -, YN) = (G2, ...,an, wMsas, ..., wMyay) is a relative
equilibrium, i.e. an equilibrium point in a rotating coordinate system rotating
with angular velocity w. By scaling the size of the central configuration we
will assume that w = 1. Define Z = (x9,...,ZN,¥2,...,yn) and let Z* =

(ag,...,an, Maag, ..., Myan) be the corresponding relative equilibrium. Ex-
pand Hy in a Taylor series, so
1

Hy(Z) = Hy(2") + 5(2 - z'8(z -z +0(|Z - Z*|*).  (9.6)
Now change variables by

n=¢e "y,
V=277 (9.7)

and change time and the Hamiltonian by
t=e%,  Hyy —Hn(Z")=¢SH. (9.8)

The composition of (9.3) and (9.7) is a symplectic change of variables with
multiplier €2, so the new Hamiltonian becomes

i { [nlI>  moma
2My €]l

1
} + 8 {—gTJn + 5VTSV} +0(e"). (9.9)
Thus to the zeroth order in ¢, the Hamiltonian H is the Hamiltonian of the

Kepler problem,
= {|77|2 _ moml}
2My €]l

and at the sixth order, the rotation term of the Kepler problem and the
quadratic terms of the relative equilibrium appear.

The gradient of angular momentum at the relative equilibrium Z* is
nonzero, so the angular momentum integral becomes
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O =0"+e0,V +0(£?), (9.10)

where O’ is O(Z}) and O; is the gradient of the angular momentum at Z*
written as a row vector. Holding O fixed is equivalent to holding e ~1(0O—0’) =
01V + O(e) fixed. Thus the reduction to the full reduced space is smooth in
€.

For the moment neglect the O(£”) terms in (9.9) and consider the approx-
imate equations

’ n 6
= A1
¢ =L +ee, (9.11)
o = _momf + 8.7, (9.12)
€l

V' = Jon SV, (9.13)
where ' = d/dr. For the lunar problem, these are the equations of the first

approximation.

9.2 Continuation of Periodic Solution

A periodic solution of equations (9.11)-(9.13) is

5* _ ewJ‘ra
n* = My6Je*’"a, (9.14)
V=0,
where w = §+¢% § = \/mg + m1, and a is any constant vector with ||a|| = 1.
The period map in an energy level is the identity map up to terms of order

O(g%), so care must be taken in calculating the characteristic multipliers.
Make a periodic change of variables by

£ =e*’7¢, (9.15)
so that the first two equations in (9.11)-(9.13) become

52¢

"4 25T — 6% = ——>.
CABIC 0=

(9.16)

-20

The Jacobian of ¢/[|¢||® at a = (1,0) is R = ( 01

(9.16) about a is

) , S0 the linearization of

" +26J¢ — 6%C = —62RC, (9.17)

from which it is easy to calculate the characteristic polynomial
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A%+ 6%} (9.18)
Let the relative equilibrium have characteristic exponents
0,0, i, £+, £1, £as, . . ., £asn,

where a; # 0 for j =5,..., N. In this case, we say that the relative equilib-
rium is nondegenerate or elementary. We have already made the first reduc-
tion by setting linear momentum and the center of mass equal to zero, so the
eigenvalues of Jon.S in 9.13 has eigenvalues 0, 0, £¢, +as, . . ., +asn. Then the
characteristic exponents of the solutions (9.15) of equations (9.11)-(9.13) are

1270 621 12
1,1,€Xp(:|:5_|_—€6>—1:|:€ T"‘O(E ),
eb2mi
1,1,exp+ , (9.19)
w
692 692
exp:l:g a5 ey exp:l:gimmv.
w
On the full reduced space, the characteristic multipliers are
211 211 211
L1145 1407 14+
) ) E 5 ) E 5 ) E 5 )
(9.20)
6 52T 6 A2 N 2T
1+e——, .., 1+ —,
w w

plus items of order ' or higher. Thus the characteristic multipliers are of
the form 1,1,1 4 e%35 + O('?),...,1 £ %8sn + O(e'?), where 3; # 0 for
j=5,...,2N.

In order to continue this solution into the full (N + 1)-body problem,
we must prove an extension of the classical perturbation theorem, Theorem
6.5.2. This extension is very similar to the continuation theorem given in
Henrard [33].

Lemma 9.2.1. Let ¢o(t,e) be a To(e)-periodic solution of a Hamiltonian
system with smooth Hamiltonian Lo(u,€), where u € O is an open set in
R?*™ and |e| < eg with characteristic multipliers

L1, 1Py + O™, ... 1 £ Py, + O(ePT),

where v; # 0 for j = 2,...,m. Let the period map in an energy level be
the identity map up to order eP~t. Then for any smooth function f)(u,s),
there exist an €1 > 0 and smooth functions Ti(g), p1(t,€) for || < 1 such
that ¢1(t,e) is a Ti(e)-periodic solution of the system whose Hamiltonian
is Li(u,e) = Lo(u,e) + Pt L(u, ), where Ti(e) = To(e) + O(eP*h) and
¢1(0,) = ¢0(0, ) + O(eP*1).
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Proof. At ¢¢(0,0) € O, choose a hyperplane transversal to ¢q(0,0). This
hyperplane will be transversal to both flows for ¢ small enough. Consider
the intersections og(e) and o1(g) of this hyperplane and the level surfaces
Lo(u,e) = Lo(¢0(0,0),0) and Ly (u,e) = Lo(¢0(0,0),0). For € small and
near ¢o(0,0), both op and o7 are symplectic manifolds of dimension 2m — 2
and the period maps Py and P; are defined. Let v be the local coordinates
for o9 and o7 with v = 0 corresponding to ¢o(0,0). The hypothesis gives
Py = Py+0(eP™) and Py(v,e) = v+ePQ(v) + O(eP™h), where Q(0) = 0 and
the Jacobian matrix of ) at 0 has eigenvalues £, ..., £ym, v; # 0. To find
a periodic solution of the system with Hamiltonian L;, one must solve

Pi(v,e) =v

or
v+ePQv) +O(ePt) = v

or

Q(v) + O(e) = 0.

The implicit function theorem implies that this last equation has a smooth
solution 7(g) such that v(0) = 0. The solution ¢1(¢, ) is then the solution of
the system with Hamiltonian L; with initial condition T(e) at ¢ = 0.

This elementary perturbation lemma proves that the solutions (9.15) can be
continued into the full (N 4 1)-body problem.

Theorem 9.2.1. Let Z* be a nondegenerate relative equilibrium of the N —
body problem. Then there are relative periodic solutions of the (N + 1)-body
problem where N — 1 particles and the center of mass of a binary pair move
approximately on the relative equilibrium solution and two particles move
approximately on a circular orbit about their center of mass.

The condition that the relative equilibrium be nondegenerate is very weak.
For N = 2 or 3, all the relative equilibria are nondegenerate: also, Pacella
[62] proved that the collinear relative equilibrium is nondegenerate for all
N and all masses. Palmore [63] also has established that almost all central
configurations are nondegenerate.

For N = 2, the above result gives the so-called Hill solutions of the three—
body problem established, by Moulton [57] and also discussed by Siegel [80]
and Conley [19]. If the relative equilibrium is the triangular configuration
given by Lagrange, then the above establishes the existence of the periodic
solutions of the four-body problem given in Crandall [21]. If the relative
equilibrium is the collinear configuration of the N-body problem, then the
above establishes the existence of the periodic solutions of the (V4 1)-body
problem given in Perron [65].
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9.3 Problems

1 Consider the restricted problem (2.7). Translate one primary to the origin,
then scale by & — €2¢, n — e~ 15, and t — £73t. So ¢ small means the
infinitesimal is near the primary. Which force is most important, next
most important? See [51].

2 Show that there are nearly circular orbits of very small radius of the re-
stricted three-body problem by using the scaling of Problem 1 and Theo-
rem 6.5.2. What does this say about the three-body problem? See Chap-
ter 8.

3 Consider Hill’s lunar equation (2.9), scale by & — &%¢, n — 71, and
t — 73t. So € small means the infinitesimal is near the primary. Which
force is most important, next most important? Show that there are nearly
circular orbits of very small radius of the Hill’s lunar equations. What
does this say about the three-body problem? See Chapter 11.

4 Show that there are periodic solutions to the restricted three-body problem
which are symmetric with respect to the line of sygyzy and are continu-
ations of elliptic orbits of the Kepler problem. See [10, 4, 5, 48].

5 Show that there are periodic solutions to the Hill’s lunar problem (2.9)
which are symmetric with respect both coordinate axes and are continu-
ations of elliptic orbits of the Kepler problem. See [10, 4, 5, 48].
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The main result of this chapter is the existence of a family of periodic so-
lutions of the planar (N + 1)-body problem in which one of the particles is
at a great distance from the other N particles. This distant particle will be
called the comet. In this family of periodic solutions, the other N particles,
called the primaries, move approximately on a nonresonant relative equilib-
rium solution of the N-body problem. The comet moves approximately on a
circular orbit of the Kepler problem about the center of mass of the primary
system.

The small parameter used here is a scale parameter whose smallness in-
dicates that the distances between the primaries are small relative to their
distance to the comet. The scaling is a symplectic transformation with mul-
tiplier. None of the masses is assumed to be small.

For the three-body problem, these solutions correspond to Hill-type peri-
odic solutions since, in a typical Hill-type solution, as discussed in Chapter 9,
two particles are close and one is far away. These periodic solutions of the
three-body problem were established in Moulton [56], Siegel [80], and Con-
ley [19] (see Chapter 9). For the four-body problem, Crandall [21] established
the existence of this family in which the relative equilibrium of the primaries
is the equilateral triangular solution of Lagrange.

This family was established in Meyer [48] for the general (N + 1)-body
problem under the additional assumption that the comet has small mass and
later in Meyer [45] the small mass assumption was dropped. Analogs of this
family in the restricted (N + 1)-body problem were discussed in Meyer [47].

This chapter uses essentially the same method as the previous chapters.
However, this problem has different degeneracy due to the existence of elliptic
periodic orbits near a relative equilibrium, and this degeneracy requires some
variations in the old arguments.

10.1 Jacobi Coordinates and Scaling

Since the main assumption to be made in this chapter is that the distance of
one of the particles, say the (N + 1)st, to the center of mass of the other N
particles is large, it is convenient to use Jacobi coordinates because one of the
Jacobi coordinates, =, is precisely the vector from the center of mass of N
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of the particles to the (N + 1)st particle. Also, one of the Jacobi coordinates
is the center of mass of the whole system, g = moqo + mi1q1 + - - - + mnqun,
and its conjugate momentum is the total linear momentum of the system,
G =po+p1+ -+ pn. The center of mass will be fixed at the origin and
total linear momentum will be set to zero by putting ¢ = G = 0. Having so
fixed the center of mass and the linear momentum, the Hamiltonian of the
(N + 1)-body problem in rotating Jacobi coordinates is

N 12
H=Hyg=) (% - xJTJyj> — Uny1, (10.1)
J

j=1

where the M; are constants depending only on the masses (M = mygpx—1/ ik,
k. =mg +mq + -+ -+ my). See Section 3.5. Write this Hamiltonian as

H=Hyy =K+ Hy+ H", (10.2)
where )
llyn | T HUN—-1TNN
K = — - — 10.
— { Iyl
_ j T |
Hy = jEZl ( oM, - JyJ> Un, (10.4)

djin  [lzn]]

H*_mémj{i " (105)

In the above, K is the Hamiltonian of the Kepler problem in rotating co-
ordinates. Hy is the Hamiltonian of the N-body problem (for the first N
particles) in rotating Jacobi coordinates. Lastly, H* is a error term which is
small if the distance between the first N particles is small. We need to prepare
the terms in the Hamiltonian before scaling to define the main problem.

10.2 Kepler Problem

Change to polar coordinates (r, 0, R, ©) in (10.3) by

_ (rcosd ~ (Rcosf —(©/r)siné
= (rsint?) ' yN = (Rsin@— (©/r)cosb (10.6)
so that K becomes
1 , 67 UN—1MN
K_M{R +T—2}—(9—f (10.7)

and the equations of motion become
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) R . 6? UN—1MN
=, R= - :
MN MNT3 T2
(10.8)
. 6 )
0= -1 =0.
MNT2 ’ @ 0

These equations have an equilibrium point at R = 0,60 = 6y, where 6 is
arbitrary, ro = (unx_1my/My)Y3, ©9 = MJ{,/?’(;LN,lmN)Q/?’. The Hamilto-
nian of the linear variational equations about this equilibrium point is

2

1( 1 b
=< —P?2 4 Myp* + — — 2ap® 10.
Q Am Mg+ 2 w} (10.9)

and the linear variational equations are

(ﬁ:@/@o—ap, b =0,
(10.10)
p=P/My, P=—-MyP + a®,
where ¢ = 00, & = 6®, p = or, P = 0P are the variations and a =
(My/pn—1mn)Y/3. The characteristic equation of the linearized equations
is A2(A%2 + 1) and the exponents are 0,0, +i, —i.

10.3 Defining the Main Problem
Consider the full Hamiltonian Hy41 in (10.2), where K is (10.7), Hy is

(10.4), and H* is (10.5). Scale the variables, time, and the Hamiltonian as
follows:

0 =0y + <o, O =06y + <P,
r=ro+eMy"?p, R=eMy?P,

(10.11)
xj:€4§j, y; = e %n; foryj=1,...,N—1,
H=¢eHyn,, t' = e 5¢.

This change of variables is symplectic with multiplier e~2. We shall drop
the prime on ¢ in the future. Now ¢ small means that primaries are close
together and the comet is near the circular orbit of the Kepler problem. The
Hamiltonian becomes

_ il 6T 7, mymk
H_;bﬁﬁgm} o e,

d
0<j<k<N—1 ik

(10.12)

6 P2
c {P2 o 2apq5} +0(e").
2 ©
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In the above, ignore the terms of order €7 for the present. To that order,
the Hamiltonian decouples into the sum of two terms: the first is the N-
body problem in a slowly rotating coordinate system, and the second is the
Hamiltonian (10.9) of the linear variational equations (10.10). In this case,
the truncated equations of motion are

£ = nj/M; — 8J¢; forj=1,...,N—1,
ﬁj:—aU/aﬁj—sﬁjnj fOI‘jZl,...,N—l,
. . (10.13)
¢ =e{P/60 — ap}, ¢ =0,
p=¢e%P, P =¢e%{—P + ad}.
Let a = (a1,...,an—1) be the nonresonant central configuration for the N-
body problem that was discussed in Chapter 4, i.e., assume that
—Mja; = 0;U(a) forj=1,...,N—1. (10.14)

Define b = (b;,...,bn-1) by b; = M;Ja;. Now a periodic solution of these
truncated equations (10.13) is

&(t) = evta; forj=1,...,N—1,
ni(t) = e*/tb; forj=1,...,N—1, (10.15)
¢p=d=p=P =0,
where w = 1 — €% and the period is 27/w = 2m(1 4+ €% + - - ).
In order to calculate the multipliers of this periodic solution of the equa-

tions (10.13), make the periodic change of variables

i (t) = e* forj=1,...,.N—1,

(10.16)
ni(t) =e“’tz; forj=1,...,N—1.
The first two equations in (10.13) become
wj:zj/Mj—ij fOI‘jZl,...,N—l,
(10.17)

zj = —0;U(w) — Jz; forj=1,...,N —1.

The periodic solution (10.15) becomes w; = a;, z; = bj, p =P =p=P =
0. Equations (10.17) are the equations of the N-body problem in rotating
coordinates, so the variational equations about w; = a;, z; = b; give rise to
the exponents 0,0, +4, —i, A5, . . ., Aany—4. Thus the characteristic multipliers
are
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+1, 41, exp(i27/w), exp(—i27 /w),
exp(As27/w), . . ., exp(Aan_427/w), (10.18)

+1, +1, exp(+ie%2m /w), exp(—ieb2m /w).

The eigenvalues s, ..., \qny—_4 are assumed not to be integer multiples of
i, 80 exp(A;2m/w) # 1 for small ¢ for j = 5,...,4N — 4. Since 27/w =
21(1 4+ €% + --), it follows that exp(Fi2m/w) = 1 + %271 + O(¢'?) and
exp(4ie2n/w) = 1 £ %27 + O(e'?). Thus the multipliers in (10.18) fall
into three groups: first there are four equal to 41, then four of the form
14i27e®+- - -, and finally 4N —8 of the form 6;+O(e®), §; = exp(2m\;) # +1.

Basically, the argument from here on is straightforward application of
classical ideas with one variation. The problem still admits rotational sym-
metry, so angular momentum is an integral. Passing to the reduced space
eliminates two of the multipliers equal to 41, leaving two. By considering the
cross section map in an energy surface, we eliminate the remaining two, so
the implicit function theorem can be applied to find a periodic solution of the
(N +41)-body problem on the reduced space close to the solution (10.15). The
tedium comes from the fact that the multipliers differ from 41 at different
orders. The remaining discussion treats these difficulties.

10.4 Reduced Space

Hamiltonian (10.2) with K as in (10.7) is invariant under the symplectic
symmetry of rotation by 7, i.e.,

(xlayla co s TN-1,YN-1, T, 95 Ra 8) -

(10.19)
(e’tzy,e’Tyr, ..., e’Ten_1, e Tyn 1,7, 0+ 7, R, O),
and so admits total angular momentum
N-1
0=> alJy;+6 (10.20)
j=1

as an integral. In the new scaled variables, angular momentum becomes

N—-1
0=e>> &In;+6+eo. (10.21)

j=1

By fixing angular momentum equal to ©g, one can solve for @, to find that

N-1
b=—c> & TIn; (10.22)
j=1
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By holding O fixed and ignoring the conjugate angle ¢, one drops to the
reduced space. Symplectic coordinates on the reduced space are

§1,M1 -, EN, N, P, P

and the Hamiltonian of the N-body problem on the reduced space is

—1 2
Nl mymy
H_Z{ZMj_gngnj _ oy mmey

d
=1 0<j<k<N—1 Ik

(10.23)
% {P*+ 0"} +0().

This is essentially the Hamiltonian (10.20) without the terms in ¢ and . To
order €9, there is a periodic solution:

i (t) = e¥tay, n(t) = e7tb; fori=1,...,N —1,
(10.24)
p=P=0.

As above, we compute the multipliers to be
+1, 41, exp(27i/w), exp(—27i/w), exp(As27/w), . . ., exp(Aan—_427 /W),

exp(+ie%2m /w), exp(—ieb2m /w).
(10.25)
Now the multipliers in (10.25) fall into three groups. First there are two equal
to +1, then four of the form 1 4 27 + - - -, and finally 4N — 8 of the form
§; + O(e%), §; = exp(27);) # +1.

10.5 Continuation of Periodic Solution

Consider the scaled Hamiltonian H in (10.23) on the reduced space. Up
to order €9, the solutions (10.24) are (27 /w)-periodic with multipliers as in
(10.25). Consider the Poincaré map X' in an energy surface with H constant.
When we consider the Poincaré map in an energy surface, the last two +1
multipliers disappear. The fixed points of X’ correspond to periodic solutions.

First, look at the form of the Poincaré map up to order £°. To that order,
the period is 27. Dropping the terms of order % and higher leaves just the
Hamiltonian of the N-body problem in fixed coordinates, since the rotation
terms are at order £°. In the energy surface through the relative equilibrium,
there is a two-dimensional surface filled with the elliptic periodic solutions
discussed in Section 4.6. These periodic solutions will all have period 27 also,
so the period map fixes points on this two-dimensional surface. Also, up to
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that order the variables p and P are fixed. Thus there is a four-dimensional
manifold which is fixed under the period map to order £°.

Let o be a local coordinate in this manifold and 7 the complementary
coordinate in the energy surface. The point ¢ = 0,7 = 0 corresponds to the
fixed point up to order 5. Thus the Poincaré map is of the form X : (o, 7) —
(o', 7") with

o' =0+ e8(E1o + Eat + S(o, 7)) + O(e7),
(10.26)
7= Aym + (B30 + Eym +T(0,7)) + O(e7),

where Ay, E1, Es, F5, E4 are constant matrices of the appropriate sizes and
S and T are smooth functions with S(0,0) = 7°(0,0) = 0. From the discus-
sion of the multipliers, the eigenvalues of A4 are §; = exp(27\;) # +1,j =
5,...,4N — 4 and the eigenvalues of F are £2mi, £2mi.

To find a fixed point of X, we must solve

0= Fy0+ Eom + S(o,7) + O(e),
(10.27)
0= (A4 — 7T +5(E30 + By +T(0,7)) + O(7).

A direct application of the implicit function theorem gives a solution of
(10.27) of the form o = o*(¢) = O(e7), 7 = 7*(¢) = O(¢"), where o*and
7* are smooth functions of ¢ for small € and ¢*(0) = 7*(0) = 0.

Thus we have

Theorem 10.5.1. Take any nonresonant relative equilibrium solution of the
N-body problem. There is a periodic solution of the (N + 1)-body problem
on the reduced space in which N of the particles remain close to the relative
equilibrium solution and the remaining particle is close to a circular orbit of
the Kepler problem encircling the center of mass of the N-particle system.

Corollary 10.5.1. There are elliptic periodic solutions on the reduced three-
body problem where two of the particles move on nearly circular orbits about
their center of mass and the third particle moves on a circular orbit of large
radius.

10.6 Problems

1 Discuss the statement: For the three-body problem the periodic orbits in
Chapter 9 and Chapter 10 are the same.

2 Scale the restricted (N +1)-body problem by ¢ — e72£, 7 — en. So € small
means that the infinitesimal is near infinity. Near infinity the Coriolis
force dominates and the next most important force looks like a Kepler
problem with both primaries at the origin. See [51].
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3 Show that there are nearly circular orbits of very large radius of the re-
stricted (N 4 1)-body problem by using the scaling of Problem 2 and
Theorem 6.5.2. What does this say about the (N + 1)-body problem?
Show that they are elliptic. See Chapter 10.

4 Show that the periodic solutions of Problem 3 are of general twist type
and so stable by KAM theory. See [47].

5 Show that there are nearly elliptical symmetric periodic orbits of with
arbitrary eccentricity in the restricted three-body problem by using the
scaling of Problem 2. See [47, 56].

6 Instead of using the scaling (10.11) try the scaling

0 =6y + ¢, O =6y + 2P,
—1/2 1/2
r=ro+eMy"'"p, R=eMy" P,
xj:54§j, y; = e %n; foryj=1,...,N—1,

H=¢Hyn,, t = e 5.



11. Hill’s Lunar Equations

One of Hill’s major contributions to celestial mechanics was his reformula-
tion of the main problem of lunar theory: he gave a new definition for the
equations of the first approximation for the motion of the moon [34]. Since
his equations of the first approximation contained more terms than the older
first approximations, the perturbations were smaller and he was able to ob-
tain series representations for the position of the moon that converge more
rapidly than the previously obtained series. Indeed, for many years lunar
ephemerides were computed from the series developed by Brown, who used
the main problem as defined by Hill. Even today, most of the searchers for
more accurate series solutions for the motion of the moon use Hill’s definition
of the main problem.

Before Hill, the main problem consisted of two Kepler problems — one
describing the motion of the earth and moon about their center of mass, and
the other describing the motion of the sun and the center of mass of the
earth-moon system. The coupling terms between the two Kepler problems
are neglected at the first approximation. Delaunay used this definition of the
main problem for his solution of the lunar problem, but after twenty years of
computation was unable to meet the observational accuracy of his time.

In Hill’s definition of the main problem, the sun and the center of mass
of the earth-moon system still satisfy a Kepler problem, but the motion of
the moon is described by a different system of equations known as Hill’s
lunar equations. Using heuristic arguments about the relative sizes of various
physical constants, he concluded that certain other terms were sufficiently
large that they should be incorporated into the main problem. This heuristic
grouping of terms does not lead to a precise description of the relationship
between the equations of the first approximation and the full problem. Even
crude error estimates are hard to obtain.

In a popular description of Hill’s lunar equations, one is asked to consider
the motion of an infinitesimal body (the moon) which is attracted to a body
(the earth) fixed at the origin. The infinitesimal body moves in a coordinate
system rotating so that the positive  axis points to an infinite body (the sun)
infinitely far away. The ratio of the two infinite quantities is taken so that
the gravitational attraction of the sun on the moon is finite. The connection
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between Hill’s lunar equations and the full three-body problem is not made
clear from this description.

In this chapter, we shall use the method of symplectic scaling of the Hamil-
tonian to give a precise derivation of the main problem of lunar theory. Under
one set of assumptions, we shall derive the main problem used by Delaunay
and under another, the main problem as given by Hill. The derivations are
precise asymptotic statements about the limiting behavior of the three-body
problem and so can be used to give precise estimates on the deviation of the
solutions of the first approximation and the full solutions. (The estimates are
not sharp in the practical sense.)

These derivations give a mathematically sound justification for the choice
of Hill’s definition of the main problem. The method of symplectic scaling is
the proper method for defining the main problem for any mechanical problem.
Using this scaling, we prove that any nondegenerate periodic solution of Hill’s
lunar equations whose period is not a multiple of 27 can be continued into
the full three-body problem on the reduced space.

11.1 Defining the Main Problem

In this section, we shall show how to introduce scaled symplectic coordinates
into the three-body problem in such a way that Hill's equations are the
equations of the first approximation. We shall explore other scaled variables
and see why they lead to poor approximations.

Consider a frame that rotates with constant angular frequency equal to 1
with reference to a fixed Newtonian frame and let qq, g1, g2; po, 1, P2 be the
position and momentum vectors relative to the rotating frame of three par-
ticles of masses mg, mi, mo. In our informal discussions, we shall refer to the
particles of mass mg, mi, and mso as the earth, moon, and sun, respectively.
Since we wish to eliminate the motion of the center of mass and also scale
the distance between the earth and moon, we choose to represent the equa-
tions in Jacobi coordinates. We shall set linear momentum and the center of
mass to zero by letting ¢ = G = 0 in Jacobi coordinates. This accomplishes
the first reduction. That is, we perform the following symplectic change of
coordinates,

Z1 = 41 — 4o,

z2 = g2 — (mo + m1) " {moqo + miq1},

y1 = (mo +ma)~H{mop1 — mipo},

Y2 = (mo +my +ma)~H{(mo + m1)pa — ma(po + p1)},

to obtain

2 N2
H=% { lyall* x;TJyz} mom myms moms (11.1)

S wll ez = afanll [lez + afa)
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where )
/ _
Ml = (mo —+ ml) moma,

MQ/ = (mo +mq + m2)71(m0 “+ ml)mg,

ab = (mg +m1) " tmy, o = (mo +my) " tmy.

With the Hamiltonian in (11.1) as our starting point, we shall proceed
to make various assumptions on the sizes of various quantities until we are
led to a definition of the equation of the first approximation for lunar theory.
Each of these assumptions leads to a natural scaling of the variables.

The first assumption is that the earth and moon have approximately the
same mass, but their masses are small relative to the mass of the sun. To
that effect, we let

moy = E2C,u0, my = E2C,u1, mo = U2, (112)

where ¢ is a small positive parameter, uo, p1, 1o are positive constants, and ¢
is a positive integer to be chosen later. Since two of the particles have masses
that are of order £2¢, their momenta will be of the same order, provided their
velocities are of order 1. Although it is not altogether necessary, it will make
the discussion clearer if we scale the momenta first, taking this observation
about the orders of magnitude into account. Thus we make the substitutions
y1 — €2y, y2 — €2y in (11.1). With this symplectic change of variables
with multiplier £2¢, the Hamiltonian becomes

H=H,+H;+ O(E2c),

||yl||2 T EQC#OM
H = — J -
Yy T T (11.3)
llya |l T 12 o 2
H2 - - J 2 — - ,
oMy 2P T oy —apnill  Tlwo + anail]
where
My = (po + pa) ™ popir My = o + 1,
(11.4)
oo = (po + p1) ™ o, ar = (po + p1) .

Note that the O(e2¢) terms depends only on ||ly;|| and ||yz]|.

The next assumption is that the distance between the earth and moon
(lz1]] = |lgr — qol|) is small relative to the distance between the sun and the
center of mass of the earth-moon system (||z2]|). We effect this assumption
by making the change of variables 1 — 2%z, where a is a positive integer
to be chosen later. This is not a symplectic change of variables; it will be
corrected with further changes of variables given below. This change of vari-
ables makes Ho in (11.3) independent of x; to the lowest order. Specifically,
we have
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Hy = Hz + O(e'),
(11.5)
p2(po +u1)_

Note that the term of order £2? is zero due to the particular form of the
constants o and «y. Hs is the Hamiltonian of the Kepler problem, where
a fixed body of mass pg is located at the origin and another body of mass
o + 1 moves in a rotating frame and is attracted to the fixed body by
Newton’s law of gravity. One can think of the fixed body as the sun and the
other body as the union of the earth and moon.

The third and final assumption that we shall make is that the center of
mass of the earth-moon system moves on a nearly circular orbit about the
sun. Thus we need to prepare Hj3 before making this assumption by a change
of coordinates. Since Hgs is the Hamiltonian of a Kepler problem in rotating
coordinates, one of the circular orbits becomes a circle of critical points for
Hj. Specifically, Hs has a critical point 2 = g, yo = —MaJg for any constant
vector d satisfying ||d||® = pa. We introduce coordinates

2=(3)

d
%0 = (—M2jd>

so that Hs is a function of Z and VHs3(Zy) = 0. By Taylor’s theorem, we
have

and a constant vector

Hy(Z) = Hy(Zo) + (2~ 20)7S(Z ~ Z) + O(1Z ~ ZoP),  (116)

where S is the Hessian of H3 evaluated at Zj. Since constants are lost in the
formation of the equations of motion, we shall ignore the constant Hs3(Zy) in
our further discussions. Thus since we seek solutions that are nearly circular,
we seek solutions where Z is close to Zp: so we make the change of variables
7 — Zy — €V, where b is again a positive integer to be chosen later.

So far, starting with (11.3), we have proposed the following changes of
variables: 7 — €2%; and Z — Zy — V. In order to have a symplectic
change of variables (of multiplier ~2°), we must make the further change
y1 — 2(t=9)y, . Therefore, we propose the following symplectic change of
variables in (11.3):
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T — g2y,

n N E2(b7a)y1,
11.7
Z — Zy — bV, L

H — 2,

Moreover, we have introduced three positive integers a, b, and ¢ as measures
of the order of magnitude of three physical quantities. One of the variables
a, b, or ¢ could be fixed, but since we seek integer solutions it is best not to
choose one of them too early.

Consider the main problem as defined by Delaunay. In this case, the earth-
moon system is a Kepler problem, so we must choose the scaling so that the
kinetic energy and potential energy in H; are of the same order of magnitude.
This leads to the restriction that 2b = a + ¢. Also, the difference between Ho
and Hs, which is of order £**, must be of higher order than either of the
energy terms in H;. This leads to the inequality 2a > b.

Since the equality 2b = a + ¢ and the inequality 2a > b do not lead to
a unique solution, we choose a small solution in integers, say, a = 2, b = 3,
¢ = 4. With this choice, the Hamiltonian (11.1) becomes

2 1
H_52{|y1| —“0“1}+{—VTSV—xTJ }+0 £2). 11.8
2M1 Hle 2 1YY ( ) ( )

Other choices of a, b, and ¢ consistent with the two constraints lead to qual-
itatively similar scaled Hamiltonians: that is, the terms V7SV and 2T Jy,
are always of order zero and the terms ||y;]|? and 1/||x1|| are of order £26—42,
which has a negative exponent. In order to better understand this trans-
formed Hamiltonian, let us make one further change of variables. Define a
new time by 7 = e~2¢ and thus a new Hamiltonian by K = ¢2H, so that the
problem defined in the new time is given by

Hy1H2 HoH1 2{1 1 1 } 4
K= — 4+ e =V SV —zx1 Jy; p + O(7). 11.9
27‘[1 H lH 9 1 1 ( ) ( )

From the general theory of ordinary differential equations, neglecting a
term of order € in the worst possible case leads to an error of the form
O(eM)el™ = O(4)el/s* where L is a constant, so neglecting the higher
order terms is only valid for very short times. Since any choice of a, b, and
c consistent with the constraints leads to the same qualitative form for the
Hamiltonian, there is no way to overcome this difficulty. Clearly we must drop
the inequality 2a > b and incorporate more terms into the main problem.

Let us proceed to define the main problem as suggested by Hill. Since we
want the two energy terms in H; to have the same order of magnitude, we
still impose the restriction 2b = a + ¢. The essential problem in the previous
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attempt was the fact that Hs was not a good enough approximation of Hs.
Following Hill, we expand the two troublesome terms in Hs in a Legendre
series as follows:

Hip2 HoH2
22 — aoz1|  [|z2 + ar24]|
p2(po + p1)

[l 2]

1 o0
= + Z dyp"® Py(cos ),
el 2

where p = ||z1]|/||z2l, dx = p1pecl + popz(—a1)¥, 0 is the angle between x4
and z2, and Py is the kth Legendre polynomial. See [22]. Thus (11.3) becomes
1 o0
H=H,+Hy— Wdekak(cosﬁ)+O(€2c). (11.10)
T2
k=2
Hill said that the first term in the series should be of the same order of
magnitude as the terms in Hj; this leads to the conditions 2a = b and 2b =
a + c. The simplest solution in integers is a = 1, b = 2, ¢ = 3. With this
choice of scale factors, the Hamiltonian becomes

HylH2 T Hop1 da 2
H = — Jy; — e P 0
oar, 1w WHMH »(cos 0)

1
FAVTSV 4 0(E), (11.11)

(Recall ||z2||> = p2 + ---.) Now from the general theory of differential equa-
tions, neglecting the O(e?) terms leads to an error of order £2 on a bounded
time interval. Thus defining the main problem as the Hamiltonian in (11.11)
without the O(g?) terms is a far better choice.

In order to reduce the number of constants in (11.11), we shall make one
further scaling of the variables. We shall introduce new variables £ and n
to eliminate the subscripts and use the fact that Py(z) = (1 — 3z2). Also,
we choose d = (,u;/ ®.0) so that the abscissa points at the sun. Make the
symplectic change of coordinates

z1 = (o + m)"/%,
y1 = (o + pa)'/*Myn, (11.12)
V= (po + M)l/ngl/QV
so that (11.11) becomes
1 1

g Wl g L Lo e
2 el 2

+VTSV + 0(£%). (11.13)
Our choice of scaled variables has eliminated all the parameters in Hill’s

equations. Note that we have fixed the time scale by requiring that the period
of the sun’s motion be 2.
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11.2 Continuation of Periodic Solution

Hill proposed to construct a lunar theory by first finding a periodic solution
of the system defined by the Hamiltonian

1
€]l

and then continuing this solution into the full problem. (The equations de-
fined by (11.14) are known as Hill’s lunar equations.) We shall justify this
procedure by proving

1 1
Hy = Sl - €700 — — - & + -6 (11.14)

Theorem 11.2.1. Any nondegenerate periodic solution of Hill’s lunar equa-
tions whose period is not a multiple of 2w can be continued into the full
three-body problem on the reduced space as a relative periodic solution. If the
solution of Hill’s lunar equations is elliptic (hyperbolic), then its continuation
is elliptic (elliptic-hyperbolic) on the reduced space.

More precisely:

Theorem 11.2.2. Let £ = ¢o(t), n = Po(t) be a T-periodic solution of Hill’s
lunar equations with characteristic multipliers 1, 1,3, 37'. Assume that this
solution is nondegenerate, i.e., B # 1 and T # n2w for any integer n. Then
there exist smooth functions ¢(t,€) = ¢o(t) + O(e?), ¥(t, &) = ¥(t) + O(e?),
7(e) = 7+ 0(£?), and V(g) = O(e?) yielding a 7(g)-periodic relative periodic
solution of the three-body problem on the reduced space. Moreover, the char-
acteristic multipliers of this periodic solution on the reduced space are 1, 1,

exp(Fit + 0(e?)), B+ O(e?), B~ + O(e?).

We have carefully set up the equations so that the proof of this theorem
is almost exactly the same as the proof of the analogous theorem for the
restricted N-body problem given in Chapter 8, so we shall only outline the
proof here.

Proof. The system defined by (11.3) admits the total angular momentum
integral
O = al Jy + 2% Jys. (11.15)

As before, let Z = (z2,y2) and let d be the row vector that is the gradient of
2T Jys with respect to Z evaluated at Zy. Since Zy # 0 it follows that d # 0.
The scaling reduces (11.15) to

O = e*al gy, + %V +0(e*)
=e2{dV + O(?)}. (11.16)
Thus to lowest order in ¢, the angular momentum vector depends only on

22, and yo or the V coordinates: that is, most of the angular momentum is
in the sun and earth-moon system. Thus to the lowest order, the elimination
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of the angular momentum integral and its conjugate variable affects only the
To, Yo coordinates.

Introduce polar coordinates in the x5 plane and extend them to obtain a
symplectic coordinate system on the s, ys space. Call these coordinates r,
0, R, ©. To lowest order in €, © is the total angular momentum, so when
we fix angular momentum and ignore its conjugate variable, we effectively
eliminate © and 6, reducing (11.13) to

2

H—HL+1{R—+MT2}—|—O(E2) (11.17)
2 | M

(see Chapter 3 or [51]). Thus to zeroth order in e, the Hamiltonian of the

three-body problem decouples into the sum of the Hamiltonian for Hill’s lunar

problem and the Hamiltonian of a harmonic oscillator.

When e = 0, the equations of motion defined by (11.17) are decoupled
and one easily sees that & = ¢o(t), n = o(t), R = r = 0 is a 7-periodic so-
lution with characteristic multipliers 1, 1, 3, 371, €', e~*". Since we assume
that 7 is not a multiple of 27, this periodic solution has precisely two charac-
teristic multipliers equal to +1 and so is nondegenerate. Thus the standard
theorem of perturbation analysis, Theorem 6.5.2, says that this solution can
be continued as a periodic solution of the full problem on the reduced space
when ¢ # 0.

In a similar manner we can consider the spatial version of Hill’s lunar equa-
tion.

Theorem 11.2.3. Let £ = ¢o(t), n = ¢o(t) be a T-periodic solution of the
spatial Hill’s lunar equations with characteristic multipliers 1, 1, 3y, 5;1, B2,
651. Assume that this solution is nondegenerate, i.e., By # 1, B2 # 1 and
T # n2x for any integer n. Then there exist smooth functions ¢(t,e) = ¢o(t)+
O(e?), ¥(t,e) = ¥(t) + O(e?), 7(e) = 7+ O(£?), and V(e) = O(e?) yielding
a 7(g)-periodic relative periodic solution of the spatial three-body problem on
the reduced space. Moreover, the characteristic multipliers of this periodic
solution on the reduced space are 1, 1, exp(FitT + O(e2)), B + O(?), Byt +
O(2), B +0(2), 35 + O(=2).

11.3 Problems

1 Prove Theorem 11.2.3.
2 Scale the restricted problem to obtain Hill’s lunar equation.
a Shift one primary of the restricted problem to the origin by the scaling

G—oqa+1—p, q—q, pr—p, p2—p2+1—p.
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b Expand the one term of the potential in a Taylor series to get

1
— (I =1 +af— Sy

L—p
o "
¢ Scale the Hamiltonian of the restricted problem by ¢ — p'/3, p — u'/3p
to obtain Hp = Hy, + O(u!/?) where Hp is the Hamiltonian of the
restricted problem and Hp, is the Hamiltonian of Hill’s lunar problem.
3 Using the scaling of Problem 2 show that any nondegenerate periodic solu-
tion of Hill’s lunar equation can be continued into the restricted problem.
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12. The Elliptic Problem

This chapter deals with the planar N-body problem of classical celestial me-
chanics and its relation to the elliptic restricted problems. This problem,
unlike the previous problem, is a periodic Hamiltonian system.

We give a different derivation of the elliptic restricted problem, which gives
a restricted problem for each type of solution of the Kepler problem. In par-
ticular, any solution of the Kepler problem, be it circular, elliptic, parabolic,
or hyperbolic, gives rise to a coordinate system in which the Hamiltonian
of the full planar N-body problem is relatively simple. If the solution of
the Kepler problem is circular, then this coordinate system is the standard
rotating coordinates; if the solution of the Kepler problem is elliptic, this
coordinate system is the rotating-pulsating coordinates used in the elliptic
restricted three-body problem. The derivation given below stresses the role
of the Kepler problem and thus avoids some of the tedious trigonometry of
the standard derivation. It is tempting to call these coordinates “Kepler co-
ordinates,” but that name has already a well established meaning in celestial
mechanics, so these coordinates will be called Apollonius coordinates after
Apollonius of Perga (c. 262-200 B.C.), who wrote the definitive book on
conic sections. The origins of rotating-pulsating coordinates and the elliptic
restricted three-body problem go back to the work of Scheibner [73] and were
rediscovered by Nechvile [60] and others. The rotating-pulsating coordinates
were used to put the three-body problem in a simple form in Waldvogel [88]
for a different goal. The notes in Szebehely [86] have more information on
the historical works.

A central configuration of the N-body problem is an equilibrium point in
these coordinates, so it will also be called a relative equilibrium. Given any
central configuration of the N-body problem and any solution of the Kepler
problem, then, there is a restricted (N 4 1)-body problem in which N of
the bodies move on the solution of the Kepler problem while maintaining
their relative position, which is similar to the central configuration, and an
infinitesimal body moves under their gravitational attraction. For example,
there is a restricted four-body problem, in which three bodies of arbitrary
mass move on hyperbolic orbits of the Kepler problem, so that at each instant
they are at the vertices of an equilateral triangle, and a fourth infinitesimal
body moves under the gravitational attraction of the other three but does not
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in turn influence their motions. To my knowledge, the only reference to some-
thing other than the circular or elliptic restricted problems is Faintich [25],
who considered the hyperbolic restricted three-body problem.

The method of symplectic scaling will be used to give a derivation of such
a restricted problem, showing the precise asymptotic relationship between
the restricted problem and the full (N + 1)-body problem. This derivation
obviates the proof of the fact that a nondegenerate periodic solution of the
elliptic restricted (N+1)-body problem can be continued into the full (N+1)-
body problem under mild nonresonance assumptions. A similar theorem was
proved for the circular restricted (N 4 1)-body problem in Chapter 8 and in
Meyer [48, 49].

12.1 Apollonius Coordinates

Let us recall some basic formulas from the Kepler problem and its solution.
Let ¢ = (¢1, ¢2) be any solution of the planar Kepler problem, r the length
of ¢, and c its angular momentum, so that

&:—ﬁ, r=4/d? + ¢3, = 102 — 2o, (12.1)

where the independent variable is ¢, time, and "= d/dt, "= d?/dt?. Rule out
collinear solutions by assuming that ¢ # 0 and then scale time so that ¢ = 1.
The units of distance and mass are chosen so that all other constants are 1.
In polar coordinates (r,#), the equations become

=162 =—1/r%,  d(r?)/dt = dc/dt =10 + 276 = 0. (12.2)
Using the fact that ¢ = 720 =1 is a constant of motion yields
F—1/r = —1/r% (12.3)

Equation (12.3) is reduced to a harmonic oscillator v” + v = 1 by letting
u = 1/r and changing from time ¢ to 7 the true anomaly of the Kepler
problem, by dt = r?dr and ' = d/dt — see Section 3.7. The general solution
is then

r=r(r)=1/(1+ ecos(t —w)), (12.4)

where e and w are integration constants, e being the eccentricity and w the

argument of the pericenter. When e = 0, the orbit is a circle, for 0 < e < 1,

an ellipse, for e = 1, a parabola, and for e > 1, a hyperbola. There is no harm

in assuming that the argument of the pericenter is zero, so henceforth w = 0.
Define a matrix A by

b1 — P2
A= , (12.5)
$2 1
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so A7t = (1/r))AT and A=T = (AT)~! = (1/r?)A, where AT denotes the
transpose of A.

Consider the planar N-body problem in fixed rectangular coordinates
(q, p) given by the Hamiltonian

N
- Z‘le (@, Ua@= Y M (12.6)

2 Ta - gl

The vectors q;, p; € R? are the position and momentum of the ith particle
with mass m; > 0, where ¢ = 1,..., N. U is the self-potential.

Apollonius coordinates are the symplectic coordinates defined below by
two symplectic coordinate changes. First, make the symplectic change of
coordinates

a=AX;, pi=ATY,=1/rAY; fori=1,...,N.  (12.7)

Recall that if H(z) is a Hamiltonian and z = T'(t)u is a linear symplectic
change of coordinates, then the Hamiltonian becomes H (u)+ (1/2)u” W (t)u,
where W is the symmetric matrix W = JT 1T . Compute

w01 (r2AT 0 A 0
“\-10 0 AT J\ 0 (r24A—2r3A

_ 0 —r2ATAT
-\ —r2474A 0 '

Recall that W is symmetric or use AT A = 721 to get the 1,2 position. Now

—r2ATA = 2 (_W L ) . (12.9)

-1 —rr

(12.8)

Note that ||AX|| = r||X]||, so the Hamiltonian becomes

N

_ ZHYHQ l (X)_izN:X-TY-—iZX-TJY- (12.10)
T2 2ml r 2 i L r2 7 [ .

Change the independent variable from time ¢ to 7 the true anomaly of the
Kepler problem by dt = r?dr, ' = d/dr, H — r?H so that

N HYH2 ’ N N
=3 21 —rU(X) - =Y XIvi=-> " xTgv;. (12.11)
my T “ c
=1 1=1 1=1

The second symplectic change of variables changes only the momentum by
letting
Xi=Qi, Yi=PF+aQ, (12.12)
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where the a; = a;(7) are to be determined. This defines the Apollonius co-
ordinates (Q;, P;) for i = 1,..., N. To compute the remainder term, consider

i = (—Olé> (-iﬂ?‘) ((S; 8) - (%; 8)' (12.13)

Thus the remainder term is (1/2) Y o(7)Q7 Q; and the Hamiltonian becomes

N

[ElE o 1 T
H=2 G V@ (-5 ) QiR
i=1 v v i=1
(12.14)
N N
1 1a2 o
T / 7 T
E rip; E —ol 4 == — gy 0.
z‘:1QlJ +i:1 (2a1+2mi TOZ)QlQ

Choose «; so that the third term on the right in (12.14) vanishes, i.e., take
a; = m;r’ /r. To compute the coefficient of Q¥'Q; in the last sum in (12.14),
note that

AN "\ o — 27 (r')? d [ dr 3
S IR = vV )= =rF=1= 12.15
(T) (T) r2 TdT (T2> TdT nr r( )

where the last equality comes from the formula (12.3). Thus the Hamiltonian
of the N-body problem in Apollonius coordinates is

g=S I o -3 arap+ S20 S meta,  (1216)
_i:1 2m; ¢ ! 2 v '

=1 =1

and the equations of motion are

P;
Q=1 JQu
m;
(12.17)
ou
I e A — ()
P, Ta i JP; — (1 —r)m;Q;.

These are particularly simple equations considering the complexity of the
coordinate change.

12.2 Relative Equilibrium

A central configuration of the N-body problem is a solution (Q1,...,Qn) of
the system of nonlinear algebraic equations
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o
0Q;

for some scalar A. By scaling the distance, A may be taken as 1. Thus a
central configuration is a geometric configuration of the N particles so that
the force on the ith particle is proportional to m; times the position. This is
the usual definition of a central configuration. Define a relative equilibrium
as a critical point of the Hamiltonian of the N-body problem in Apollonius
coordinates. This is slightly different from the usual definition of a relative
equilibrium.

+Am;Q; =0  fori=1,...,N (12.18)

Proposition 12.2.1. The relative equilibria are central configurations.
Proof. The critical points of (12.16) satisfy

OH/0Q; = —rdU/0Q; + JP; + (1 — r)m;Q; = 0,

OH/OP, = P;/m; — JQ; = 0.

From the second equation P; = m;J@Q;. Plugging this into the first equation
gives

Since r is positive, this equation is satisfied if and only if 0U/0Q; +m;Q; = 0.

12.3 Defining the Main Problem

Consider the (N + 1)-body problem with particles indexed from 0 to N
Let Hyy1 and Un41 be the Hamiltonian and self-potential of the (N + 1)-
body problem written in Apollonius coordinates. Consider also the N-body
problem with particles indexed from 1 to N with Hx and Uy the Hamiltonian
and self-potential of the N-body problem written in Apollonius coordinates.
We have

Hyiq =

SIPE b - S ot o0 S gl
- — i J0+ il &i =
= MM o = 2 izom (12.19)

|1 Pol|? 1-—
e ZHQTO—mCJ?JH Qb ar+ £t an s

Assume that one mass is small by setting mg = £2. The zeroth body is known
as the infinitesimal and the other NV bodies are known as the primaries. Let
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Z be the coordinate vector for the N-body problem, so Z = (Q1,...,Qn,
Py, ..., Py), and let Z* = (a1,...,an,b1,...,bn) be any central configura-
tion for the N-body problem. By Proposition 12.2.1, VHy(Z*) = 0. The
Taylor expansion for Hy is

Hy(2) = Hn(Z%) + 5(Z ~ 2°)'S()(Z ~ 2°) +

where S(7) is the Hessian of Hy at Z*. Forget the constant term H(Z*).
Change coordinates by

Qo=¢& Po=é’y, Z-7"=¢V. (12.20)

This is a symplectic transformation with multiplier 2. Making this change
of coordinates in (12.19) yields

Hyii =R+ VTS(T)V—i-O(s), (12.21)

where R is the Hamiltonian of the conic (i.e., circular, elliptic, etc.) restricted
(N + 1)-body problem given by

= lH77H2 - riv: LR ug% (12.22)
2 — 1§ — aill 2

To the zeroth order, the equations of motion are

g =n+J¢,
(12.23)
Z T +J77 (1 =7,
H§ 1H
V' = D(r)V,D(1) = JS(7). (12.24)

The equations in (12.23) are the equations of the restricted problem and
those in (12.24) are the linearized equations of motion about the relative
equilibrium.

When e = 0, equations (12.23) and (12.24) are time-independent and
(12.22) is the Hamiltonian of the circular restricted N-body problem. In this
case, a periodic solution of (12.23) is called nondegenerate if exactly two
of its multipliers are +1. When 0 < e < 1, equations (12.23) and (12.24)
are 2m-periodic in 7 and (12.22) is the Hamiltonian of the elliptic restricted
N-body problem. In this case, a 2km-periodic solution of (12.23) is called
nondegenerate if all four of its multipliers are different from +1.

In the classical elliptic restricted three-body problem the masses of the
primaries are m; = 1 — p > 0,me = p > 0 and they are located at a; =
(—=,0),a2 = (1 — u,0). The parameter u is called the mass ratio parameter.
Thus the Hamiltonian of the classical elliptic three-body problem is
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1 2 1—p 1% T (1=7) .7
_ sl i I ~ 7 12.2
R= | ( T +d2) §T I+ 5 (12.25)

where

dy ={(&+p)?+ &N d={& -1+p’+ &}
(12.26)
r=r(t)=1/(1+ecos7), 0<e<l.

12.4 Symmetries and Reduction

Henceforth, we will consider the elliptic case only. For the moment, consider
the N-body problem in the original rectilinear coordinates (q, p) of (12.6).
This Hamiltonian is invariant under the symplectic extension of the group of
Euclidian motions of the plane. These motions carry a periodic solution to
a periodic solution, so periodic solutions are not isolated even in an energy
level in which H is constant. A theorem in Chapter 5 states that due to
this symmetry the algebraic multiplicity of the multiplier +1 of a periodic
solution of the N-body problem must be at least 8. Unless these degeneracies
are eliminated, the standard methods of perturbation analysis will fail, so we
will again drop down to the reduced space. Now turn to the Hamiltonian of
the N-body problem in Apollonius coordinates.

Let C be the center of mass, L total linear momentum, and O total angular
momentum in Apollonius coordinates, i.e.,

N N N
C=> mQ:, L=> P, 0=) QIJP. (12.27)
1 1 1

From equations (12.17), it follows that
C'=-JC+L, L=-(1-r)C-JL, O =0. (12.28)

From these equations, we see that C and L satisfy a time-varying linear homo-
geneous Hamiltonian system of equations, so the set C' = L = 0 is invariant.
From the last equation, angular momentum O is an integral. The Hamiltonian
of the N-body problem in Apollonius coordinates, equation (12.16), is still
invariant under rotations, so the reduction can be carried out in these coordi-
nates also. That is, the reduction can be accomplished by setting C' = L = 0,
O equal to a nonzero constant and identifying points by (q, p)~(q', p') where
Q= Aq;f, pi = Apj, A € SO, a rotation matrix.

Let (u,v) be rectangular coordinates in R? x R2. If the Hamiltonian
K = (1/2)vTv is written in Apollonius coordinates (C, L), then K becomes
K(C,L) = (1/2)LTL—-CTJL+((1-7)/2)CTC, which is the Hamiltonian for



136 12. The Elliptic Problem

the first two equations in (12.28). Thus the first two equations in (12.28) are
just the equations @ = v, ¥ = 0 written in Apollonius coordinates, so the char-
acteristic multipliers of this system are all +1. Therefore, fixing C' = L =0
decreases the multiplicity of the multiplier +1 by 4. Holding O fixed and
going to the quotient space decreases the multiplicity of the multiplier +1 by
another 2, by the same argument as given in Chapter 8 or in Meyer [48]. So
going to the reduced space decreases the multiplicity of +1 by 6.

A relative equilibrium becomes an equilibrium for the Hamiltonian on
the reduced space. The nontrivial multipliers of the relative equilibrium are
defined in the following way: First consider the linear variational equation
about the relative equilibrium on the reduced spaces — this is a linear, 27-
periodic system of dimension 4N — 6. In general, the multiplier +1 will have
multiplicity 2. The remaining 4N — 8 multipliers will be called the nontrivial
multipliers of the relative equilibrium.

A solution of the (N +1)-body problem is called reduced periodic of period
T if its projection on the reduced space is periodic of period T. A reduced
periodic solution of the (N + 1)-body problem is called nondegenerate if its
projection on the reduced space is a periodic solution with multiplier +1 of
multiplicity 2.

12.5 Continuation of Periodic Solution

There are many theoretical and numeric investigations of periodic solutions in
the elliptic three-body problem. See Broucke [14, 15], Moulton [58], Schubart
[75, 76], Sergysels-Lamy [78], Shelus [79], Szebehely and Giacaglia [87], and
their references. Consider a system of 2m-periodic equations &' = f(7, €, ¢) de-
pending on a parameter ¢, and let x(7) be a 2km-periodic solution when e = 0.
The solution x(7) can be continued if there is a smooth one-parameter family
of 2km-periodic solutions x'(7, €) defined for € small such that x(7,0) = x(7).

Theorem 12.5.1. Let (¢(7), (7)) be a nondegenerate 2km-periodic solution
of the planar elliptic restricted (N +1)-body problem in (12.23) with Hamilto-
nian (12.22). Let the nontrivial multipliers of the relative equilibrium not be
kth roots of unity. Then the 2km-periodic solution & = ¢(1),n=¢(7),V =0
of (12.23), (12.24) can be continued into the full (N + 1)-body problem as a
nondegenerate reduced periodic solution for small values of mg = 2.

Proof. Consider the (N +1)-body problem using the notation of Section 12.3.

Let V = (ul,...,uN,vl,...,vN) so that q; = a; — €Uy, Pi = bl — &V; =

—m;Ja; — ev;. Since the center of mass of the relative equilibrium is fixed at
. N

the origin, we have ) ;" m;a; = 0 and
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C = 525 + €{m1u~ . ~mNuN},
L=¢en+e{lvy+ - +un},

A=e2T Jn+ SN (i—eT J(b; — ev;).

From these formulas, it follows that the reduced space depends smoothly on
the parameter ¢ and the Hamiltonian on the reduced space is also smooth in
E.

Remember that the (N + 1)-body problem is time-independent and a
periodic solution can be continued if the eigenvalue +1 has multiplicity 2.
(This is a simple consequence of the implicit function theorem applied to the
Poincaré map in an energy level; see Chapter 6.) By the assumptions above,
the 2km-periodic solution & = ¢(7), n = ¢¥(7), V = 0 when € = 0 has the
multiplier +1 with multiplicity 2 on the reduced space.

Corollary 12.5.1. Let (¢(7),9(7)) be a nondegenerate 2km-periodic solu-
tion of the classical, elliptic, restricted three-body problem with Hamiltonian
(12.25). Then the 2km-periodic solution & = ¢(1), n = (1), V =0 of (12.23),
(12.24) can be continued into the full three-body problem as a nondegenerate
reduced periodic solution for small values of mg = 2.

Proof. The two-body problem has dimension eight and its reduced space is
two-dimensional. Therefore, there are no nontrivial multipliers of the relative
equilibrium and so no restriction on them.

12.6 Problems

1 Consider the spatial problem.

e What is the generalization of Apollonius coordinates for the spatial
problems? (Hint: Recall the rotating coordinates in R3.)

e Show that Theorem 12.5.1 and Corollary 12.5.1 can be generalized to
the spatial problem.

2 Show that it is possible to combine the ideas of this chapter and those
of Chapter 11 to define an elliptic Hill’s lunar equation. One can show
that a nondegenerate periodic 2km-periodic solution of the elliptic Hill’s
lunar equation can be continued into the full three-body problem as a
nondegenerate periodic solution. See [52].

3 Show that a nondegenerate symmetric 2k7-periodic solution of the clas-
sical, elliptic, restricted three-body problem with Hamiltonian (12.25)
can be continued into the full three-body problem as a nondegenerate
symmetric periodic solution for small values of mg. See [52].
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