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Preface

Purpose and Emphasis. Mechanics not only is the oldest branch of physics but
was and still is the basis for all of theoretical physics. Quantum mechanics can
hardly be understood, perhaps cannot even be formulated, without a good knowl-
edge of general mechanics. Field theories such as electrodynamics borrow their
formal framework and many of their building principles from mechanics. In short,
throughout the many modern developments of physics where one frequently turns
back to the principles of classical mechanics its model character is felt. For this
reason it is not surprising that the presentation of mechanics reflects to some ex-
tent the development of modern physics and that today this classical branch of
theoretical physics is taught rather differently than at the time of Arnold Som-
merfeld, in the 1920s, or even in the 1950s, when more emphasis was put on the
theory and the applications of partial-differential equations. Today, symmetries and
invariance principles, the structure of the space—time continuum, and the geomet-
rical structure of mechanics play an important role. The beginner should realize
that mechanics is not primarily the art of describing block-and-tackles, collisions
of billiard balls, constrained motions of the cylinder in a washing machine, or bi-
cycle riding. However fascinating such systems may be, mechanics is primarily
the field where one learns to develop general principles from which equations of
motion may be derived, to understand the importance of symmetries for the dy-
namics, and, last but not least, to get some practice in using theoretical tools and
concepts that are essential for all branches of physics.

Besides its role as a basis for much of theoretical physics and as a training
ground for physical concepts, mechanics is a fascinating field in itself. It is not easy
to master, for the beginner, because it has many different facets and its structure is
less homogeneous than, say, that of electrodynamics. On a first assault one usually
does not fully realize both its charm and its difficulty. Indeed, on returning to
various aspects of mechanics, in the course of one’s studies, one will be surprised
to discover again and again that it has new facets and new secrets. And finally, one
should be aware of the fact that mechanics is not a closed subject, lost forever in
the archives of the nineteenth century. As the reader will realize in Chap. 6, if he
or she has not realized it already, mechanics is an exciting field of research with
many important questions of qualitative dynamics remaining unanswered.

Structure of the Book and a Reading Guide. Although many people prefer
to skip prefaces, I suggest that the reader, if he or she is one of them, make an
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exception for once and read at least this section and the next. The short introduc-
tions at the beginning of each chapter are also recommended because they give a
summary of the chapter’s content.

Chapter 1 starts from Newton’s equations and develops the elementary dynam-
ics of one-, two-, and many-body systems for unconstrained systems. This is the
basic material that could be the subject of an introductory course on theoretical
physics or could serve as a text for an integrated (experimental and theoretical)
course.

Chapter 2 is the “classical” part of general mechanics describing the principles
of canonical mechanics following Euler, Lagrange, Hamilton, and Jacobi. Most of
the material is a MUST. Nevertheless, the sections on the symplectic structure
of mechanics (Sect.2.28) and on perturbation theory (Sects.2.38-2.40) may be
skipped on a first reading.

Chapter 3 describes a particularly beautiful application of classical mechanics:
the theory of spinning tops. The rigid body provides an important and highly non-
trivial example of a motion manifold that is not a simple Euclidean space R?/,
where f is the number of degrees of freedom. Its rotational part is the manifold of
SO(3), the rotation group in three real dimensions. Thus, the rigid body illustrates
a Lie group of great importance in physics within a framework that is simple and
transparent.

Chapter 4 deals with relativistic kinematics and dynamics of pointlike objects
and develops the elements of special relativity. This may be the most difficult part
of the book, as far as the physics is concerned, and one may wish to return to it
when studying electrodynamics.

Chapter 5 is the most challenging in terms of the mathematics. It develops
the basic tools of differential geometry that are needed to formulate mechanics in
this setting. Mechanics is then described in geometrical terms and its underlying
structure is worked out. This chapter is conceived such that it may help to bridge the
gap between the more “physical” texts on mechanics and the modern mathematical
literature on this subject. Although it may be skipped on a first reading, the tools
and the language developed here are essential if one wishes to follow the modern
literature on qualitative dynamics.

Chapter 6 provides an introduction to one of the most fascinating recent de-
velopments of classical dynamics: stability and deterministic chaos. It defines and
illustrates all important concepts that are needed to understand the onset of chaotic
motion and the quantitative analysis of unordered motions. It culminates in a few
examples of chaotic motion in celestial mechanics.

Chapter 7, finally, gives a short introduction to continuous systems, i.e. systems
with an infinite number of degrees of freedom.

Exercises and Practical Examples. In addition to the exercises that follow
Chaps. 1-6, the book contains a number of practical examples in the form of exer-
cises followed by complete solutions. Most of these are meant to be worked out on
a personal computer, thereby widening the range of problems that can be solved
with elementary means, beyond the analytically integrable ones. I have tried to
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choose examples simple enough that they can be made to work even on a pro-
grammable pocket computer and in a spirit, I hope, that will keep the reader from
getting lost in the labyrinth of computional games.

Length of this Book. Clearly there is much more material here than can be
covered in one semester. The book is designed for a two-semester course (i.e., typ-
ically, an introductory course followed by a course on general mechanics). Even
then, a certain choice of topics will have to be made. However, the text is suffi-
ciently self-contained that it may be useful for complementary reading and indi-
vidual study.

Mathematical Prerequisites. A physicist must acquire a certain flexibility in
the use of mathematics. On the one hand, it is impossible to carry out all steps in
a deduction or a proof, since otherwise one will not get very far with the physics
one wishes to study. On the other hand, it is indispensable to know analysis and
linear algebra in some depth, so as to be able to fill in the missing links in a logical
deduction. Like many other branches of physics, mechanics makes use of many
and various disciplines of mathematics, and one cannot expect to have all the tools
ready before beginning its study. In this book I adopt the following, somewhat gen-
erous attitude towards mathematics. In many places, the details are worked out to a
large extent; in others I refer to well-known material of linear algebra and analysis.
In some cases the reader might have to return to a good text in mathematics or
else, ideally, derive certain results for him- or herself. In this connection it might
also be helpful to consult the appendix at the end of the book.

General Comments and Acknowledgements. This fourth English edition fol-
lows closely the seventh, enlarged, German edition. As compared to the third En-
glish edition published in 1999, there are a number revisions and additions. Some
of these are the following. In Chap. 1 more motivation for the introduction of phase
space at this early stage is given. A paragraph on the notion of hodograph is added
which emphasizes the special nature of Keplerian bound orbits. Chap. 2 is supple-
mented by some extensions and further explanations, specifically in relation with
Legendre transformation. Also, a new section on a generalized version of Noether’s
theorem was added, together with some enlightening examples. In Chap. 3 more
examples are given for inertia tensors and the use of Steiner’s theorem. Here and
in Chap. 4 the symbolic “bra” and “ket” notation is introduced in characterizing
vectors and their duals. A new feature is a name index which, in addition to the
index, may be helpful in locating quickly specific items in mechanics. The book
contains the solutions to all exercises, as well as some historical notes on scientists
who made important contributions to mechanics and to the mathematics on which
it rests.

This book was inspired by a two-semester course on general mechanics that I
have taught on and off over the last twenty years at the Johannes Gutenberg Uni-
versity at Mainz and by seminars on geometrical aspects of mechanics. I thank my
collaborators, colleagues, and students for stimulating questions, helpful remarks,
and profitable discussions. I was happy to realize that the German original, since
its first appearance in October 1988, has become a standard text at German speak-
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ing universities and I can only hope that it will continue to be equally successful
in its English version. I am grateful for the many encouraging reactions and sug-
gestions I have received over the years. Among those to whom I owe special grati-
tude are P. Hagedorn, K. Hepp, D. Kastler, H. Leutwyler, L. Okun, N. Papadopoulos,
J.M. Richard, G. Schuster, J. Smith, M. Stingl, N. Straumann, W. Thirring, E. Vogt,
and V. Vento. Special thanks are due to my former student R. Schopf who collab-
orated on the earlier version of the solutions to the exercises. I thank J. Wisdom
for his kind permission to use four of his figures illustrating chaotic motions in
the solar system, and P. Beckmann who provided the impressive illustrations for
the logistic equation and who advised me on what to say about them.

The excellent cooperation with the team of Springer-Verlag is gratefully ac-
knowledged. Last but not least, I owe special thanks to Dorte for her patience and
encouragement.

As with the German edition, I dedicate this book to all those students who
wish to study mechanics at some depth. If it helps to make them aware of the
fascination of this beautiful field and of physics in general then one of my goals
in writing this book is reached.

Mainz, August 2004 Florian Scheck

I will keep track of possible errata on a page attached to my home page. The latter can be accessed via
http://www.thep.physik.uni-mainz.de/staff.html.
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1. Elementary Newtonian Mechanics

This chapter deals with the kinematics and the dynamics of a finite number of
mass points that are subject to internal, and possibly external, forces, but whose
motions are not further constrained by additional conditions on the coordinates.
(The mathematical pendulum will be an exception). Constraints such as requiring
some mass points to follow given curves in space, to keep their relative distance
fixed, or the like, are introduced in Chap. 2. Unconstrained mechanical systems
can be studied directly by means of Newton’s equations and do not require the
introduction of new, generalized coordinates that incorporate the constraints and
are dynamically independent. This is what is meant by “elementary” in the heading
of this chapter — though some of its content is not elementary at all. In particular,
at an early stage, we shall discover an intimate relationship between invariance
properties under coordinate transformations and conservation laws of the theory,
which will turn out to be a basic, constructive element for all of mechanics and
which, for that matter, will be felt like a cantus firmus' throughout the whole of
theoretical physics. The first, somewhat deeper analysis of these relations already
leads one to consider the nature of the spatial and temporal manifolds that carry
mechanical motions, thereby entering a discussion that is of central importance in
present-day physics at both the smallest and the largest dimensions.

We also introduce the notion of phase space, i.e. the description of physical
motions in an abstract space spanned by coordinates and corresponding momenta,
and thus prepare the ground for canonical mechanics in the formulation of Hamil-
ton and Jacobi.

We begin with Newton’s fundamental laws, which we interpret and translate
into precise analytical statements. They are then illustrated by a number of exam-
ples and some important applications.

1.1 Newton’s Laws (1687) and Their Interpretation

We begin by stating Newton’s fundamental laws in a formulation that is close to
the original one. They are as follows:

U cantus firmus: a preexisting melody, such as a plainchant excerpt, which underlies a polyphonic

musical composition.
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I. Every body continues in its state of rest or of uniform rectilinear motion, except
if it is compelled by forces acting on it to change that state.
II. The change of motion is proportional to the applied force and takes place in
the direction of the straight line along which that force acts.
III. To every action there is always an equal and contrary reaction; or, the mutual
actions of any two bodies are always equal and oppositely directed along the
same straight line.

In order to understand these fundamental laws and to learn how to translate
them into precise analytical expressions we first need to interpret them and to go
through a number of definitions. On the one hand we must clarify what is meant
by notions such as “body”, “state of motion”, “applied force”, etc. On the other
hand we wish to collect a few (provisional) statements and assumptions about the
space-time continuum in which mechanical motions take place. This will enable
us to translate Newton’s laws into local equations, which can then be tested, in a
quantitative manner, by comparison with experiment.

Initially, “bodies” will be taken to be mass points, i.e. pointlike particles of
mass m. These are objects that have no spatial extension but do carry a finite
mass. While this idealization is certainly plausible for an elementary particle like
the electron, in studying collisions on a billiard table, or relative motions in the
planetary system, it is not clear, a priori, whether the billiard balls, the sun, or the
planets can be taken to be massive but pointlike, i.e. without spatial extension. For
the moment and in order to give at least a preliminary answer, we anticipate two
results that will be discussed and proved later.

(i) To any finite mass distribution (i.e. a mass distribution that can be com-
pletely enclosed by a sphere of finite radius), or to any finite system of mass points,
one can assign a center of gravity to which the resultant of all external forces ap-
plies. This center behaves like a pointlike particle of mass M, under the action of
that resultant, M being the total mass of the system (see Sects. 1.9 and 3.8).

(i) A finite mass distribution of total mass M that looks the same in every
direction (one says it is spherically symmetric) creates a force field in the outer,
mass-free space that is identical to that of a pointlike particle of mass M located
at its center of symmetry (Sect. 1.30). A spherical sun acts on a planet that does
not penetrate it like a mass point situated at its center. In turn, the planet can be
treated as a pointlike mass, too, as long as it is spherically symmetric.

7lt) Fig. 1.1. Example of an orbit with accelerated motion.
While the orbit curve is a coordinate independent, geo-
y  metric object, its description by the position vector r(t)
X depends on the choice of origin and coordinates
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In Law I, motion, or state of motion, refers to the trajectory r(¢) of the mass
point in coordinate space R?, where r describes its position at a given time 7. Fig-
ure 1.1 shows an example for an arbitrary trajectory in three-dimensional space.
State of rest means that 7(¢) = O for all times ¢, while uniform rectilinear motion
is that motion along a straight line with constant velocity. It is important to real-
ize that motion is always relative motion of (at least two) physical systems. For
instance, a particle moves relative to an observer (i.e. a measuring apparatus). It is
only meaningful to talk about the relative positions of particle A and particle B,
or about the position of particle A with respect to an observer, at any fixed time.

Experimental experience allows us to assume that the space in which the phys-
ical motion of a mass point takes place is homogeneous and isotropic and that it
has the structure of a three-dimensional Euclidean space E°. Homogeneous here
means that no point of E is singled out in any respect. Isotropic in turn means that
there is no preferred direction either (more on this will be said in Sect. 1.14). Thus
the space of motions of the particle is an affine space, in agreement with physical
intuition: giving the position x () € E3 of a particle at time ¢ is not meaningful,
while giving this x (¢) relative to the position y(¢) of an observer (at the same time)
is. If we endow the affine space with an origin, e.g. by relating all positions to a
given observer, the space is made into the real three-dimensional vector space R3.
This is a metric space on which scalar and cross products of vectors are defined
as usual and for which base systems can be chosen in a variety of ways.

In nonrelativistic physics time plays a special role. Daily experience tells us
that time appears to be universal in the sense that it runs uniformly without being
influenced by physical events. In order to sharpen this statement one may think of
any moving particle as being accompanied on its journey by its own clock, which
measures what is called the particle’s proper time t. On his clock an observer B
then measures the time

tB) — By +,3(B) . (1.1

Here a'®) is a positive constant indicating the (relative) unit that B chooses in mea-
suring time, while $ B) indicates where B has chosen his origin of time, relative
to that of the moving clock.

Equation (1.1) can also be written in the form of a differential equation,

d?t®
dr?
which is independent of the constants «(®) and &), While (1.1) relates the proper
time to that of a specific observer, (1.2) contains the statement that is of inter-
est here for all possible observers. We conclude that time is described by a one-

dimensional affine space, or, after having chosen a zero, by the real line R. For
the sake of clarity we shall sometimes also write R; (“t” for “time”).2

=0, (1.2)

2 1t would be premature to conclude that the space—time of nonrelativistic physics is simply R3 xR,
as long as one does not know the symmetry structure that is imposed on it by the dynamics. We
return to this question in Sect. 1.14. In Sect.4.7 we analyze the analogous situation in relativistic
mechanics.
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The trajectory r(¢) is often described in terms of a specific coordinate system.
It may be expressed by means of Cartesian coordinates,

r@t) = (x(0), (), 2(1)) ,

or by means of spherical coordinates

r(0) {r(®),e@),0(n},

or any other coordinates that are adapted to the system one is studying.
Examples of motions in space are:

() r(t) = (vet+xg, 0, v.t+z0—gt%/2) in Cartesian coordinates. This describes,
in the x-direction, uniform motion with constant velocity v, a state of rest
in the y-direction, and, in the z-direction, the superposition of the uniform
motion with velocity v, and free fall in the gravitational field of the earth.

(i) r@) = (x(t) = Rcos(wt + ¢p), y(t) = R sin(wt + ¢p), 0).

(i) r(@): (r(t) = R, ¢(t) = ¢o + wt, 0).
Examples (ii) and (iii) represent the same motion in different coordinates: the
trajectory is a circle of radius R in the (x, y)-plane that the particle follows with

constant angular velocity w.
From the knowledge of the function r(z) follow the velocity

def d

() = Er(t) =7 (1.3)
and the acceleration
def d ..
H=—vi)=v=r. 1.4
a(r) dtv( )=v=rF (1.4

In Example (i) above, v = (vy, 0, v; — gt) and a = (0, 0, —g). In Ex-
amples (ii) and (iii)) we have v = wR(— sin(wt + ¢g), cos(wt + ¢Po), 0) and
a= sz(— cos(wt + ¢o), — sin(wt + ¢o), 0), i.e. v has magnitude wR and di-
rection tangent to the circle of motion. The acceleration has magnitude w?R and
is directed towards the center of that circle.

The velocity vector is a tangent vector to the trajectory and therefore lies in
the tangent space of the manifold of position vectors, at the point r. If r € R,
this tangent space is also an R? and can be identified with the space of positions.
There are cases, however, where we have to distinguish between the position space
and its tangent spaces. A similar remark applies to the acceleration vector.

1.2 Uniform Rectilinear Motion and Inertial Systems

Definition. Uniform rectilinear motion is a state of motion with constant velocity
and therefore vanishing acceleration, ¥ = 0.
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The trajectory has the general form
rt) =r’+v%, (1.5)

where r0 denotes the initial position, v° the initial velocity, 7’ = r(r = 0), and
v = v(t = 0). The velocity is constant at all times and the acceleration is zero:

V(1) = F(t) = °,

a(t)=7()=0. (1.6)

We remark that (1.6) are differential equations characteristic for uniform mo-
tion. A specific solution is only defined if the initial conditions r(0) = rO,
v(0) = v are given. Equation (1.6) is a linear, homogeneous system of differ-
ential equations of second order; v° and r are integration constants that can be
freely chosen.

Law I states that (1.5) with arbitrary constants r% and v° is the characteristic
state of motion of a mechanical body to which no forces are applied. This state-
ment supposes that we have already chosen a certain frame of reference, or a class
of frames, in coordinate space. Indeed, if all force-free motions are described by
the differential equation 7 = 0 in the reference frame Ko, this is not true in a
frame K that is accelerated with respect to Ko, (see Sect. 1.25 for the case of ro-
tating frames). In K there will appear fictitious forces such as the centrifugal and
the Coriolis forces, and, as a consequence, force-free motion will look very com-
plicated. There exist, in fact, specific frames of reference with respect to which
force-free motion is always uniform and rectilinear. They are defined as follows.

Definition. Reference frames with respect to which Law I has the analytical form
F(t) = 0 are called inertial frames.

In fact, the first of Newton’s laws defines the class of inertial frames. This is
the reason why it is important in its own right and is more than just a special case
of Law II. With respect to inertial frames the second law then has the form

mi@t) = K ,

where K is the resultant of the forces applied to the body. Thus Newton’s second
law takes a particularly simple form in inertial systems. If one chooses to describe
the motion by means of reference frames that are accelerated themselves, this fun-
damental law will take a more complicated form although it describes the same
physical situation. Besides the resultant K there will appear additional, fictitious
forces that depend on the momentary acceleration of the noninertial system.

The inertial systems are particularly important because they single out the group
of those transformations of space and time for which the equations of motion (i.e.
the equations that follow from Newton’s laws) are form invariant (i.e. the struc-
ture of the equations remains the same). In Sect. 1.13 we shall construct the class
of all inertial frames. The following proposition is particularly important in this
connection.
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1.3 Inertial Frames in Relative Motion

Let K be an inertial frame. Any frame K’ that moves with constant velocity
w relative to K is also inertial (see Fig. 1.2).

®

Fig. 1.2. If K is an inertial system,
then so is every K’ whose axes are

parallel to those of K and which
moves with constant velocity w
relative to K

Proof. The position vector r(¢) with respect to K becomes r'(t) = r(¢) — wt with
respect to K'. Since w is constant, there follows ¥'(t) = F(¢) = 0. All force-free
motions satisfy the same differential equation (1.6) in either reference system, both
of which are therefore inertial frames. O

The individual solution (1.5) looks different in K than in K': if the systems
coincide at t = 0, the initial condition (ro, vO) with respect to the first is equivalent
to the initial condition (r°, v — w) with respect to the second.

1.4 Momentum and Force
In Law II we identify “motion” with the momentum:

p(t)défmi(t) =mv, (1.7)

i.e. the product of inertial mass and momentary velocity. The second law, when
expressed as a formula, then reads?

d
PO =K@ i1 (1.8)

3 We have interpreted “change of motion” as the time derivative of the momentum. Law II does
not say this so clearly.
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or, if the inertial mass is independent of the state of motion,
mir(t)=K(r, r, t) . (1.8b)

If the second form (1.8b) applies, the proportionality factor m, the inertial mass
of the body, can be determined, with respect to a sample body of reference mass
m1, by alternatively exposing the body and the sample to the same force field and
by comparing the resultant accelerations: their ratio fulfills m/m; = |#V|/|F|.

The mass of macroscopic bodies can be changed by adding or removing mat-
ter. In nonrelativistic physics at macroscopic dimensions mass is an additive quan-
tity; that is, if one joins two bodies of masses m| and m,, their union has mass
(m1 +m>). Another way of expressing this fact is to say that mass is an extensive
quantity.

In the realm of physics at microscopic dimensions one finds that mass is an in-
variant, characteristic property. Every electron has the mass me = 9.11 x 103! kg,
a hydrogen atom has a fixed mass, which is the same for any other hydrogen atom,
all photons are strictly massless, etc.

The relationship (1.7) holds only as long as the velocity is small as compared
to the speed of light ¢ ~ 3 x 108 m/s. If this is not the case the momentum is
given by a more complicated formula, viz.

m
= , 1.9
PO = S—aen() (1.9)

where c is the velocity of light (see Chap. 4). For |v| <« ¢ the expressions (1.9)
and (1.7) differ by terms of order O(|v|?/c?). For these reasons — mass being an
invariant property of elementary particles, and its role in the limit of small veloc-
ity v — 0 — one also calls the quantity m the rest mass of the particle. In the
older literature, when considering the quotient m//1 — v2(¢)/c2, one sometimes
talked about this as the moving, velocity dependent mass. It is advisable, how-
ever, to avoid this distinction altogether because it blurs the invariant nature of
rest mass and hides an essential difference between relativistic and nonrelavistic
kinematics. In talking about mass we will always have in mind the invariant rest
mass.

We assume the force K (r, 7, t) to be given a priori. More precisely we are talk-
ing about a force field, i.e. a vector-valued function over the space of coordinates
and, if the forces are velocity dependent, the space of velocities. At every point
of this six-dimensional space where K is defined this function gives the force that
acts on the mass point at time ¢. Such force fields, in general, stem from other
physical bodies, which act as their sources. Force fields are vector fields. This
means that different forces that are applied at the same point in space, at a given
time, must be added vectorially.

In Law III the notion “action” stands for the (internal) force that one body
exerts on another. Consider a system of finitely many mass points with masses
m; and position vectors r;(¢), i = 1, 2, ..., n. Let Fj; be the force that particle
i exerts on particle k. One then has F;; = —F}y;. Forces of this kind are called
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internal forces of the n-particle system. This distinction is necessary if one wishes
to describe the interaction with further, possibly very heavy, external objects by
means of external forces. This is meaningful, for instance, whenever the reaction
on the external objects is negligible. One should keep in mind that the distinction
between internal and external forces is artificial and is made only for practical
reasons. The source of an external force can always be defined to be part of the
system, thus converting the external to an internal force. Conversely, the example
discussed in Sect. 1.7 below shows that the two-body problem with internal forces
can be reduced to an effective one-body problem through separation of the center-
of-mass motion, where a fictitious particle of mass u = mymy/(m| + my) moves
in the field of an external force.

1.5 Typical Forces. A Remark About Units

The two most important fundamental forces of nature are the gravitational force
and the Coulomb force. The other fundamental forces known to us, i.e. those de-
scribing the strong and the weak interactions of elementary particles, have very
small ranges of about 10~'> m and 10~'8 m, respectively. Therefore, they play no
role in mechanics at laboratory scales or in the planetary system.

The gravitational force is always attractive and has the form

r;i —rg

Fk,' = —Gmimk (1.10)

Iri — el
This is the force that particle k with mass my applies to particle i whose mass
is m;. It points along the straight line that connects the two, is directed from i
to k, and is inversely proportional to the square of the distance between i and k.
G is Newton’s gravitational constant. Apart from G (1.10) contains the gravita-
tional masses (heavy masses or weights) m; and my. These are to be understood as
parameters characterizing the strength of the interaction. Experiment tells us that
gravitational and inertial masses are proportional to one another (“all bodies fall
at the same speed”), i.e. that they are essentially of the same nature. This highly
remarkable property of gravitation is the starting point for Einstein’s equivalence
principle and for the theory of general relativity. If read as the gravitational mass,
m; determines the strength of the coupling of particle i to the force field created by
particle k. If understood as being the inertial mass, it determines the local acceler-
ation in a given force field. (The third of Newton’s laws ensures that the situation
is symmetric in i and k, so that the discussion of particle & in the field of particle
i is exactly the same.)

In the case of the Coulomb force, matters are different: here the strength is
determined by the electric charges e; and e; of the two particles,

ri —rg

Fii = kceje; (1.11)

lri —rel?’
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which are not correlated (for macroscopic bodies) to their masses. A ball made of
iron with given mass may be uncharged or may carry positive or negative charges.
The strength as well as the sign of the force are determined by the charges. For
sign e; = signey it is repulsive; for sign e; = —signey it is attractive. If one
changes the magnitude of e, for instance, the strength varies proportionally to ex.
The accelerations induced by this force, however, are determined by the inertial
masses as before. The parameter «c is a constant that depends on the units used
(see below).

Apart from these fundamental forces we consider many more forms of forces
that may occur or may be created in the macroscopic world of the laboratory.
Specific examples are the harmonic force, which is always attractive and whose
magnitude is proportional to the distance (Hooke’s law), or those force fields which
arise from the variety of electric and magnetic fields that can be created by all kinds
of arrangements of conducting elements and coils. Therefore it is meaningful to
regard the force field on the right-hand side of (1.8) as an independent element of
the theory that can be chosen at will. The equation of motion (1.8) describes, in
differential form, how the particle of mass m will move under the influence of the
force field. If the situation is such that the particle does not disturb the source of the
force field in any noticeable way (in the case of gravitation this is true whenever
m < Mgource) the particle may be taken as a probe: by measuring its accelerations
one can locally scan the force field. If this is not a good approximation, Law III
becomes important and one should proceed as in Sect. 1.7 below.

We conclude this section with a remark about units. To begin with, it is clear
that we must define units for three observable quantities: time, length in coordinate
space, and mass. We denote their dimensions by 7', L, and M, respectively:

(=T, [rl=L, [ml=M,

the symbol [x] meaning the physical dimension of the quantity x. The dimensions
and measuring units for all other quantities that occur in mechanics can be reduced
to these basic units and are therefore fixed once a choice is made for them. For
instance, we have

momentum: [p] = MLT™! ,

force: [K]= MLT %,
energy = force x displacement: [E]= M L1772,
pressure = force/area: [b] = ML7'T2.

For example, one can choose to measure time in seconds, length in centimeters,
and mass in grams. The unit of force is then 1 gcms™ = 1dyn, the energy unit
is 1 gcm?s™2 = lerg, etc. However, one should follow the International System
of Units (SI), which was agreed on and fixed by law for use in the engineering
sciences and for the purposes of daily life. In this system time is measured in
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seconds, length in meters, and mass in kilograms, so that one obtains the following
derived units:

force: 1kgm s~2 = 1 Newton (= 10° dyn) ,
energy: 1kg m?s~2 = 1Joule (= 10’ erg) ,

1

pressure: lkgm™ s72 = 1 Pascal = 1 Newton/m? .

If one identifies gravitational and inertial mass, one finds the following value
for Newton’s gravitational constant from experiment:

G = (6.67259 £ 0.00085) x 10" m>kg~'s72.

For the Coulomb force the factor «c in (1.11) can be chosen to be 1. (This is
the choice in the Gaussian system of electrodynamics.) With this choice electric
charge is a derived quantity and has dimension

lel = M'2L3PT™ (ke =1) .

If instead one wishes to define a unit for charge on its own, or, equivalently, a unit
for another electromagnetic quantity such as voltage or current, one must choose
the constant k¢ accordingly. The SI unit of current is 1 ampere. This fixes the unit
of charge, and the constant in (1.11) must then be chosen to be

KC =c2x 1077 ,

T dmeg

where 9 = 107 /47c? and c is the speed of light.

1.6 Space, Time, and Forces

At this point it may be useful to give a provisional summary of our discussion of
Newton’s laws I-III. The first law shows the uniform rectilinear motion (1.5) to be
the natural form of motion of every body that is not subject to any forces. If we
send such a body from A to B it chooses the shortest connection between these
points, a straight line. As one may talk in a physically meaningful manner only
about motion relative to an observer, Law I raises the question in which frames of
reference does the law actually hold. In fact, Law I defines the important class of
inertial systems. Only with respect to these does Law II assume the simple form
(1.8b).

The space that supports the motions described by Newton’s equations is a three-
dimensional Euclidean space, i.e. a real space where we are allowed to use the
well-known Euclidean geometry. A priori this is an affine space. By choosing an
origin we make it a real vector space, here R3. Important properties of the space
of physical motions are its homogeneity (“it looks the same everywhere”) and its
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isotropy (“all directions are equally good”). Time is one-dimensional; it is repre-
sented by points on the real line. In particular, there is an ordering relation which
classifies times into “earlier” and “later”, past and future.

Combining the momentary position of a particle and the time at which it takes
on that position, we obtain an event (x(t),t) € R3 x R¢, a point in the com-
bined space—time continuum. This definition is particularly important for relativis-
tic physics, which exhibits a deeper symmetry between space and time, as we shall
see later.

In comparing (1.2) and (1.8b) notice the asymmetry between the space and the
time variables of a particle. Let T again be the proper time as in (1.1), and ¢ the
time measured by an observer. For the sake of simplicity we choose the same unit
for both, i.e. we set «® = 1. Equation (1.2) tells us that time runs uniformly and
does not depend on the actual position of the particle nor on the forces which are
applied to it. In contrast, the equation of motion (1.8) describes as a function of time
the set of all possible trajectories that the particle can move on when it is subject
to the given force field. Another way of expressing this asymmetry is this: r(¢) is
the dynamical variable. Its temporal evolution is determined by the forces, i.e. by
the dynamics. The time variable, on the other hand, plays the role of a parameter
in nonrelativistic mechanics, somewhat like the length function in the description
of a curve in space. This difference in the assignment of the variables’ roles is
characteristic of the nonrelativistic description of systems of mass points. It does
not hold for continuum mechanics or for any other field theory. It is modified also
in physics obeying special relativity, where space and time hold more symmetric
roles.

Having clarified the notions in terms of which Newton’s laws are formulated,
we now turn to an important application: the two-body problem with internal
forces.

1.7 The Two-Body System with Internal Forces

1.7.1 Center-of-Mass and Relative Motion

In terms of the coordinates ri, ry of the two particles whose masses are m and
m>, the equations of motion read

miry = Fo1, mafy=F1p=—Fy . (1.12)

The force that particle “2” exerts on particle “1” is denoted by F1. We will adopt
this notation throughout: Fy; is the force field that is created by particle number
k and is felt by particle number i. Taking the sum of these we obtain the equa-
tion m¥| + my¥F, = 0, which is valid at all times. We define the center-of-mass
coordinates
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m,

m;

2

(miry +mars) ;

um

def 1
mi + my

Fig. 1.3. (a) Definition of center-of-mass and rel-
ative coordinates for the two-body system. The
relative coordinate r is independent of the choice
of origin. (b) Force and reaction force in the two-
body system. These gives rise to a central force
in the equation of motion for the relative coor-
dinate

(1.13)

this means that ¥g = 0, i.e. the center of mass moves at a constant velocity. The
dynamics proper is to be found in the relative motion. Define

def
r=ry—ry.

By inverting (1.13) and (1.14) we have (see also Fig. 1.3)

m3
ry=rs+—mr,
mi +my

rp=rs—

Inserting these in (1.12), we find that the equation of motion becomes

ur = Fo .
The mass parameter

def mimy
mi +my

(1.14)
", (1.15)
mi +my

(1.16)

is called the reduced mass. By separating the center of mass we have reduced the
two-body problem to the motion of one particle with mass .
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1.7.2 Example: The Gravitational Force Between Two Celestial Bodies
(Kepler’s Problem)

In the case of the gravitational interaction (1.10), (1.12) becomes

. mim ry —rp mimy r
miry = —G B = —G P —
r r rer (1.17)
. mim ry —ri mimy r
mory = —G 3 =4+G 7 T
r r r r

where r = r| — rp and r = |r|, from which follow the equations of motion in
center-of-mass and relative coordinates

mimy r
— -

Fs=0 and urf=-G .
r r

We can read off the behavior of the system from these equations: the center of mass

moves uniformly along a straight line (or remains at rest). The relative motion is

identical to the motion of a single, fictitious particle of mass p under the action

of the force

mimyp r

r2 r

Since this is a central force, i.e. one which always points towards the origin or
away from it, it can be derived from a potential U(r) = —A/r with A = Gmm;.
This can be seen as follows.

Central forces have the general form F(r) = f(r)r, where # =r/r and f(r)
is a scalar function that should be (at least) continuous in the variable r = |r|.
Define then

UG - Ulro) = — / Fodr
ro

where rg is an arbitrary reference value and where U (r() is a constant. If we take
the gradient of this expression this constant does not contribute and we obtain

VU(r) = dzy)vr =—f(NVx2+y2 422
=—fr/r.

Thus, F(r) = —VU(r). In the case of central forces the orbital angular momentum

def .
Il =purxr

is conserved; both its magnitude and its direction are constants in time. This follows
from the observation that the acceleration is proportional to r: dl /dt = ur x# = 0.

As a consequence, the motion takes place entirely in a plane perpendicular to /,
namely the one spanned by r” and v°. Since the motion is planar, it is convenient
to introduce polar coordinates in that plane, viz.
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x(t) =r(t)cosep(t), y@) =r(t)sing(t), (1.18)
so that the components of the angular momentum are

ly=1,=0, [, =pur’¢=1=const,
and, finally,

b=1/ur?. (1.19a)

Furthermore the total energy, i.e. the sum of kinetic and potential energy, is con-
served. In order to show this start from the equation of motion for a particle in
the force field of a more general potential U (r)

pi = —VU(r) .

This is an equation relating two vector fields, the acceleration multiplied by the
reduced mass on the left-hand side, and the gradient field of the scalar function
U (r) on the right-hand side. Take the scalar product of these vector fields with
the velocity 7 to obtain the scalar equation

pi ¥ =—i-VU(r) .

The left-hand side is the time derivative of (u/ 2)i2. On the right-hand side, and
with the decomposition r = {x, y, z}, one has
dxoU(r) dyoU@) dzoU(r)

FLVUGr) = o & &
PVU = T Tar ey T es

which is nothing but the foral time derivative of the function U (r(¢)) along smooth
curves r(¢) in R3. If these are solutions of the equation of motion, i.e. if they fulfill
ur - ¥ = —r - VU(r), one obtains

d /1
Mi.;:+f.VU(r):a(zuiz-kU(r))=0, hence

£ _, h E— 2+ U(r)
— =0, where = —ur r).
dr oM

Thus, even though in general E(r, 7) is a function of the position r and the velocity
F, it is constant when evaluated along any solution of the equation of motion. Later
on we shall call this kind of time derivative, taken along a solution, the orbital
derivative.

For the problem that we are studying in this section this result implies that

E= b + U) = b+ r24) 4 U) = const (120

We can extract 7 as a function of r from (1.20) and (1.19):

_ 2
P \/Z(E MU(V)) _ Mlzrz ‘ (1.19b)
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Egs. (1.192) and (1.19b) form a system of two coupled ordinary differential equa-
tions of first order. They were obtained from two conservation laws, the conserva-
tion of the modulus of the angular momentum and the conservation of the total en-
ergy of the relative motion. Although this coupled system is soluble, see Sect. 1.29
and Practical Example 6 below, the procedure is somewhat cumbersome. It is sim-
pler to work out a parametric form of the solutions by obtaining the radial variable
as a function of the azimuth, r = r(¢) (thereby losing information on the evolution
of r(¢) as a function of time, though).

By “dividing” (1.19b) by (1.19a) and making use of dr/d¢ = (dr/dt)/(d¢/dr1),
we find that

1 dr \/ZIL(E—U(r)) 1

P2dg B

12 72

This differential equation is of a type that can always be integrated. This means that
its solution is reducible to ordinary integrations. It belongs to the class of ordinary
differential equations with separable variables, cf. Sect. 1.22 below, for which
general methods of solution exist. In the present example, where U(r) = —A/r,
there is a trick that allows to obtain solutions directly, without doing any integrals.
It goes as follows.

Setting U(r) = —A/r and replacing r(¢) by the function o (¢) = 1/r(¢), we
obtain the differential equation

do \/ 2u(E + Ao) s
= T 52
d¢ 2
where we have made use of do/d¢p = —r2dr/dé¢.
It is convenient to define the following constants:

2 2EI?
pe Lt [ 2B
Aup HA

The parameter p has the dimension of length, while ¢ is dimensionless. There
follows

(5) +(=3) =5

- o——) ==,

do P p?

an equation that is solved by substituting ¢ — 1/p = (¢/p) cos ¢. Rewritten in
terms of the original variable r(¢) the general solution of the Kepler problem is

P

r¢) = l1+e&cosg

(1.21)

Before proceeding to analyze these solutions we remark that (1.19a) is a con-
sequence of the conservation of angular momentum and is therefore valid for any
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central force. The quantity r2¢/2 is the surface velocity at which the radius vector
moves over the plane of motion. Indeed, if r changes by the amount dr, the radius
sweeps out the area dF = |r x dr|/2. Thus, per unit of time,

L xi= L = 12 = cons (1.22)
— = —|rxr|l=—=-r = const . .
ar 2 w2

This is the content of Kepler’s second law (1609):

The radius vector from the sun to the planets sweeps out equal areas in
equal times.

We note under which conditions this statement holds true: it applies to any
central force but only in the two-body problem; for the motion of a planet it is
valid to the extent the interaction with the other planets is negligible compared to
the action of the sun.

In studying the explicit form of the solutions (1.21) it is useful to introduce
Cartesian coordinates (x, y) in the plane of the orbit. Equation (1.21) is then turned
into a quadratic form in x and y, and the nature of the Kepler orbits is made more
evident: they are conics. One sets

x=rcos¢p+c, y=rsing,

and chooses the constant ¢ so that in the equation

rPr=x-0?+y =[p—ercos¢l’ =[p—elx—ol

the terms linear in x cancel. As long as ¢ # 1, this is achieved by the choice

eEp
c= .
1 —¢g2

Finally, with the definition

Lo P
1 —g2”

(1.21) becomes

X _1, (1.21)

—C

i.e. an equation of second order containing only the squares of x and y. Here two
distinct cases are possible.

(i) & > 1, i.e. ¢2 > a?. In this case (1.21") describes a hyperbola. The center
of the force field lies at one of the foci. For the attractive case (A and p are
positive) the branch of the hyperbola that opens toward the force center is the
physical one. This applies to the case of gravitational interaction (cf. Fig. 1.4).
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y Fig. 1.4. If in the Kepler problem the energy E (1.20) is
positive, the orbits of relative motion are branches of hy-
perbolas. The figure shows the relevant branch in the case
of an attractive force

xy

These concave branches describe the orbits of meteorites whose total energy is
positive. Physically speaking, this means that they have enough kinetic energy to
escape from the attractive gravitational field to infinity.

The branch turning away from the force center is the relevant one when the
force is repulsive, i.e. if A and p are negative. This situation occurs in the scattering
of two electric point charges with equal signs.

(i) € < 1, i.e. ¢ < a. In this case the energy E is negative. This implies that
the particle cannot escape from the force field: its orbits must be finite everywhere.
Indeed, (1.21") now describes an ellipse (cf. Fig. 1.5) with

12 A
1—¢2  2(-E)’

semiminor axis b = va? — ¢z = \/pa =

semimajor axis a =

l
V2u(=E)
The orbit is a finite orbit. It is closed and therefore periodic. This is Kepler’s first
law: the planets move on ellipses with the sun at one focus. This law holds true
only for the gravitational interaction of two bodies. All finite orbits are closed and

are ellipses (or circles). In Sect. 1.24 we return to this question and illustrate it
with a few examples for interactions close to, but different from, the gravitational

Fig. 1.5. If the energy (1.20) is negative, the orbit is an
ellipse. The system is bound and cannot escape to infinity
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case. The area of the orbital ellipse is F = wab = ma,/ap. If T denotes the
period of revolution (the time of one complete circuit of the planet in its orbit),
the area law (1.22) says that F = T1/2u. A consequence of this is Kepler’s third
law (1615), which relates the third power of the semimajor axis to the square of
the period, viz.

a’ A G(my + m2)
onst = ——————

NI any e

If one neglects the mutual interactions of the planets compared to their interaction
with the sun and if their masses are small in comparison with the solar mass, we
obtain:

For all planets of a given planetary system the ratio of the cubes of the
semimajor axes to the squares of the periods is the same.

Of course, the special case of circular orbits is contained in (1.21"). It occurs
when ¢ =0, i.e. when E = —,qu/le, in which case the radius of the orbit has
the constant value a = [%/uA.

The case ¢ = 1 is a special case which we have so far excluded. Like the cir-
cular orbit it is a singular case. The energy is exactly zero, £ = 0. This means that
the particle escapes to infinity but reaches infinity with vanishing kinetic energy.
The orbit is given by

y242px —2pc— p?> =0,

where ¢ may be chosen at will, e.g. ¢ = 0. The orbit is a parabola.

So far we have studied the relative motion of two celestial bodies. It remains
to transcribe this motion back to the true coordinates by means of (1.15). As an
example we show this for the finite orbits (ii). Choosing the center of mass as the
origin, one has

m m
Si=—"2 4, §=-_Tr,
my +my my +my

The celestial bodies 1 and 2 move along ellipses that are geometrically similar to
the one along which the relative coordinate moves. They are reduced by the scale
factors my/(m1 + mo) and m/(m1 + my), respectively. The center of mass § is
a common focus of these ellipses:
my p mj p

$2(p) =

mi+mo 1+ecosg’ mi+my 1+ecos¢

Si(¢) = (Si =1Sil).

Figure 1.6a shows the case of equal masses; Fig. 1.6b shows the case m| < my>.
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a Fig. 1.6. Upon transformation of the rela-
tive motion of Fig. 1.5 to the real motion of
the two celestial bodies, both move on el-

= my lipses about the center of mass S, which is

at one of the foci. (a) shows the situation for
equal masses m| = my; (b) shows the case

S my > mp. Cf. Practical Example 1.1

1.7.3 Center-of-Mass and Relative Momentum in the Two-Body System

As we have seen, the equations of motion can be separated in center-of-mass and
relative coordinates. Similarly, the sum of the momenta and the sum of the angular
momenta can be split into parts pertaining to the center-of-mass motion and parts
pertaining to the relative motion. In particular, the total kinetic energy is equal
to the sum of the kinetic energies contained in the center-of-mass and relative
motions, respectively. These facts are important in formulating conservation laws.

Let P be the momentum of the center of mass and p the momentum of the
relative motion. We then have, in more detail,

P d:ej (m1 +m2)i‘s =miF1 +maiy = p; + Py
P i = ——(map, - mip) .
mij +my
or, by inverting these equations,
mi L)

=p+——P; =—-p+——P.
p=pr i+ my p; p i+ ma

The total kinetic energy is

2 2 2 2
P
T+T=2l 2P

= — 4 — (1.24)
2mq 2my 2u - 2(my + mp)

Thus, the kinetic energy can be written as the sum of the kinetic energy of relative
motion, p?/2u, and the kinetic energy of the center of mass, PZ/2(m +m>). We
note that there are no mixed terms in p and P.
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In a similar way we analyze the sum L of the angular momenta I = mr| X7
and I, = myry x F». One finds that

m3 mj
L=1+1= f + ma)+ ; +
1+ ’ers(’”l m2) rxrml(m1+m2)2 mz(ml—i-m2)2
:(m1 +m2)rs XFs+ur x F=lg+ 1l . (1.25)

The total angular momentum splits into the sum of the angular momentum Ig rel-
ative to the origin O (which can be chosen arbitrarily) and the angular momentum
of the relative motion I¢). The first of these, I5, depends on the choice of the refer-
ence system; the second, I, does not. Therefore, the relative angular momentum
is the relevant dynamical quantity.

1.8 Systems of Finitely Many Particles

We consider n mass points (mp, ma, ..., m,), subject to the internal forces Fij
(acting between i and k) and to the external forces K;. We assume that the internal
forces are central forces, i.e. that they have the form

ry—r;

Fi; = Fi(rix) (Vikd;f lri —ril) . (1.26)

l

where Fj;(r) = Fy;(r) is a scalar and continuous function of the distance r. (In
Sect. 1.15 we shall deal with a somewhat more general case.) Central forces possess
potentials

Uik(r) = — f ' Fix(r'ydr", (1.27)

0

and we have F;, = —VU;jr(r), where

- \/(x(i) —x 0O 4 (yO — yOF 4 (20 — W)

and the gradient is given by

v, (2 3 3
FZa® 0 5y 0 30 ) -

(Remember that Fjj is the force that i exerts on k.) The equations of motion read

mi¥i=Fy+F3+ ...+ F, +K;,
mofy=Fpp+F3+ ...+ Fp+ K>,

mpfp,=Fi,+Fyu+ ... +F,_1,+K,, or (1.28)

n
mi'fiZZFki—i-Ki, with Fp = —Fj .
ki
With these assumptions one proves the following assertions.
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1.9 The Principle of Center-of-Mass Motion

The center of mass S of the n-particle system behaves like a single particle
of mass M = )"/, m; acted upon by the resultant of the external forces:

n n
1
Mrg = E K;, where rsdéfﬁ E mir; . (1.29)
i=1 i=1

This principle is proved by summing the equations (1.28) over all particles.
The internal forces cancel in pairs because Fy; = —Fj;, from Newton’s third
law.

1.10 The Principle of Angular-Momentum Conservation

The time derivative of the total angular momentum equals the sum of all
external torques:

%(le):;rjxlfj. (1.30)
iz

i=1

Proof. For a fixed particle index i
. ri x (rg—r;
mir; X ri = ZFik(rik)M +ri x K; .
, Tik
ki
The left-hand side is equal to
d .
mia(r,' X ri) = al,’ .

Taking the sum over all i yields the result (1.30). The internal forces cancel pair-
wise because the cross product is antisymmetric while Fj; is symmetric. g
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1.11 The Principle of Energy Conservation

The time derivative of the total internal energy is equal to the total power
(work per unit time) of the external forces, viz.

n

d
a(T +U) = ;(vi -K;), where

n
=%Zmn’?zZT,~ and (1.31)
i=1
U= ZZ ,kr,k = (rl,...,rn).

i=1k=i+1

Proof. For fixed i one has

miF; = =V; Yy Uu(rix) + K
ki
Taking the scalar product of this equation with 7; yields
. . 1d 2 . .
miri -ri =2 _t<miri) =—F-V; ZUik(rik) +ri-K;.
ki
Now we take the sum over all particles

;—I(Z%m,r%)z erl VUlk Tik +Zrl'Ki
i

zlkl

and isolate the terms i = a, k = b and i = b, k = a, with b > a, of the double
sum on the right-hand side. Their sum is

. . . d
a'VaUab+rb'VbUba:[ra'Va‘f'rb'Vb]Uab:a ab

because U,p = Up,. From this it follows that

n
dr Z ’"’+ZZ Ui(rie) | = ) _#j- K
j=1

i=1 k=i+1

We consider next an important special case: the closed n-particle system.
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1.12 The Closed n-Particle System

A system is said to be closed if all external forces vanish. Proposition 1.9 reduces
now to

n
. . . def
Mrs =0, or Mrs= E m;r; = P =const, and
i=1

1 n
rs(t) = MPt +rs(0) with P = E p; =const .
i=1

This is the principle of conservation of momentum: the total momentum of a closed
system is conserved.
Proposition 1.10 reads

n n
Zri XP,-EZliEchonst.

i=1 i=1

The total angular momentum is also an integral of the motion.
Proposition 1.11 finally becomes

T+U= Z —i—ZU,k rlk E = const .
i=1 k>i

In summary, the closed n-particle system is characterized by 10 integrals or con-
stants of the motion, viz.

P, the total momentum; P = const Momentum Conservation

rs(t) — ﬁPt =rs(0) Center-of-Mass Principle
E =T+U = % + Tl + U Conservation of Energy
L = Y7 ,li = rs x P+ lq Conservation of

Angular Momentum

The quantities {rs(0), P, L, E} form the fen classical constants of the motion of
the closed n-particle system.
This remarkable result calls for questions and some comments:

(i) Perhaps the most obvious question is whether the existence of ten integrals of
the motion guarantees integrability of the equations of motion, and if so, for which
number n of particles it does so. The answer may seem surprising at this point:
a closed two particle system whith central forces is indeed integrable, the general
closed three particle system is not. In other terms, while the constants of the motion
guarantee integrability for n = 2, this is not true for n > 3. The reason for this
observation is that, in addition to be conserved, the integrals of the motion must
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fulfill certain conditions of compatibility. We shall come back to this question in
Sect. 2.37.

(i) Why are there just ten such integrals? The answer to this question touches
upon a profound relationship between invariance of a physical system under space-
time coordinate transformations and conservation laws. It turns out that the most
general affine transformation that relates one inertial system to another depends on
the same number ten of real parameters. This is what is worked in the next section.
here and in Chap. 2 it will become clear that there is a one-to-one correspondence
between these parameters and the ten integrals of the motion.

1.13 Galilei Transformations

It is not difficult to verify that the most general affine transformation g that maps
inertial frames onto inertial frames must have the following form:

r—>r =Rr+wt+a with ReO@®B), detR=+1or —1,

’ ’ . (1.32)
t—t =A+s with A=+1or —1.
g

Here R is a rotation, w a constant velocity vector, a a constant vector of dimension
length. We analyze this transformation by splitting it into several steps, as follows.

1. A shift of the origin by the constant vector a:
r=r+a.

2. Uniform motion of K’ relative to K, with constant velocity, such that K and
K’ coincide at time t = 0:

r'=r+wr.
3. A rotation whereby the system K’ is rotated away from K in such a way

that their origins are the same, as shown in Fig. 1.7, r’ = Rr. Let

/

r=(xEr1,yEr2,ZEr3) r =(X’Eri7y’zré7z’zré).

Z

Fig. 1.7. Two Cartesian coordinate systems that are con-
nected by a rotation about the direction 72 by an angle ¢
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When written in components, #’ = Rr is equivalent to

3
ri=>Y Rar, i=1273.
k=1

We must have r'> = r? (this is the defining condition for the rotation group), i.e.
3 3 3 3 \ 3
Z rl-'rl-/ = Z Z Z R Rjjrir = Z rery , and thus

i=1 k=1 I=1 i=1 k=1
3 ' 3 '
! T !
RikRjj =08y , or Z(R ki Rit =8k -
i=1 i=1

(1.33)

R is a real orthogonal 3 x 3 matrix. Equation (1.33) implies (det R)? =1, ie.

detR = +1 or —1. Equation (1.33) yields 6 conditions for the 9 matrix elements

of R. Therefore R depends on 3 free parameters, for example a direction 7 about

which K’ is rotated with respect to K and which is given by its polar angles (6, ¢)

and the angle ¢ by which K must be rotated in order to rearch K’ (see Fig. 1.7).
4. A shift of the time origin by the fixed amount s:

' =t+s.

Collecting all steps we see that the general transformation

r r=Rr+wt+a
(r)'?( '=M+s ) (1.34)

with, initially, det R = +1 and A = +1, depends on 10 real parameters, viz.
g=g8(p.n,w,a,s).
~——
R

There are as many parameters in the Galilei transformation as there are constants
of the motion in the closed n-particle system. The transformations g form a group,
the proper, orthochronous Galilei group G14. In order to show this, we consider
first the composition of two subsequent transformations of this kind. We have

ri=RVro+wV%+a: 1 =1+s,
ry = R(z)rl + w(z)tl +a(2) ;o h =1 —l—S(Z) .

Writing the transformation from rg to r, in the same way,
ro = R(3)r() + w(3)t0 +a® , B=1ty+ 5@ ,
we read off the following relations

4 The arrow pointing “upwards” stands for the choice A = +1; that is, the time direction remains
unchanged. The plus sign stands for the choice detR = +1.
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R® — R® .RM
w® = RO 4 4@

a® = R@gM 4 sDyp®@ 4 4@
RONENC NN

(1.35)

One now shows explicitly that these transformations do form a group by ver-
ifying that they satisfy the group axioms:

1. There is an operation defining the composition of two Galilei transforms:

¢(R? . w® a® s@)g(RD, D oD sO) = ¢(RD, w® a® ;@)

This is precisely what we verified in (1.35).
2. This composition is an associative operation: g3(g2g1) = (g3g2)g1. This is so
because both addition and matrix multiplication have this property.
3. There exists a unit element, E = g(1, 0, 0, 0), with the property g;E =
Eg; = g; for all g; € GL
4. Forevery g € Gl there is an inverse transformation g~! such that g-g~! = E.
This is seen as follows. Let ¢ = g(R, w, a, s). From (1.35) one sees that
¢ ' =gR", —RTw, sR"w — RTa, —s).

It will become clear later on that there is a deeper connection between the
ten parameters of the proper, orthochronous Galilei group and the constants of
the motion of the closed n-particle system of Sect. 1.12 and that it is therefore no
accident that there are exactly ten such integrals. We shall learn that the invariance
of a mechanical system under

(i) time translations 7 — ¢’ =t + s implies the conservation of total energy E
of the system;

(ii) space translations r + r’ = r + a implies conservation of total momentum
P of the system (the components of a correspond to the components of P in
the sense that if the system is invariant only under translations along a fixed
direction, then only the projection of P onto that direction is conserved);

(iii) rotations r — r’ = R(g)r about a fixed direction implies the conservation
of the projection of the total angular L onto that direction.

The assertions (i—iii) are the content of a theorem by Emmy Noether, which
will be proved and discussed in Sect.2.19.

Finally, one easily convinces oneself that in the center-of-mass motion the
quantity

P
rs(0) =rs(t) — ”w

stays invariant under the transformations r — r’' = r + wt.
We conclude this section by considering the choices det R = —1 and/or A = —1
that we have so far excluded. In the Galilei transformation (1.34) the choice A = —1
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corresponds to a reflection of the time direction, or time reversal. Whether or not
physical phenomena are invariant under this transformation is a question whose
importance goes far beyond mechanics. One easily confirms that all examples con-
sidered until now are indeed invariant. This is so because the equations of motion
contain only the acceleration #, which is invariant by itself, and functions of r:

P+ fr)=0.

By ¢ — —t the velocity changes sign, 77 — —r. Therefore, the momentum p and
also the angular momentum I change sign. The effect of time reversal is equivalent
to reversal of motion. All physical orbits can be run over in either direction, forward
or backward.

There are examples of physical systems, however, that are not invariant under
time reversal. These are systems which contain frictional forces proportional to
the velocity and whose equations of motion have the form

F+Ki+fr)=0.

With time reversal the damping caused by the second term in this equation would
be changed to an amplification of the motion, i.e. to a different physical process.

The choice det R = —1 means that the rotation R contains a space reflection.
Indeed, every R with det R = —1 can be written as the product of space reflection
(or parity) P:

Y O
pL 0 —1 ,
0 0 —1

and a rotation matrix R with detR = +1, R = P-R. P turns a coordinate system
with right-handed orientation into one with left-handed orientation.

1.14 Space and Time with Galilei Invariance

(i) The invariance of mechanical laws under translations (a) is a manifestation of
the homogeneity of the physical, three-dimensional space; invariance under rota-
tions (R) is an expression of its isotropy. Here we wish to discuss these relations
a little further. Imagine that we observe the motion of the sun and its planets from
an inertial frame Ky. In that frame we establish the equations of motion and, by
solving them, obtain the orbits as a function of time. Another observer who uses a
frame K that is shifted and rotated compared to K will describe the same plane-
tary system by means of the same equations of motion. The explicit solutions will
look different in his system, though, because he sees the same physics taking place
at a different point in space and with a different spatial orientation. However, the
equations of motion that the system obeys, i.e. the basic differential equations, are
the same in either frame. Of course, the observer in K may also choose his time
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zero differently from the one in Ky, without changing anything in the physics that
takes place. It is in this sense that space and time are homogeneous and space, in
addition, is isotropic. Finally, it is also admissible to let the two systems K and
Ko move with constant velocity w relative to each other. The equations of motion
depend only on differences of coordinate vectors (x) —x®)) and therefore do not
change. In other words, physical motion is always relative motion.

So far we have used the passive interpretation of Galilei transformations: the
physical system (the sun and its planets) are given and we observe it from different
inertial frames. Of course, one can also choose the active interpretation, that is,
choose a fixed inertial system and ask the question whether the laws of planetary
motion are the same, independent of where the motion takes place, of how the
orbits are oriented in space, and of whether the center of mass is at rest with
respect to the observer or moves at a constant velocity w.

[Another way of expressing the passive interpretation is this: an observer lo-
cated at a point A of the universe will abstract the same fundamental laws from the
motion of celestial bodies as another observer who is located at a point B of the
universe. For the active interpretation, on the other hand, one would ask a physicist
at B to carry out the same experiments as a physicist whose laboratory is based
at A. If they obtain the same results and reach the same conclusions, under the
conditions on the relative position (or motion) of their reference frames defined
above, physics is Galilei invariant.]

(ii) Suppose we consider two physically connected events (a) and (b), the first
of which takes place at position x@) at time ¢, while the second takes place at
position x® at time ¢”. For example, we throw a stone in the gravitational field
of the earth such that at ¢ it departs from x(¢) with a certain initial velocity and
arrives at x®) at time t”. We parametrize the orbit x that connects x@ and x®
and likewise the time variable by

x =x(1) with x@ = x(ra) , x® = x(t;,) ,
r=1t(1) with 1 =1(1,) , P =t(w)

where 7 is a scalar parameter (the proper time). The time that a comoving clock
will show has no preferred zero. Furthermore, it can be measured in arbitrary units.
The most general relation between ¢ and t is then 7(r) = at 4+ 8 with « and 8
real constants. Expressed in the form of a differential equation this means that
d?t/dt? = 0. Similarly, the orbit x(t) obeys the differential equation

d2x d \?
i — ) =0,
a2t F (dr)

with df/dt = « and where f is minus the force divided by the mass. The com-
parison of these differential equations shows the asymmetry between space and
time that we noted earlier. Under Galilei transformations, #(t) = ot + 8 becomes
t'(t) = at + B + s; that is, time differences such as (% — 1P ) remain unchanged.
Time #(7) runs linearly in 7, independently of the inertial frame one has chosen.
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In this sense the time variable of nonrelativistic mechanics has an absolute char-
acter. No such statement applies to the spatial coordinates, as will be clear from
the following reasoning.

We follow the same physical motion as above, from two different inertial
frames K (coordinates x, 7) and K’ (coordinates x’, 1'). If they have the same ori-
entation, they are related by a Galilei transformation g € G_T‘_, so that

b b

P — " =4 — Y,

(x'@ — x’(b))2 = (R(x(”) —x®) +w( - th)>2

- ((x(“) —x®) + R w(r* - tb))2

(The last equation follows because the vectors z and Rz have the same length.)
In particular, the transformation law for the velocities is

vV =R(v+ R_lw) and v =@ —w)?.

In observing the same physical process and measuring the distance between points
(a) and (b), observers in K and K’ reach different conclusions. Thus, unlike the
time axis, orbital space does not have a universal character.

The reason for the difference in the results obtained in measuring a distance
is easy to understand: the two systems move relative to one another with constant
velocity w. From the last equation we see that the velocities at corresponding space
points differ. In particular, the initial velocities at point (a), i.e. the initial condi-
tions, are not the same. Therefore, calculating the distance between (a) and (b)
from the observed velocity and the time difference gives different answers in K
and in K'. (On the other hand, if we chose the initial velocities in (a) to be the
same with respect to K and to K’, we would indeed find the same distance. How-
ever, these would be two different processes.) The main conclusion is that, while
it is meaningful to talk about the spatial distance of two events taking place at the
same time, it is not meaningful to compare distances of events taking place at dif-
ferent times. Such distances depend on the inertial frame one is using. In Sect. 4.7
we shall establish the geometrical structure of space—time that follows from these
considerations.

1.15 Conservative Force Fields

In our discussion of the n-particle system (Sects. 1.8—1.12) we had assumed the
internal forces to be central forces and hence to be potential forces. Here we wish
to discuss the somewhat more general case of conservative forces.

Conservative forces are defined as follows. Any force field that can be rep-
resented as the (negative) gradient field of a time-independent, potential energy
Ul(r),

F=-VU(r),
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is called conservative. This definition is equivalent to the statement that the work
done by such forces along a path from r( to r depends only on the starting point
and on the end point but is independent of the shape of that path. More precisely,
a force field is conservative precisely when the path integral

/ (F - ds) = —(U(r) — Uro)
ro

depends on r and r( only. As already indicated, the integral can then be expressed
as the difference of the potential energies in r and rg. In particular, the balance of
the work done or gained along a closed path is zero if the force is conservative,

VI1Z.
f(F-ds) =0,

for any closed path t.

What are the conditions for a force field to be conservative, i.e. to be derivable
from a potential? If there is a potential U (which must be at least C?), the equal-
ity of the mixed second derivatives 82U /dydx = 3°U/dxdy (cyclic in x, y, 2)
implies the relations

IF, OF,

ax dy

=0 (plus cyclic permutations) .
Thus the curl of F(r), i.e.

curl F =

dy a3z = 9z ax = dx dy

def<aFZ OF, 0F. 0dF, 0F, an>

must vanish. This is a necessary condition, which is sufficient only if the domain
over which the function U (r) is defined and where curl F vanishes is singly con-
nected. Singly connected means that every closed path that lies entirely in the do-
main can be contracted to a point without ever meeting points that do not belong
to the domain. Let T be a smooth, closed path, let S be the surface enclosed by
it, and let 71 be the local normal to this surface. Stokes’ theorem of vector analysis
then states that the work done by the force F along the path t equals the surface
integral over S of the normal component of its curl:

%(F-ds):/fdf(curlF)-ﬁ.
T S

This formula shows the relationship between the condition curl F = 0 and the
definition of a conservative force field: the integral on the left-hand side vanishes,
for all closed paths, only if curl F vanishes everywhere.

We consider two examples, for the sake of illustration.
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Example (i) A central force has vanishing curl, since

(curlf(r)r)x = ﬂ <8—rz - ﬂy>

dr \ 0y 0z
df 1 . .
=4 —(yz—2zy) =0 (plus cyclic permutations) .
rr

Example (ii) The curl of the following force field does not vanish everywhere:

X
Fy=-B Fy=+B=, F =0,

7
where
— 52 2 —
o=x"+y~ and B = const.

(This is the magnetic field around a straight, conducting wire.) It vanishes only
outside the z-axis, i.e. in R3 from which the z-axis (x =0, y = 0) has been cut
out. Indeed, as long as (x, y) # (0,0) we have

(curl F), = (curl F), =0,

1 2x2 1 2y?
(curlF)v=B<———+———)=O.
) > ot o* ot
For x = y = o = 0, however, the z-component does not vanish. An equivalent
statement is that the closed integral ¢ (F - ds) vanishes for all paths that do not

enclose the z-axis. For a path that winds around the z-axis once one finds that

%(F-ds):ZnB.

This is shown as follows. Choose a circle of radius R around the origin that lies in
the (x, y)-plane. Any other path that winds around the z-axis once can be deformed
continuously to this circle without changing the value of the integral. Choose then
cylindrical coordinates (x = gcos¢, y = osing,z). Then F = (B/g)éy and
ds = od¢pég, where éy = —é, sinp+éy cos ¢, and ¢ (F-ds) = B fozn d¢ = 27 B.
A path winding around the z-axis n times would give the result 2z nB.

Yet, in this example one can define a potential, viz.

U(r) = —Barctan (y/x) = —B¢ .

This function is unique over any partial domain of R3 that avoids the z-axis. How-
ever, as soon as the domain contains the z-axis this function ceases to be unique, in
spite of the fact that curl F' vanishes everywhere outside the z-axis. Clearly, such
a domain is no longer singly connected.
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1.16 One-Dimensional Motion of a Point Particle

Let ¢ be the coordinate, p the corresponding momentum, and F'(q) the force. We
then have

1
g=—p: p=F(q). (1.36)
m

This is another way of writing the equation of motion. The first equation repeats the
definition of the momentum, F'(g) on the right-hand side of the second equation
is the force field (in one dimension).

The kinetic energy is T = mg?/2 = p?/2m. The function F(g) is assumed
to be continuous. In one dimension there is always a potential energy U(g) =
- quo F(q')dq’ such that F(q) = —dU(q)/dq. The total energy E = T + U
is conserved: dE/dt = d(T + U)/dt = 0, the time derivative being taken along
solutions of the equation of motion. Take as an example the harmonic force F(g) =
—kp, with « a real positive constant, i.e. a force that is linear in the coordinate
q and tends to drive the system back to the equilibrium position gg = 0 (Hooke’s
law),

. 1 .
q9=—"r, P = —kq.
m
Consider a particular solution, for instance the one that starts at (g = —a, p = 0)

at time t = 0,

q(t) = —acos(yk/mt), p(t) =a/mksin(y/k/mt) .

The spatial motion which is actually seen by an observer is the oscillatory function
q(t) = —acos(y/k/mt) in coordinate space. Although this is a simple function of
time, it would need many words to describe the temporal evolution of the particle’s
trajectory to a third party. Such a description could go as follows: “The particle
starts at ¢ = —a, where its kinetic energy is zero, its potential energy is maximal
and equal to the total energy U(q = a) = E = (1 /2)ka?. Tt accelerates, as it
is driven to the origin, from initial momentum zero to p = a,/mk at the time it
passes the origin. At this moment its potential energy is zero, its kinetic energy
Tkin = E is maximal. Beyond that point the particle is slowed down until it reaches
its maximal position ¢ = a where its momentum vanishes again. After that time
the momentum changes sign, increases in magnitude until the particle passes the
origin, then decreases until the particle reaches its initial position. From then on
the motion repeats periodically, the period being T = 27 /m//k.”

The physics of the particle’s motion becomes much simpler to describe if one
is ready to accept a small step of abstraction: Instead of studying the coordinate
function ¢ (¢) in its one-dimensional manifold R alone, imagine a two-dimensional
space with abscissa g and ordinate p,

{Rz , with coordinates (g, p)} ,
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and draw the solutions (g(¢), p(¢)) as curves in that space, parametrized by time 7.
In the example we have chosen these are periodic motions, hence closed curves.
Now, the actual physical motion is obvious and simple: In the two-dimensional
space spanned by ¢ and p the particle moves on a closed curve, reflecting the
alternating behaviour of position and momentum, of kinetic and potential energies.

These elementary considerations and the example we have given may be helpful
in motivating the following definitions.

We introduce a compact notation for the equations (1.36) by means of the
following definitions. With

def def def 1 def
xS q, 2= p})s f={7-'1§Zp, fzéF(q)}~

X

(1.36) reads

Xx=Fx,1). (1.37)

The solutions x1(#) = ¢(t) and x2(t) = me(¢) of this differential equation are
called phase portraits. The energy function E(q, p) = E(¢(t), ¢(t)), when taken
along the phase curves, is constant.

The x are points of a phase space PP whose dimension is dimP = 2. One
should note that the abscissa ¢ and the ordinate p are independent variables that
span the phase space. p is a function of g only along solution curves of (1.36) or
(1.37). The physical motion “flows” across the phase space. To illustrate this new
picture of mechanical processes we consider two more examples.

1.17 Examples of Motion in One Dimension

1.17.1 The Harmonic Oscillator

The harmonic oscillator is defined by its force law F(g) = —mw?q. The applied
force is proportional to the elongation and is directed so that it always drives the
particle back to the origin. The potential energy is then

UGg) = smo?(a* = a3) . (1.38)

where go can be chosen to be zero, without loss of generality. One has
¥=F@) with x;=qg, x2=p, and

1 1
Fi=—p=—x2, Fr=F(q)=-mw’x,
m m

so that the equations of motion (1.37) read explicitly

. 1 . 2
X1 = —X2, X2 = —mw Xj .
m
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The total energy is conserved and has the form

E X + e t.
= —= + —mw"xj = cons
2m 2 !
One can hide the constants m and @ by redefining the space and time variables
as follows:
def def 1 def
(D) Zovma ), 20=E —=xn@), t=ot.

Jm

This transformation makes the energy a simple quadratic form,
E = %I:Z% + z%] )

while time is measured in units of the inverse circular frequency w~! = T/2x.
One obtains the system of equations

dzi(7) — 25(0) dza(7)
a2 dr

=—z1(1). (1.39)

It is not difﬁcult to guess their solution for the initial conditions zi(t = 0) = Z(l),
22(t=0) = 22 It is

21(0) = C (zg)2 cos(t — ),
22(7) = (z?)z + (zg)2 sin(t —¢), where
sing = 22/ Zg)2 cosg = Z?/ (z?)z + (zg)z

The motion corresponding to a fixed value of the energy E becomes particularly
clear if followed in phase space (z1, z2). The solution curves in phase space are
called phase portraits. In our example they are circles of radius ~/2E, on which the
system moves clockwise. The example is completely symmetric in coordinate and
momentum variables. Figure 1.8 shows in its upper part the potential as a function
of z; as well as two typical values of the energy. In the lower part it shows the
phase portraits corresponding to these energies.

Note what we have gained in describing the motion in phase space rather than
in coordinate space only. True, the coordinate space of the harmonic oscillator is
directly “visible”. However, if we try to describe the temporal evolution of a spe-
cific solution ¢ (¢) in any detail (i.e. the swinging back and forth, with alternating
accelerations and decelerations, etc.), we will need many words for a process that
is basically so simple. Adopting the phase-space description of the oscillator, on
the other hand, means a first step of abstraction because one interprets the momen-
tum as a new, independent variable, a quantity that is measurable but not directly
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Fig. 1.8. The harmonic oscillator in one dimension: zy is the
(reduced) position, z; the (reduced) momentum variable. The
upper part shows the potential energy; the lower part shows
the phase portraits for two values of the energy

“visible”. The details of the motion become more transparent and are very sim-
ple to describe: the oscillation is now a closed curve (lower part of Fig. 1.8) from
which one directly reads off the time variation of the position and momentum and
therefore also that of the potential and kinetic energy.

The transformation to the new variables z; = w./mq and z, = p//m shows
that in the present example the phase portraits are topologically equivalent to circles
along which the oscillator moves with constant angular velocity w.

1.17.2 The Planar Mathematical Pendulum

Strictly speaking, the planar pendulum is already a constrained system: a mass
point moves on a circle of constant radius, as sketched in Fig. 1.9. However, it is
so simple that we may treat it like a free one-dimensional system and do not need
the full formalism of constrained motion yet. We denote by ¢(¢) the angle that
measures the deviation of the pendulum from the vertical and by s(¢) = lp(t) the
length of the corresponding arc on the circle. We then have

T = imi* = tmi*¢* |
N ¢
U:/ mgsin(p’ds/:mgl/ sing’d¢’, or
0 0
U = —mgl[cosp — 1] .

We introduce the constants
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Fig. 1.9. The plane mathematical pendulum has only one degree of freedom:
the deviation ¢ from the vertical, or, equivalently, the arcs = lgp

m
F=-mgsiny
E 1

e = —gbz—}— 1 —cose with a)2d§f§ .
mgl  2w? l

As in Sect. 1.17.1 we set 71 = ¢, T = wt, and 73 = ¢/w. Then ¢ = z%/2+ 1-—

cos z1, while the equation of motion ml¢ = —mg sin ¢ reads, in the new variables,
dz dz .
=@, =2 =—sinz(1). (1.40)
dr dr

In the limit of small deviations from the vertical one has sinz; = z; + O(ﬁ)
and (1.40) reduces to the system (1.39) of the oscillator. In Fig. 1.10 we sketch
the potential U(z1) and some phase portraits. For values of ¢ below 2 the picture
is qualitatively similar to that of the oscillator (see Fig. 1.8). The smaller ¢, the

Ulq)

Fig. 1.10. The potential energy U(g) = 1 —cosq of the plane pendulum, as well as a few phase
portraits p = /2(¢ — 1 +cosgq), as a function of ¢ and for several values of the reduced energy
& = E/mgl. Note that in the text ¢ = z1, p = zp. The values of ¢ can be read off the ordinate
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closer this similarity. For ¢ > 2 the pendulum always swings in one direction,
either clockwise or anticlockwise. The boundary ¢ = 2 between these qualitatively
different domains is a singular value and corresponds to the motion where the
pendulum reaches the uppermost position but cannot swing beyond it. In Sect. 1.23
we shall show that the pendulum reaches the upper extremum, which is also an
unstable equilibrium position, only after infinite time. This singular orbit is called
the separatrix; it separates the domain of oscillatory solutions from that of rotating
solutions.

Note that in Fig. 1.10 only the interval ¢ € [—m, 4] is physically relevant.
Beyond these points the picture repeats itself such that one should cut the figure
at the points marked B and glue the obtained strip on a cylinder.

1.18 Phase Space for the n-Particle System (in R3)

In Sect. 1.16 we developed the representation of one-dimensional mechanical sys-
tems in phase space. It is not difficult to generalize this to higher-dimensional
systems such as the n-particle system over R3. For this purpose we set

def def def
aq=x0, nEy0 . S0 x

def def
x3p = 7z, X3+1—P,((), 2—p§1), . xen = p .

def L@

This allows us to write the equations of motion in the same compact form (1.37)
provided one defines

d 1 def 1 def 1

f p)((1)7 ~7:2 p(l) 'vf3n=_p§n)a
mi mpy

Fanti dﬁff;“ . P S FD L F, E D
The original equations

jJ(i) = F(i)(r(l), U AN A A O t) ,

p0 = L0

mi

then read

.4
The variable x = (x1, x2, ..., Xg,) summarizes the 3n coordinates and 3n mo-
menta

r® =0, y0 20y p@ = (p?, pP, pP), i=1,...,n.

The n-particle system has 3n coordinates or degrees of freedom, f = 3n. (The
number of degrees of freedom, i.e. the number of independent coordinate variables,
will always be denoted by f.)



38 1. Elementary Newtonian Mechanics

X is a point in phase space whose dimension is dimP = 2 f (= 6n, here). This
compact notation is more than a formal trick: one can prove a number of important
properties for first-order differential equations such as (1.41) that do not depend
on the dimension of the system, i.e. the number of components it has.

1.19 Existence and Uniqueness
of the Solutions of x = F(x, t)

A striking feature of the phase portraits in Figs. 1.8 and 1.10 is that no two phase
curves ever intersect. (Point B of Fig. 1.10 seems an exception: the separatrix arriv-
ing from above, the one departing towards the bottom, and the unstable equilibrium
meet at B. In reality they do not intersect because B is reached at different times
in the three cases; see below.) This makes sense on physical grounds: if two phase
portraits did intersect, on arriving at the point of intersection the system would
have the choice between two possible ways of continuing its evolution. The de-
scription by means of (1.41) would be incomplete. As phase portraits do not in fact
intersect, a single point y € [P together with (1.41) fixes the whole portrait. This
point y, which defines the positions and momenta (or velocities), can be under-
stood as the initial condition that is assumed at a given time 7 = 5. This condition
defines how the system will continue to evolve locally.

The theory of ordinary differential equations gives precise information about
the existence and uniqueness of solutions for (1.41), provided the function F(x, t)
fulfills certain conditions. This information is of immediate relevance for physi-
cal orbits that are described by Newton’s equations. We quote the following basic
theorem but refer to the literature for its proof (see e.g. Arnol’d 1992).

Let F(x,t) with x € P and ¢t € R be continuous and, with respect to x,
continuously differentiable. Then, for any z € P and any s € R there is a
neighborhood U of z and an interval I around s such that for all y € U
there is precisely one curve x(t, s, y) with ¢ in I that fulfills the following
conditions: i

a
(1) E{C(t,s,y)zz:[)f(t,s,y),t],

(i) x@=s,5,y)=y, (1.42)
(iii) x(#,s,y) has continuous derivatives in 7, s, and y.

y is the initial point in phase space from which the system starts at time
t = 5. The solution x(z, s, y) is called the integral curve of the vector field
F(x.1).

For later purposes (see Chap.5) we note that F(x, ) = F;(x) can be under-
stood to be a vector field that associates to any x the velocity vector X = F;(x).
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This picture is a useful tool for approximate constructions of solution curves in
phase space in those cases where one does not have closed expressions for the
solutions.

1.20 Physical Consequences
of the Existence and Uniqueness Theorem

Systems described by the equations of motion (1.41) have the following important
properties:

(i) They are finite dimensional, i.e. every state of the system is completely de-
termined by a point z in IP. The phase space has dimension 2 f, where f is
the number of degrees of freedom.

(i) They are differential systems, i.e. the equations of motion are differential
equations of finite order.

(iii) They are deterministic, i.e. the initial positions and momenta determine the
solution locally (depending on the maximal neighborhood U and maximal
interval I) in a unique way. In particular, this means that two phase curves
do not intersect (in U and I).

Suppose we know all solutions corresponding to all possible initial conditions,

x(t,s, y) = Q?,,S(y) . (1.43)

This two-parameter set of solutions defines a mapping of P onto P, y — x =
@, s(y). This mapping is unique, and both it and its inverse are differentiable.
The set @, s(y) is called the flow in phase space P.

Consider a system whose initial configuration at time s is y € P. The flow
describes how the system will evolve from there under the action of its dynamics.
At time ¢ it takes on the configuration x, where ¢ may be later or earlier than
s. In the first case we find the future evolution of the system, in the second we
reconstruct its past. As is customary in mathematics, let the symbol o denote the
composition of two maps. For example,

x'?y:f(x)'?z:g(y) or xiﬁz=g(f(x)).

With the times r, s, ¢ in the interval / we then have
@t,s o d?s,r = @t,r s ?s,s =1,
9 ) def 0
— P, =F;0® with F; = —@
8t*t’s ['t © Py L't 8t*t’s

For autonomous systems, i.e. for systems where F does not depend explicitly on
time, we have

s=t

-)f(t +r, s+, y) = )f(t» S, 2’) , oOr d?t+r,s+r = c?t.x = cPt—s . (1.44)

In other words, such systems are invariant under time translations.
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Proof. Lett =t+r, s’ =s+r. As /0t = 3/3t’, we have

ad
E{C(Z“}'rEt,; S+rES,, }7) =7~'—({C(1/’S/’X))

with the initial condition
xG' sy =xG6+rs+ry)=y.

Compare this with the solution of

0
X8 y) = F(x@,s,y)) with x(s,s,y)=y.
From the existence and uniqueness theorem follows
x(t+r, s+r, y) = x(t,5,) . U

In principle, for a complete description of the solutions of (1.41) we should
add the time variable as an additional, orthogonal coordinate to the phase space
P. If we do this we obtain what is called the extended phase space P x R, whose
dimension is (2 f 4+ 1) and thus is an odd integer. As time flows monotonously and
is not influenced by the dynamics, the special solution (x(#), #) in extended phase
space P x R; contains no new information compared to its projection x(¢) onto
phase space P alone. Similarly, the projection of the original flow {¢;s(y),} in
extended phase space P x R; onto PP is sufficient to give an almost complete image
of the mechanical system one is considering.

Figure 1.10, which shows typical phase portraits for the planar pendulum, yields
a particularly instructive illustration of the existence and uniqueness theorem.
Given an arbitrary point y = (g, p), at arbitrary time s, the entire portrait passing
through this point is fixed completely. Clearly, one should think of this figure as
a three-dimensional one, by supplementing it with the time axis. For example, a
phase curve whose portrait (i.e. its projection onto the (g, p)-plane) is approxi-
mately a circle in this three-dimensional space will wind around the time axis like
a spiral (make your own drawing!). The point B, at first, seems an exception: the
separatrix (A) corresponding to the pendulum being tossed from its stable equi-
librium position so as to reach the highest position without “swinging through”,
the separatrix (B), which starts from the highest point essentially without initial
velocity, and the unstable equilibrium (C) seem to coincide. This is no contradic-
tion to Theorem 1.19, though, because (A) reaches the point B only at t = +o0,
(B) leaves at t = —oo, while (C) is there at any finite ¢.

We summarize once more the most important consequences of Theorem 1.19.
At any point in time the state of the mechanical system is determined completely
by the 2 f real numbers (g1, ..., gf; p1, ..., py). We say that it is finite di-
mensional. The differential equation (1.41) contains the whole dynamics of the
system. The flow, i.e. the set of all solutions of (1.41), transports the system from
all possible initial conditions to various new positions in phase space. This trans-
port, when read as a map from P onto P, is bijective (i.e. it is one to one) and
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is differentiable in either direction. The flow conserves the differential structure
of the dynamics. Finally, systems described by (1.41) are deterministic: the com-
plete knowledge of the momentary configuration (positions and momenta) fixes
uniquely all future and past configurations, as long as the vector field is regular,
as assumed for the theorem.’

1.21 Linear Systems

Linear systems are defined by F = Ax 4 b. They form a particularly simple class
of mechanical systems obeying (1.41). We distinguish them as follows.

1.21.1 Linear, Homogeneous Systems

Here the inhomogeneity b is absent, so that
X =Ax, where A= {aik} ,

or, written in components,

K=Y aixk . (1.45)
k

Example. The harmonic oscillator is described by a linear, homogeneous equation
of the type (1.41), viz.

.1 : 0 1
=0 or (’.‘1>=( 5 %><x1>. (1.46)
X2 = —mw?x) *2 —maw” 0 *2

The explicit solutions of Sect. 1.17.1 can also be written as follows:
x1(t) = x? cosT + xg/ma) sint, x(t) = —x?mw sint + xg COST .

Set T = w(t — s) and

~(1)-(4)

Then
X()=x(t,s,y) =P 5(y) =M(t,s)-y, with
. cosw(t —s) ml—wsina)(t—s)
M, s) = ( —mwsinw(t —s) cosw(t —s) ) (L47)

One confirms that ¢; ; and M (¢, s) depend only on the difference (¢ — s). This

must be so because we are dealing with an autonomous system. It is interesting

to note that the matrix M has determinant 1. We shall return to this observation

later.

5 Note that the existence and uniqueness is guaranteed only locally (in space and time). Only in
exceptional cases does the theorem allow one to predict the long-term behavior of the system.

Global behavior of dynamical systems is discussed in Sect. 6.3. Some results can also be obtained
from energy estimates in connection with the virial, cf. Sect. 1.31 below.
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1.21.2 Linear, Inhomogeneous Systems
These have the general form
X=Ax+b. (1.48)

Example. Lorentz force with homogeneous fields. A particle of charge e in external
electric and magnetic fields is subject to the force

K=CSixB+eE. (1.49)
Cc

In the compact notation we have
X1 =X, X2=Yy, X3=2, X4=Px, X5= Py, X6 = Pz -

Let the magnetic field point in the z-direction, B=Bé,, i.e. F x B = (yB, —xB, 0).
Setting K = eB/mc we then have ¥ = Ax + b, with

000 I/m 0 0 0
000 0 I/m 0 0

looo o o ym 1o

A=l o 00 o Kk o | 2=¢ E (1.50)
000 -K 0 0 E,
000 0 0 0 E.

For a complete treatment of linear systems we refer to the mathematical literature
(see e.g. Arnol’d 1992). Some aspects will be dealt with in Sects.6.2.2 and 6.2.3
in the framework of linearization of vector fields. A further, important example is
contained in Practical Example 2.1 (small oscillations).

1.22 Integrating One-Dimensional Equations of Motion

The equation of motion for a one-dimensional, autonomous system reads mg =
K (g). If K(g) is a continuous function it possesses a potential energy

q
U(q) = —f K(ghdq'
q

0

so that the law of energy conservation takes the form
%qu + U(q) = E = const .
From this follows a first-order differential equation for g (¢):

dg _ /25 _
o= m(E U()) - (1.51)
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This is a particularly simple example for a differential equation with separable
variables whose general form is

dy g

dr — f(x)
and for which the following proposition holds (see e.g. Arnol’d 1992).

(1.52)

Theorem. Assume the functions f(x) and g(y) to be continuously differentiable
in a neighborhood of the points x( and yg, respectively, where they do not vanish,
f(x0) #0, g(yo) # 0. The differential equation (1.52) then has a unique solution
y = F(x) in the neighborhood of xq that fulfills the initial condition yy = F(x¢)
as well as the relation

X dy’ _/F(x) dy/ a1 53)
X0 fx) B Yo 80" . ’

When applied to (1.51) this means that

(1.54)

q(t)
t—1t) =
°T \/>/,, \/E U(q

that is, we obtain an equation which yields the solution if the quadrature on the
right-hand side can be carried out. The fact that there was an integral of the mo-
tion (here the law of energy conservation) allowed us to reduce the second-order
equation of motion to a first-order differential equation that is solved by simple
quadrature.

Equations (1.54) and (1.51) can also be used for a qualitative discussion of
the motion: since 7 + U = E and since T must be 7 > 0, we must always
have E > U(q). Consider, for instance, a potential that has a local minimum
at ¢ = qo, as sketched in Fig.1.11. At the points A, B, and C, E = U(q).
Therefore, solutions with that energy E must lie either between A and B, or beyond
C, qa =q(t) <gqs, or q(t) = qc.

Ulq)

mension. From energy conservation the kinetic en-
ergy must vanish in A, B, and C, for a given total
+ —=  energy E. The hatched areas are excluded for the
position variable g
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: Fig. 1.11. Example of potential energy in one di-
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As an example, we consider the first case. Here we obtain finite orbits; the
points A and B are turning points where the velocity ¢ passes through zero, ac-
cording to (1.51). The motion is periodic, its period of oscillation being given by
T (E) = 2x (running time from A to B). Thus

a5E) gy’

T(E) = v2m .
" an(E) VE-=U(q")

(1.55)

1.23 Example: The Planar Pendulum
for Arbitrary Deviations from the Vertical

Figure 1.12 shows the maximal deviation ¢y < 7. According to Sect.1.17.2 the
potential energy is U (¢) = mgl(1—cos ¢). For ¢ = ¢ the kinetic energy vanishes,
so that the total energy is given by

E = mgl(1 — cos gg) = mgl(1 — cos @) + 1mi*¢* .

Fig. 1.12. Plane mathematical pendulum for an arbitrary deviation
@o € [0, 7]

The period is obtained from (1.55), replacing the arcs = l¢ by ¢:

%0
T = 2v2m/ ldgo/\/mgl(cosgo — Ccos¢p) - (1.56)
0

With cos ¢ = 1 — 2sin’(¢/2) this becomes

[ [
T :Zﬁ\/j/ de/+/cos @ — cos ¢
8 Jo

[ [% ) ) /
=2 §/O d(p/\/sm (¢0/2) — sin*(g/2) . (1.56)
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Substituting the variable ¢ as follows:

def sin(p/2)
sin(go/2)

one obtains

de = 2dasin(po/2))y/ 1 — sinza/\/l — sin?(go/2) sina

9p=0—>a=0,

o=¢9y—>a=m/2,

and therefore

T = 4\/§K[sin(<po/2)] , (1.57)

where K(z) = (;r /2 da/v1—z2 sin” « denotes the complete elliptic integral of
the first kind (see e.g. Abramowitz, Stegun 1965).

For small and medium-sized deviations from the vertical, one can expand in
terms of z = sin(gp/2) or directly in terms of ¢g/2:
2 3 4

4

—1/2 4 . Z
— 4 sin" o——
o 2 o 3

(1 — z2 sin? Dl) ~ 1+ sin?

4

~ Lain2a(L1p?2 — Lyt 34 L4
>~ 1+ 5sin a<4<p0 48¢0)+Ssm ®ie¥o -

The integrals that this expansion leads to are elementary, viz.

LE b 1 3 1
sin"xdx=—(n—=)|n—=)...=, (n=1,2,..).
0 2n! 2 2 2

Thus, one obtains

4" T4

ps 1 9 1)\ ¢;
~ 14+ —p2+(=-— )2
2[ + 16“’0+<64 12> 16} ’

and, finally,

r~or L Lz 1L e (1.58)
>~ LT | — — —_— . .
2 1670 T 3072%0

The quality of this expansion can be judged from a numerical comparison of suc-
cessive terms as shown in Table 1.1.

The behavior of T (1.57) in the neighborhood of ¢y = 7 can be studied sep-
arately. For that purpose one calculates the time 4 that the pendulum takes to

b4 1 9
K(z) = B} [1 +-z"+ —z4]
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Table 1.1. Deviation from the harmonic approximation

1 2 114
%0 16 %0 3072 %0

10°  0.002 3x107°
20°  0.0076 1x10~%
45°  0.039 14 x 1073

swing from ¢ =7 — A to ¢ = @9 = m —¢, where ¢ K< A, cf. Fig. 1.13. Introduce
x =7 — ¢ as a new variable and let T© = 27/T/q. Then

t 1[4 d 1 (4 d 1 A
4 _ f X ~ _/ X = —In2=, (1.59)
TO 7 /2J)s Jecose —cosx 7). Jx2_g 7w ¢

where we have approximated cosx by 1 — x2/2. For g9 — 7, i.e. for ¢ — 0,
tA tends to infinity logarithmically. The pendulum reaches the upper (unstable)
equilibrium only after infinite time.

Fig. 1.13. The plane pendulum for large deviations, say ¢y = 7 — ¢, where
¢ is small compared to 1. In the text we calculate the time 74 the pendulum
needs to swing from ¢ = 7 — A to the maximal value ¢g. One finds that
ta goes to infinity like —Ing, as one lets ¢ tend to zero

It is interesting to note that the limiting case £ = 2mgl (unstable equilibrium or
separatrix) can again be integrated by elementary means. Returning to the notation
of Sect. 1.17.2, the variable z; = ¢ now obeys the differential equation

1 (dz\? dz;
5\ 3 +(1—coszl)=2, or Frl 2(1+00821)~

Setting u & tan(z1/2), we find the following differential equation for u:

du/vVu?+1=dr,

which can be integrated directly. For example, the solution that starts at z; = 0 at
time T = 0 fulfills
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u T
/ du//\/W:/ dt’, and hence ln(u—i-\/ﬁ) =T.
0 0

With u = (e — e77)/2, the solution for z; is obtained as follows:
z1(t) = 2arctan(sinh 7) .

If we again choose z1 = — ¢, i.e. u =cote/2 >~ 2/e, we have u + Ju? + 1~
4/e and t(e) =~ In(4/¢). The time to swing from z; = 0 to z; = 7 diverges
logarithmically.

1.24 Example: The Two-Body System with a Central Force

Another important example is the two-body system (over R3) with a central force,
to which we now turn. It can be analyzed in close analogy to the one-dimensional
problem of Sect. 1.22.

The general analysis of the two-body system was given in Sect. 1.7. Since the
force is supposed to be a central force (assumed to be continuous), it can be derived
from a spherically symmetric potential U (r). The equation of motion becomes

uir = —=vVU(r), with u= (1.60)
r =rj —rj is again the relative coordinate and r = |r|. If the central force reads
F = F(r)r, the corresponding potential is U (r) = — fr:) F(r")dr’. The motion
takes place in the plane perpendicular to the conserved relative orbital angular
momentum /) = r X p. Introducing polar coordinates in that plane, x = r cos ¢
and y = rsing, one has 7> = 2 4 r2¢?.

The energy of relative motion is conserved because no forces apply to the center
of mass and therefore total momentum is conserved:

P2

Ts+E =+ %(ﬂ +7r2¢%) + U(r) = const . (1.61)

Thus, with [ = |I| = ur?¢,

1 12

E = E‘”z + e + U(r) = const . (1.62)

def . . o . .
T, = ui? /2 is the kinetic energy of radial motion, whereas the term [%/2ur? =
wur2¢? /2 can be read as the kinetic energy of the rotatory motion, or as the potential
energy pertaining to the centrifugal force,

1 (1 . e ,
Z=- <§ur2¢2> =i <51U2<P2> = —urg’F = —%vrzr :

From angular-momentum conservation
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| = ur’¢ = const , (1.63)

and from energy conservation (1.62) one obtains differential equations for r(¢) and
@():

dr 2 12 2

— = |ZE-UWr))-—==[=(E-U , 1.64

O \/ M( (r) por \/ M( eff (1)) (1.64)

do 1

~ — . with 1.65

dr ur? W (1.65)
def 12

Uet (V= UW) + 2 — (1.66)

ur

where the latter, Ues (1), can be interpreted as an effective potential. When written
in this form the analogy to the truly one-dimensional case of (1.51) is clearly
visible. Like (1.51) the equation of motion (1.64) can be solved by separation of
variables, yielding r as a function of time ¢. This must then be inserted into (1.65),
whose integration yields the function ¢(¢). Another way of solving the system of
equations (1.64) and (1.65) is to eliminate the explicit time dependence by dividing
the second by the first and by solving the resulting differential equation for r as
a function of ¢, viz.

dp 1
dr — r22u(E — Ueit)

This equation is again separable, and one has

() dr
(p—(p():l/ . (1.68)
w r2V2i(E — Ue)

Writing E = T4 Ugs (), the positivity of 7, again implies that £ > U (r). Thus,
if () reaches a point r1, where E = Ueg(r1), the radial velocity 7(r;) vanishes.
Unlike the case of one-dimensional motion this does not mean (for [ # 0) that the
particle really comes to rest and then returns. It rather means that it has reached a
point of greatest distance from, or of closest approach to, the force center. The first
is called perihelion or, more generally, pericenter, the second is called aphelion
or apocenter. It is true that the particle has no radial velocity at r; but, as long as
I # 0, it still has a nonvanishing angular velocity.

There are various cases to be distinguished.

(1) r(t) = rmin = rp (“P” for “perihelion”). Here the motion is not finite;
the particle comes from infinity, passes through perihelion, and disappears again
towards infinity. For an attractive potential the orbit may look like the examples
sketched in Fig. 1.14. For a repulsive potential it will have the shape shown in
Fig. 1.15. In the former case the particle revolves about the force center once or
several times; in the latter it is repelled by the force center and will therefore be
scattered.

(1.67)
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al Fig. 1.14. Various infinite orbits for an attractive potential
energy. P is the point of closest approach (pericenter or
perihelion)
*
P
b)

%  Fig. 1.15. Typical infinite orbit for a repulsive central potential

(1) rmin = rp < r(t) < rmax = ra (“A” for “aphelion”). In this case the
entire orbit is confined to the circular annulus between the circles with radii rp
and r4. In order to construct the whole orbit it is sufficient to know that portion of
the orbit which is comprised between an aphelion and the perihelion immediately
succeeding it (see the sketch in Fig. 1.16). Indeed, it is not difficult to realize that
the orbit is symmetric with respect to both the line SA and the line S P of Fig. 1.16.
To see this, consider two polar angles A and —Ag, with A = ¢ — @4, that
define directions symmetric with respect to SA, see Fig. 1.17, with

(@) dr
Ap =1 / > .
ra N2 (E — Uetr)

One has

Ueii (r) = Ueii (ra) + (Uetr (r) — Uetr (ra)) = E + (Uetr (r) — Ueti (ra))
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Fig. 1.16. Bound, or finite, orbit for an attractive central
potential. The orbit has two symmetry axes: the line SA
from the force center S to the apocenter, and the line
SP from S to the pericenter. Thus, the entire rosette or-
bit can be constructed from the branch PA of the orbit.
(The curve shown here is the example discussed below, with
a=13,b=15)

A
Cf
{ Cz
r(g) A
¢/-8¢
Fig. 1.17. Two symmetric positions before and after passage through
S the apocenter

and therefore

() dr
Ap = l/ ) (1.69)
rA r2\/2,u(Ueff(rA) - Ueff(r))

Instead of moving from A to Ci, by choosing the other sign of the square root in
(1.69), the system may equally well move from A to C,. From (1.67) this means
that one changes the direction of motion, or, according to (1.64) and (1.65), that
the direction of time is reversed. As r(p) is the same for +Ag and —A¢, we
conclude that if C; = {r((p), @ = @a+ A(p} is a point on the orbit, so is C, =
{ r(@), ¢ =@pa— Ago}. A similar reasoning holds for P. This proves the symmetry
stated above.
We illustrate these results by means of the following example.

Example. A central potential of the type U(r) = —a/r*. Let (r, ¢) be the polar
coordinates in the plane of the orbit. Then

2
dr i\/ZE W) | (170,

__L (1.71)
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Since we consider only finite orbits for which E is negative, we set B o _E
We introduce dimensionless variables by the following definitions:
JuB B
omE X0, 2
[ [
The equations of motion (1.70) and (1.71) then read
d 2 1
C_4/22__1 _,, (1.70)
dr 0¥ QZ
do 1
— ==, .71
i (1.71)

where we have set

pf 4 <@)a '

B [

The value o = 1 defines the Kepler problem, in which case the solutions of (1.70)
and (1.71") read

o(@) = 1/b(1 +ecos(p —¢p)) with &=,/1—-2/b.

The constant ¢y can be chosen at will, e.g. 9 = 0. Figures 1.18—-1.22 show
the orbit o(¢) for various values of the parameters « and b. Figure 1.18 shows two
Kepler ellipses with » = 1.5 and b = 3. Figures 1.19, 1.20 illustrate the situation

Fig. 1.18. Two Kepler ellipses (o = 1) with dif-
ferent eccentricities. Cf. Practical Example 1.4

Fig. 1.19. Rosette orbit for the potential U (r) = —a/r%
with e =13 and b=1.5
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Fig. 1.20. A rosette orbit as in Fig. 1.19 but with
a=11,b=20

Fig. 1.21. Example of a rosette orbit that “stays be-
hind”, with « =0.9, b=2

for @ > 1 where the orbit “advances” compared with the Kepler ellipse. Similarly,
Figs. 1.21,1.22, valid for ¢« < 1, show it “staying behind” with respect to the
Kepler case. In either case, after one turn, the perihelion is shifted compared with
the Kepler case (¢ = 1) either forward (¢ > 1) or backward (¢ < 1). In the
former case there is more attraction at perihelion compared to the Kepler ellipse,
in the latter, less, thus causing the rosette-shaped orbit to advance or to stay behind,
respectively.

Remark: From the above exercise it seems plausible that finite orbits which
close after a finite number of revolutions about the origin are the exception rather
than the rule. For this to happen the angle ¢ between the straight lines SA and
SP of Fig. 1.16 must be a rational number times 27, ¢ = (n/p)(2w), n,p € N,
where p is the number of branches P A of the orbit needed to close it, and 7 is

Fig. 1.22. A rosette orbit as in Fig. 1.21 but with o = 0.8,
b=3
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the number of turns about S. For example, in the case of the bound Kepler orbits
we have p =2 and n = 1. This is a very special case insofar as the points A, S
and P lie on a straight line, with A and P separated by S.

The following theorem answers the even more restrictive question as to whether
all finite orbits in a given central potential close: Bertrand’s theorem®: The central
potentials U(r) = a/r witha <0 and U(r) = br? with b > 0 are the only ones
in which all finite (i.e. bound) orbits close.

As we know in the first case, it is the orbits with negative energy which close;
they are the well-known ellipses or circles of the Kepler problem. In the second
case all orbits are closed and elliptical.

Remarks: The examples studied in this section emphasize the special nature
of the Kepler problem whose bound orbits close after one turn around the center of
force. The rosette-like orbit represents the generic case while the ellipse (or circle)
is the exception. This property of the attractive 1/r-potential can also be seen if
instead of the plane of motion in R we study the motion in terms of its momentum
p = (px, py)T. The solution (1.21) for abitrary orientation of the perihelion

P
1 4+ ecos(p(t) — o)

when decomposed in terms of Cartesian coordinates (x, y) in the plane of motion,
reads

r(t) =

— p —
x(n) = T ecos@() — o) cos(¢ (1) — ¢o) ,

p
1+ ecos(¢(t) — ¢o)

The derivatives of x(¢) and of y(#) with respect to time are

. sin(¢ — ¢o) ; Lo, .
x(t)=-p ¢ =——("¢)sin(¢ — ¢o) ,
[1 4 & cos(p(r) — ¢o)1? p
. cos(¢p — ¢o) + € . 1 5.
y@&) =p ¢ =—(@r"¢)|cos(¢p — o) +¢] .
[14ecos(p(t) —¢0))*>" p [ ]
Upon multiplication with the reduced mass u, making use of the conservation
law (1.19) for £, the modulus of the angular momentum, ¢ = ur2¢, and inserting

the definition p = ¢2/(Au), one obtains

y(@) = sin(¢ (1) — ¢o) -

. Awp .
Px = pX = A sin(¢ — ¢o) ,

A
Py =Wy = 7“{cos(¢ — o) +¢} .

In a two-dimensional space spanned by p. and p, this solution is a circle about
the point

6 J. Bertrand (1873): R. Acad. Sci. 77, p.849. The proof of the theorem is not too difficult. For
example, Arnol’d proposes a sequence of five problems from which one deduces the assertion,
(Arnol’d, 1989).
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(0. e(AR/0) = (0. \/ A/ + 21E)

where we have inserted the definition of the excentricity, € = /1 + 2E¢2/uAZ.
The radius of this circle is R = Au/¢. The bound orbits in the space spanned
by px and py are called hodographs. In the case of the Kepler problem they are
always circles.

This remarkable result is related to another constant of the motion, the Her-
mann-Bernoulli-Laplace-Lenz vector, that applies to the 1/r potential. We will
show this in the framework of canonical mechanics in Exercise 2.31.

1.25 Rotating Reference Systems:
Coriolis and Centrifugal Forces

Let K be an inertial system and K’ another system that coincides with K at time
t = 0 and rotates with angular velocity @ = |@| about the direction @ = w/w, as
shown in Fig. 1.23. Clearly, K’ is not an inertial system. The position vector of a
mass point is (¢) with respect to K and r/(¢) with respect to K', with r(t) = r'(¢).
The velocities are related by

V=v—wxr,

where v’ refers to K’ and v to K. Denoting the change per unit time as it is observed
from K’ by d’/dr, this means that

d d d d’
—Fr =—Fr—wWXr of —r=—r+wxr,
dr dt dt dt

where

d/dt: time derivative as observed from K,

d’/dt: time derivative as observed from K’ .

Fig. 1.23. The coordinate system K’ rotates about the sys-
tem K with angular velocity @
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The relation between dr /dr and d’r/dr must be valid for any vector-valued func-
tion a(t), viz.

d /

—a=—a+wxa. 1.72

dr dr (1.72)
Taking @ to be constant in time, we find that the relationship (1.72) is applied to
the velocity a(¢) = dr/dt as follows:

d? d [dr dr d [/d d’
d7r(t)=a 5 ) tex g =g lgrtexr)tex|grtexr

2/ 1
d
=—r+20X —r4+ox(@Xxr). 1.73
a2 + P ( ) (1.73)
(If @ does depend on time, this equation contains one more term, (d'w/dt) x r =
(dw/dt) xr =@ xr.)
Newton’s equations are valid in K because K is inertial; thus

d2
mmr([) =F.

Inserting the relation (1.73) between the acceleration d?r /dt2, as seen from K,
and the acceleration d?r /dt2, as seen from K/, in the equation of motion, one
obtains

2/ l
—r=F -2mox —r —mo x (® xr) . 1.74
mas m® X 1 —me x ( ) (1.74)
When observed from K’, which is not inertial, the mass point is subject not only
to the original force F but also to the

Coriolis force C = —2mw x v/ (1.75)
and the
centrifugal force Z = —mw x (0 xXr), (1.76)

whose directions are easily determined from these formulae.

1.26 Examples of Rotating Reference Systems

Example (i) Any system tied to a point on the earth may serve as an example of a
rotating reference frame. Referring to the notation of Fig. 1.24, the plane tangent to
the earth at A rotates horizontally about the component @, of @. In addition, as a
whole, it also rotates about the component wy, (the tangent of the meridian passing
through A). If a mass point moves horizontally, i.e. in the tangent plane, only the



56 1. Elementary Newtonian Mechanics

Fig. 1.24. A coordinate system fixed at a point A on the
earth’s surface rotates about the south—north axis with an-
gular velocity @ = wy + @y

S

component w, will be effective in (1.75). Thus, in the northern hemisphere the
mass point will be deviated to the right.

For vertical motion, to a first approximation, only @y, is effective. In the north-
ern hemisphere this causes an eastward deviation, which can easily be estimated
for the example of free fall. For the sake of illustration, we calculate this deviation
in two different ways.

(a) With respect to an inertial system fixed in space. We assume the mass point
m to have a fixed position above point A on the earth’s surface. This is sketched
in Fig. 1.25, which shows the view looking down on the north pole. The particle’s
tangent velocity (with reference to K!) is vr(R+h) = (R+h)wcos ¢. Attime r = 0
we let it fall freely from the top of a tower of height H. As seen from K, m moves
horizontally (eastwards) with the constant velocity vr(R+ H) = (R+ H)wcos ¢,
while falling vertically with constant acceleration g. Therefore, the height H and
the time 7 needed to reach the ground are related by H = % gT?. If at the same
time (¢ = 0) the point A at the bottom of the tower left the earth’s surface along
a tangent, it would move horizontally with a constant velocity vT(R) = Rw cos ¢.
Thus, after a time 7, the mass point would hit the ground at a distance

Ag = (vr(R+ H) —vr(R))T = HoT cos ¢ ,

vy (R+h)
-—

v (R)

A

Fig. 1.25. A body falling down vertically is deviated towards
the east. Top view of the north pole and the parallel of latitude
of A

2/23):-:73
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east of A. In reality, during the time that m needs to fall to the earth, the tower
has continued its accelerated motion, in an easterly direction, and therefore the real
deviation A is smaller than Ag. At time ¢, with 0 < ¢t < T, the horizontal relative
velocity of the mass point and the tower is (UT(R + H)—vr(R+ H — %gtz)) =
% gwt? cos ¢. This must be integrated from 0 to T and the result must be subtracted
from Ag. The real deviation is then

A

12

1 T
Ag — —ga)coscp/ dr 1
2 0

g 1 2 1 3
= wCcos dt | H— =gt" | = -gwT cos g .
0 2 3

(b) In the accelerated system moving with the earth. We start from the equation
of motion (1.74). As the empirical constant g is the sum of the gravitational accel-
eration, directed towards the center of the earth, and the centrifugal acceleration,
directed away from it, the centrifugal force (1.76) is already taken into account.
(Note that the Coriolis force is linear in @ while the centrifugal force is quadratic
in w. In the range of distances and velocities relevant for terrestial problems both
of these are small as compared to the force of attraction by the earth, the cen-
trifugal force being sizeably smaller than the Coriolis force.) Thus, (1.74) reduces
to

d?r

60— 2meo (@ x & (1.74')
= —mgey — LM | @ X — . .
a2 gev dr

We write the solution in the form r(¢) = r©@ () + wu(t), where r@ @) = (H —
%gtz)év is the solution of (1.74’) without the Coriolis force (w = 0). As w =
27 /(1 day) = 7.3 x 1072 s~ lis very small, we determine the function u(r) from
(1.74") approximately by keeping only those terms independent of @ and linear in
w. Inserting the expression for r () into (1.74"), we obtain for u(r)
d/2

mo - su = 2mgte(® x &) .
@ is parallel to the earth’s axis, ey is vertical. Therefore, (@ x é,) = cos gpé., where
¢, is tangent to the earth’s surface and points eastwards. One obtains

d/2

@u ~ 2gt cos pe. ,

and, by integrating twice,
~ 1,3 -
u =~ 3g1° cos pee .

Thus, the eastward deviation is A >~ % gT3a) cos ¢, as above.
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Inserting the relation between T and H, we get

_1/2H3/Zcosg0 ~2.189 x 10_5H3/2cosg0 .

242
A:%_a)g

For a numerical example choose H = 160m, ¢ = 50°. This gives A >~ 2.8 cm.

Example (ii) Let a mass m be connected to a fixed point O in space and let it
rotate with constant angular velocity about that point, as shown in Fig. 1.26. Its
kinetic energy is then T = %mRza)z. If we now cut the connection to O, m will
leave the circle (O; R) along a tangent with constant velocity Rw. How does the
same motion look in a system K’ that rotates synchronously?

%N KD
N\ m

Al
\

1
7%

Fig. 1.26. A mass point rotates uniformly about the ori-
gin 0. K’ is a coordinate system in the plane that rotates
synchronously with the particle

From (1.74) one has

d2/ d/
mosr = mea(xée’l — xj€y) + ma?’r,
or, when written in components,
d2//_2 d// 2 7 d2//_2 d,/ 2.7
m@x1 =2mow—x, + mwx;, mM—X, =—2mw—Xx| +mox,.

dt

The initial condition at t = 0 reads

With respect to K we would then have
x1(t) =R, x(t) = Rwt .

Therefore, the relationships
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xX; =xjcoswt + xpsinwt , Xy = —xj sinwt + x3 cos wt
give us at once the solution of the problem, viz.
xj(t) = Rcoswt + Rotsinwt ,  x5(t) = —R sinwt + Rwt cos wt .

It is instructive to sketch this orbit, as seen from K’, and thereby realize that uni-
form rectilinear motion looks complicated when observed from a rotating, nonin-
ertial system.

Example (iii) A particularly nice example is provided by the Foucault pen-
dulum that the reader might have seen in a laboratory experiment or in a sci-
ence museum. The model is the following. In a site whose geographical latitude
is 0 < ¢ < 7/2 a mathematical pendulum is suspended in the point with coor-
dinates (0, 0, /) above the ground, and is brought to swing in some vertical plane
through that point. Imagine the pendulum to be modeled by a point mass m sus-
tained by a massless thread whose length is /. In the rotating system K, attached to
the earth, let the unit vectors be chosen such that €| points southwards, €, points
eastwards, while €3 denotes the upward vertical direction. A careful sketch of the
pendulum and the base vectors shows that the stress acting on the thread is given
by

X1 a X2 n I —x3,
Z=7Z|——e ——ex+ e,
( r T T 3)
where we have normalized the components such that Z is the modulus of this
vector field, Z = |Z|. Indeed, I2 = x% + x% + (I — x3)? so that the sum of the
squares of the coefficients in the parentheses is equal to 1. Inserting this expression
in the equation of motion (1.75) and denoting, for simplicity, the time derivative

g—; with respect to the rotating system K by a dot, the equation of motion reads

mr=Z+mg—-2m@xXr)—mwx (@ Xr).

For the same reasons as before we neglect the centrifugal force. With the choice
of the reference system described above one has

—Ccos @ —Xzsin(p
g=-gé3, w=w 0 , WXF=ow|X1sing+x3c089¢ | ,
sin ¢ —Xpco8 @

where o is the modulus of the angular velocity, and ¢ the geographical latitude.
Writing the equation of motion in terms of its three components one has

Z
mx| = _TXI 4+ 2mwx; sing
. Z .. .
mxy = —sz —2mw(x; sing + x3cos ) ,

Z
miz = 7(1 — X3) —mg + 2mwxr cos @ .
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These coupled differential equations are solved most easily in the case of small
oscillations. In this approximation set x3 >~ 0, x3 =~ 0 in the third of these and
obtain the modulus of the thread stress from this equation. It is found to be

Z =mg — 2mwxycos g .

Next, insert this approximate expression into the first two equations. For consis-
tency with the approximation of small oscillations terms of the type x;x; must be
neglected. In this approximation and introducing the abbreviations

2 & _ .
wO_T’ o =wsing,

the first two equations become

X = —w%xl + 2ax7 ,

Xy = —a)(z)xz —2ax] .
Solutions of these equations can be constructed by writing them as one complex
equation in the variable z(t) = x1(¢) + ix2(?),

2(1) = —wjz(t) — 2iz(r) .

The ansatz z(f) = Ce'"’ yields two solutions for the circular frequency y, viz.

n=—o+Jo?+u], yr=—a— /o2 +of.

Below we will study the solutions for these general expressions. The historical
experiment performed in 1851 by Foucault in the Panthéon in Paris, however, had
parameters such that o was very small as compared to wg, o < a)(z). Indeed,
given the latitude of Paris, ¢ = 48.5°, and the parameters of the pendulum chosen
by Foucault, I = 67m, m = 28kg, and, from these, the period T = 16.4s, one
obtains

2
wo = = = 038357,
T
2T . 2T 0 -5 1
= sing = sin(48.5") =545 x 1077 s™ " .
1 day 86400

Therefore y1/2 >~ —a + wp and the solutions read
2(1) ~ (¢ + icp)e @@ L (03 4 jog)e @@

It remains to split this function into its real and imaginary parts and to adjust the
integration constants to a given initial condition. Suppose the pendulum, at time
zero, is elongated along the 1-direction by a distance a and is launched without
initial velocity, i.e.

x1(0)=a, x1(00=0, x2(0)=0, 20)=0,
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the approximate solution is found to be

x1(1) =~ a[cos(at) cos(wot) + (or/wp) sin(ar) sin(wot)] ,
x2(t) = a[— sin(at) cos(wot) + (or/wp) cos(at) sin(wot)] .

As a result the pendulum still swings approximately in a plane. That plane of os-
cillation rotates very slowly about the local vertical, in a clockwise direction on the
northern hemisphere, in a counter-clockwise direction on the southern hemisphere.
The mark that the tip of the pendulum would leave on the ground is bent slightly
to the right on the northern hemisphere, to the left on the southern hemisphere.
For a complete turn of the plane of oscillation it needs the time 24/sin ¢ hours.
Rigth on the north pole or on the south pole this time is exactly 24 hours. For
the latitude of Paris, it is approximately 32 hours, while at the equator there is no
rotation at all.

In order to better illustrate the motion of a Foucault pendulum for small am-
plitudes let us also consider the case where o is not small as compared to the
unperturbed frequency wg. For the same initial condition as above, x1(0) = a,
x1(0) =0, x2(0) = 0 = x,(0), the solution now reads

x1(t) = a[cos(at) cos(@t) + (a/@) sin(ar) sin(@1)]
x2(t) = a[—sin(at) cos(@t) + (/@) cos(at) sin(@t)] ,

where 5:,/wg+a2.

It is useful to calculate also the components of the velocity. One finds

2
. wy .
X1 = —a— cos(at) sin(wt) ,
w
. @ o
Xo = a— sin(at) sin(wt) .
W

The two components of the velocity vanish simultaneously at the times

nmw n—
[n:—ZET, n:O,l,Z,....

w

This means that at these points of return both components go through zero and
change signs, the projection of the pendulum motion on the horizontal plane shows
spikes. Figure 1.27 gives a qualitative top view of the motion.

For a quantitative analysis we choose the circular frequency o comparable to
o. In the two examples given next these frequencies are chosen relatively rational,
o/ = 1/4. (Clearly, this choice is not realistic for the case of the earth and the
original Foucault pendulum.) For a rational ratio «/@w = n/m the curve swept out
by the tip of the pendulum on the horizontal plane closes. In all other cases it will
not close. Figure 1.28 shows the solution given above for the initial condition

x1(0) =1, x1(0) =0, x(0)=0, 2(0)=0,

It closes after four oscillations and exhibits the spikes discussed above.
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Fig. 1.27. A Foucault pendulum, seen from above, starts
at the distance a in the South, without initial velocity.
The mark it makes on the horizontal plane is bent to
the right and exhibits spikes at the turning points

Fig. 1.28. Mark left on the horizontal plane by a pendulum that starts from x;(0) = 1 without initial
velocity. The ratio of circular frequencies is chosen rational, o/w = 1/4

Another solution is the following

x1(t) = asin(at) sin(wt) ,
x2(t) = acos(at) sin(wt) .

From this one finds the components of the velocity to be
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Fig. 1.29. Mark swept out by the pendulum when it starts from the equilibrium position and is
kicked with initial velocity @ in the 2-direction. The ratio of circular frequencies is chosen rational
and has the same value as in Fig. 1.28

X1 = afa cos(at) sin(@t) + wsin(ar) cos(@t)] ,

X2 = a[—asin(ar) sin(@1) + @ cos(ar) cos(@t)]
which corresponds to the initial condition

x1(00=0, Xx0)=0, x0)=0, i»0) =aw.

This solution is the one where the pendulum starts at the equilibrium position and
is being kicked in the 2-direction with initial velocity aw. At the points of return
x%—kx% = a2 sin? (wt) is maximal. Thus, they occur at times t, = 2n + D) /2w),
and one has

X1(tn) = aa(=)" cos((2n + 1) (a/®@) (7 /2)) .

X (ty) = —aa(=)" sin((2n + 1)(0{/5)(71/2)) .
This means that the track on the horizontal plane exhibits no more spikes but is

“rounded off” at these points. This solution is illustrated by Fig. 1.29 for the case
of the same rational ratio of o and @ as in the previous example.

1.27 Scattering of Two Particles that Interact
via a Central Force: Kinematics

In our discussion of central forces acting between two particles we have touched
only briefly on the infinite orbits, i.e. those which come from and escape to infin-
ity. In this section and in the two that follow we wish to analyze these scattering
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orbits in more detail and to study the kinematics and the dynamics of the scatter-
ing process. The description of scattering processes is of central importance for
physics at the smallest dimensions. In the laboratory one can prepare and identify
free, incoming or outgoing states by means of macroscopic particle sources and
detectors. That is, one observes the scattering states long before and long after the
scattering process proper, at large distances from the interaction region, but one
cannot observe what is happening in the vicinity of the interaction region. The out-
come of such scattering processes may therefore be the only, somewhat indirect,
source of information on the dynamics at small distances. To quote an example,
the scattering of a-particles on atomic nuclei, which Rutherford calculated on the
basis of classical mechanics (see Sect. 1.28 (ii) and Sect. 1.29) was instrumental
in discovering nuclei and in measuring their sizes.

We consider two particles of masses m1 and my whose interaction is given by
a spherically symmetric potential U (r) (repulsive or attractive). The potential is
assumed to tend to zero at infinity at least like 1/r. In the laboratory the experiment
is usually performed in such a way that particle 2 is taken to be at rest (this is the
target) while particle 1 (the projectile) comes from infinity and scatters off particle
2 so that both escape to infinity. This is sketched in Fig. 1.30a. This type of motion
looks asymmetric in the two particles because in addition to the relative motion it
contains the motion of the center of mass, which moves along with the projectile
(to the right in the figure). If one introduces a second frame of reference whose
origin is the center of mass, the motion is restricted to the relative motion alone

(b)

Fig. 1.30. (a) Projectile 1 comes from infinity and scatters off target 2, which is initially at rest.
(b) The same scattering process seen from the center of mass of particles 1 and 2. The asymmetry
between projectile and target disappears
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(which is the relevant one dynamically) and one obtains the symmetric picture
shown in Fig. 1.30b. Both, the laboratory system and the center-of-mass system
are inertial systems. We can characterize the two particles by their momenta long
before and long after the collision, in either system, as follows:

in the laboratory system:

p; before, p; after the collision, i =1, 2;

in the center-of-mass system:

g* and —q* before, ¢'* and —q'* after the collision.

If we deal with an elastic collision, i.e. if the internal state of the particles does
not change in the collision, then p, = 0 and energy conservation together imply
that

ri PP PF

= . (1.77)
2m| 2m 2my
In addition, momentum conservation gives
Pi=p+Pp;. (1.78)

Decomposing in terms of center-of-mass and relative momenta, and making use
of the equations obtained in Sect. 1.7.3, one obtains for the initial state

p1 = ﬂp_;_q* , (Mdéfml + m3)

M
my
Py= 4 q (1.79a)
that is,

M
P=—¢q¢" and p;=P.
m

Likewise, after the collision we have

’ mi 1% mi I
= —P = — s
Py M +q m2q +q
’ ma I * I
= —P - = — . 1.79b
) ) M q q ( )

As the Kinetic energy of the relative motion is conserved, ¢* and g™ have the same
magnitude,
def

lg* I =1g"1=4q" .

Let 0 and 6* denote the scattering angle in the laboratory and center-of-mass
frames, respectively. In order to convert one into the other it is convenient to con-
sider the quantities p, - p} and ¢* - ¢"*, which are invariant under rotations. With
P1=q*M/my and p| = q*m1/m2 + q"* one has
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M (m M m
PPy =— (—1q*2 +q* ~q/*) = —q* (—1 + cos9*> _
my \ my mj ma

On the other hand,

cosf

r 4 _ M *
p1- Py =1p1lpilcostd = —q
ma

2
M %2 mi mi
—q 1+2—cosf*+ | — cosf .
my my my

From this follows

mi mi mi 2
C059=<—+COSG*>/ |:1+2—c059*+<—)j|,
ma my my

mi
_q* + q/*
my

or
mi mi 2
sinf = sin@*/ |:l +2— cosO* + <—> ] ,
my my
or, finally,
sin 6*
tan 6 = : (1.80)

(ml/mg) + cos 0*

In Fig. 1.30a the target particle escapes in the direction characterized by the
angle ¢ in the laboratory system. By observing that the triangle ( Py 4", q *) has
two equal sides and that ¢* has the same direction as p; one can easily show that
¢ is related to the scattering angle in the center-of-mass system by

T — 0*
2

Several special cases can be read off the formulae (1.79) and (1.80).

(i) If the mass m; of the projectile is much smaller than the mass m, of the
target, m; << my, then 6* >~ §. The difference between the laboratory and center-
of-mass frames disappears in the limit of a target that is very heavy compared to
the projectile.

(i) If the masses are equal, m| = m3, (1.80) and (1.81) give the relations

¢:

(1.81)

0=0%2, 0+¢=mu/2.

With respect to the laboratory system the outgoing particles leave in directions
perpendicular to each other. In particular, in the case of a central collision, 6* = 7,
and, because of ¢”* = —q*,

p1=0, po=p;.

The projectile comes to a complete rest, while the target particle takes over the
momentum of the incoming projectile.
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1.28 Two-Particle Scattering with a Central Force: Dynamics

Consider a scattering problem in the laboratory system sketched in Fig. 1.31. The
projectile (1) comes in from infinity with initial momentum p, while the target (2)
is initially at rest. The initial configuration is characterized by the vector p; and by
a two-dimensional vector b, perpendicular to p;, which indicates the azimuthal
angle and the distance from the z-axis (as drawn in the figure) of the incident
particle. This impact vector is directly related to the angular momentum:

P
s
4
s
s
/s
. Fd
m
L S A L
T ’
b F — N //
e G Eme e Rl e i (e
2 Fig. 1.31. Kinematics of a scattering process
with two particles, seen from the laboratory
Pz'r system. The particle with mass my is at rest
before the scattering
ma mj
l=rxq*=—rxp =—bxp,=bxq*. (1.82)
M M

Its modulus b = |b| is called the impact parameter and is given by

b= M |l|=i|l|. (1.83)

ma|pyl *

If the interaction is spherically symmetric (as assumed here), or if it is axially
symmetric about the z-axis, the direction of b in the plane perpendicular to the z-
axis does not matter. Only its modulus, the impact parameter (1.83), is dynamically
relevant.

For a given potential U (r) we must determine the angle 6 into which particle
1 will be scattered, once its momentum p; and its relative angular momentum
are given. The general analysis presented in Sects. 1.7.1 and 1.24 tells us that we
must solve the equivalent problem of the scattering of a fictitious particle of mass
u = mimy/M, subject to the potential U(r). This is sketched in Fig. 1.32. We
have

q*2

Let P be the pericenter, i.e. the point of closest approach. Figure 1.32 shows the
scattering process for a repulsive potential and for different values of the impact
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Fig. 1.32. Scattering orbits in the repulsive potential
U(r) = A/r (with A > 0). The impact parameter is
measured in units of the characteristic length A =A /E,
with E the energy of the incoming particle. Cf. Prac-
tical Example 1.5

SN

parameter. In Sect. 1.24 we showed that every orbit is symmetric with respect to
the straight line joining the force center O and the pericenter P. Therefore, the
two asymptotes to the orbit must also be symmetric with respect to O P’. Thus,
if g is the angle between O P and the asymptotes, we have

0" = |m —2¢0] .

The angle ¢ is obtained from (1.68), making use of the relations (1.84)

_/w ldr
W= PRE—UG) -

_/oo bdr (1.85)
e 21D = 2uU () /g '

For a given U (r), ¢o, and hence the scattering angle 6* are calculated from this
equation as functions of ¢g* (i.e. of the energy, via (1.84) and of b. However, some
care is needed depending on whether or not the connection between b and g* is
unique. There are potentials such as the attractive 1/r2 potential where a given
scattering angle is reached from two or more different values of the impact pa-
rameter. This happens when the orbit revolves about the force center more than
once (see Example (iii) below).

A measure for the scattering in the potential U (r) is provided by the differential
cross section do. It is defined as follows. Let ng be the number of particles incident
on the unit area per unit time; dn is the number of particles per unit time that are

7 The orbit possesses asymptotes only if the potential tends to zero sufficiently fast at infinity. As
we shall learn in the next section, the relatively weak decrease 1/r is already somewhat strange.
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scattered with scattering angles that lie between 6* and 60* 4+ d6*. The differential
cross section is then defined by

1
do ¥ Zan . (1.86)
no

Its physical dimension is [do] = area.
If the relation between b(6*) and 6* is unique, then dn is proportional to ng
and to the area of the annulus with radii b and b + db,

dn = no2nb(8*)db ,

and therefore

db(0%)
do*

do = 27b(6*) db = 21b(6*) do* .

If to a fixed 6* there correspond several values of b(6*), the contributions of all
branches of this function must be added.

It is convenient to refer do to the infinitesimal surface element on the unit
sphere d2* = sin6*d6*d¢* and to integrate over the azimuth ¢*. With dw =
27 sin 6*d0* we then have

_ b(6*) |db(6*)

do = dw . (1.87)
do*

sin 6*
We study three instructive examples.

Example (i) Scattering off an ideally reflecting sphere. With the notations of
Fig.1.33
AV 0*
b= Rsin— = Rcos — .
2 2
Here we have used the relationship Ao = 7w —6*, which follows from the equality
of the angle of incidence and the angle of reflection. Thus

Fig. 1.33. Scattering by an ideally reflecting sphere of
radius R
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db R . 6* do  R? (cos#*/2)(sin6*/2)  R?
— =——sin — and — = — - =—.
do* 2 2 dw 2 sin 6* 4

Integrating over dw we obtain the fotal elastic cross section
Otot =TT R? )

a result that has a simple geometric interpretation: the particle sees the projection
of the sphere onto a plane perpendicular to its momentum.

Example (ii) Scattering of particles off nuclei (Rutherford scattering). The poten-
tial is U (r) = k/r with k = q1q>, where g is the charge of the «-particle (this is a
Helium nucleus, which has charge g; = 2e), while ¢» is the charge of the nucleus
that one is studying. Equation (1.85) can be integrated by elementary methods and
one finds (making use of a good table of integrals) that

b *2
(po:arctan< a ) , or (1.88)
Uk
b *2
tan gy = el , (1.88")
UK
from which follows
2,,2 2,,2 *
0
b = X v tan2<p0 = ullli cot? — ,
q* q*4 2

and, finally, Rutherford’s formula

do K \2 1
(=) 1.89
do (4E> sin4(9*/2) ( )

This formula, which is also valid in the context of quantum mechanics, was the
key to the discovery of atomic nuclei. It gave the first hint that Coulomb’s law is
valid at least down to distances of the order of magnitude 10~'% cm.

In this example the differential cross section diverges in the forward direction,
6* = 0, and the total elastic cross section oy = f dw(do/dw) is infinite. The
reason for this is the slow decrease of the potential at infinity. U (r) = «/r can be
felt even at infinity, it is “long ranged”. This difficulty arises with all potentials
whose range is infinite.

Example (iii) Two-body scattering for an attractive inverse square potential. The
potential is U(r) = —a/r?, where « is a positive constant. For positive energy
E > 0 all orbits are scattering orbits. If /2 > 2, we have

(0)

r dr’
Y —@o=Tp /
ro pl /}"/2—7'1;2,
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with o the reduced mass, rp = /(12 — 2ua)/2uE the distance at perihelion, and
r](,o) =1//2uE. If the projectile comes in along the x-axis the solution is

l .
o(r) = marcsm(rp/r) .
We verify that for « = 0 there is no scattering. In this case
0O = arcsin(r}()o)/r) ,
which means t?oat the projectile moves along a straight line parallel to the x-axis,
P

at a distance ) from the scattering center. For o 7% O the azimuth at rp is

l b4
o(r=rp) = ————.
( ) VI2—2pa 2
Therefore, after the scattering the particle moves in the direction
l

VI2 = 2ua

It turns around the force center n times if the condition

l 7 PO T
( . Fp . rP) _Tp
arcsin— — arcsin— | = — — > nw

VI2 —2ua rp

is fulfilled. Thus, n = rl(,o) /2rp, independently of the energy.
For [? < 2ua the integral above is (for the same initial condition)

W0 b VBT
@(r) = 7111— ,
r

T .

where we have set b = \/(2ua — I2)/2uE. The particle revolves about the force
center, along a shrinking spiral. As the radius goes to zero, the angular velocity ¢
increases beyond any limit such that the product ur?¢ = [ stays constant (Kepler’s
second law.)

1.29 Example: Coulomb Scattering of Two Particles
with Equal Mass and Charge

It is instructive to study Rutherford scattering in center-of-mass and relative coordi-
nates and thereby derive the individual orbits of the projectile and target particles.
We take the masses to be equal, m; = my = m, and the charges to be equal,
q1 = q2 = Q, for the sake of simplicity. The origin O of the laboratory system
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y Fig. 1.34. Scattering of two equally

charged particles of equal masses, under

the action of the Coulomb force. The hy-

perbola branches are the orbits with re-

P spect to the center of mass. The arrows
indicate the velocities at pericenter and
long after the scattering with respect to
the laboratory system

is chosen such that it coincides with the center of mass at the moment of clos-
est approach of the two particles, see Fig. 1.34. Let r; and r, be the coordinates
of the two particles in the laboratory system and r} and r3 their coordinates in
the center-of-mass-system. If rg denotes the center-of-mass and r = r} —r3 the
relative coordinate, then

:—r’z‘z%r, r2=rs—%r. (1.90)

1
ri=rs+,sr, ry

The total momentum is P = p; = 2q*; the total energy decomposes into relative
and center-of-mass motion as follows:

q*2
E=E+Es=—+—.
21

As u=m/2 and M = 2m, we have

The orbit of the center of mass S is

rs(t)z,/ﬂtel . (1.91)
m

For the relative motion we have from Sect. 1.7.2
p

= ) 07 2 1)
2 gcos(p —¢o) — 1 e [ §00]

212 | 4E,1? (192)
P mQ?’ ‘ mQ* '

and from (1.88")
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1 ) g2 —1
cosgy=—, Ssingg=——
€ €
Thus, in the center-of-mass frame r|" = r3 = r(¢)/2, with r(¢) from (1.92). Here
@ is the orbit parameter, its relation to the azimuth angles of particles 1 and 2
being

pr=m"m—¢, @2=2m—¢.

This means, in particular, that the motion of the two particles on their hyperbolas
(Fig. 1.34) is synchronous in the parameter ¢.

It is not difficult to derive the velocities v1(¢) and v,(¢) of the two particles
in the laboratory system from (1.90-92). One needs the relation dg/dr = 21/mr?.
From this and from

dx Er+l d( ) [E. 1 d( )dgo .
- = — — — (7 cos = — — — —(rcos -, ctcC.
dr m 2d e m 17 ¢ t

one finds the result

d E l l
& =2,/ — — —sing = —(2ve2 — 1 —singp)
dr m  mp mp

dy1 l
— = —(1 —cosg) . (1.93)
dr mp

For v,(¢) one obtains
de l . dy2 l
— = — , —=—(1- . 1.94
& mp sin ¢ ar mp( cos ¢) (1.94)

Three special cases, two of which are marked with arrows in Fig. 1.34, are read
off these formulae.

(1) At the beginning of the motion, ¢ = 0:

E;
01=<2 —,0), vy = (0,0).

m

(ii) At the pericenter, ¢ = ¢o:
l l
v =—((28—1)\/82—1, 8—1), v2=—( 21, —(5—1)).
mpe

(iii) After the scattering, ¢ = 2¢p:

v1zw< 2 —1, 1), vy = 2 (x/az—l,—(ez—l).

mpe? mpe?

Thus, the slope of vy is 1/+/e2—1 = 1/tangy, while the slope of vy is
—+/&2 — 1 = —tan gy.
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Of course, it is also possible to give the functions x;(¢) and y;(¢) in closed
form, once 7 (¢) is calculated from (1.65):

2 7] do’
1) = 2L / 4 - (1.95)
2 %0 (1 —ecos(¢’ — (po))

(The reader should do this.) Figure 1.35 shows the scattering orbits in the center-
of-mass system for the case ¢ = 2/«/3, i.e. for ¢9 = 30°, in the basis of the
dimensionless variables 2x;/p and 2y;/p. The same picture shows the positions
of the two particles in the laboratory system as a function of the dimensionless
time variable

def 21

=1—s

= mpz'

According to (1.95) this variable is chosen so that the pericenter is reached for
7 =0.

[ 0-213
o
143
B
b =104
-570 o
-260
00
=213 o 22.60
: 104 o 570 S
=5700 \‘1
-2600 o 104 RS
% . :
/Kso:
570 o 0213
104 o
Fig. 1.35. Coulomb scattering of two particles
® (my =my, q1 = q2) with ¢y = 30°. The hy-
perbola branches are the scattering orbits in the
213 0 center—o-fjmass system. The open points show
@ the positions of the two particles in the labo-

ratory system at the indicated times
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The problem considered here has a peculiar property that one meets in asking
where the target (particle 2) was at time ¢+ = —oo. The answer is not evident from
the figure and one must return to (1.92). With dx;/dg = r?sing/2p one finds
from this equation that

p (% sin @
x2(¢o —X2(0)=—/ do .
(v0) 2Jo (1 —cosgp—+/e2— 1sing)?

This integral is logarithmically divergent. This means that in the laboratory system
particle 2 also came from x, = —oo. This somewhat strange result gives a first
hint at the peculiar nature of the “long-range” potential 1/r that will be met again
in quantum mechanics and quantum field theory.

1.30 Mechanical Bodies of Finite Extension

So far we have exclusively considered pointlike mechanical objects, i.e. particles
that carry a finite mass but have no finite spatial extension. In its application
to macroscopic mechanical bodies this is an idealization whose validity must be
checked in every single case. The simple systems of Newton’s point mechanics that
we studied in this chapter primarily serve the purpose of preparing the ground for a
systematic construction of canonical mechanics. This, in turn, allows the develop-
ment of more general principles for physical theories, after some more abstraction
and generalization. One thereby leaves the field of the mechanics of macroscopic
bodies proper but develops a set of general and powerful tools that are useful in
describing continuous systems as well as classical field theories.

This section contains a few remarks about the validity of our earlier results
for those cases where mass points are replaced with mass distributions of finite
extension.

Consider a mechanical body of finite extension. Finite extension means that
the body can always be enclosed by a sphere of finite radius. Let the body be
characterized by a time-dependent (rigid) mass density o(x), and let m be its total
mass. Integrating over all space, one evidently has

/d3x.Q(x) =m. (1.96)

The dimension of ¢ is mass/(length)?.
For example, assume the mass density to be spherically symmetric with respect
to the center O. Taking this point as the origin this means that

def
e =o() . r=|xl.
In spherical coordinates the volume element is

d*x =sin6dodgrdr .
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Since o does not depend on 6 and ¢, the integration over these variables can be
carried out, so that the condition (1.96) becomes

o0
471/ r2dro(r) =m . (1.97)
0
Equation (1.96) suggests the introduction of a differential mass element

dm & o(x)d®x . (1.98)

In a situation where the resulting differential force dK is applied to this mass ele-
ment, it is plausible to generalize the relation (1.8b) between force and acceleration
as follows:

¥dm = dK . (1.99)

(This postulate is due to L. Euler and was published in 1750.) We are now in a
position to treat the interaction of two extended celestial bodies. We solve this
problem in several steps.

(i) Potential and force field of an extended star. Every mass element situated in x
creates a differential potential energy for a pointlike probe of mass mq situated in
y (inside or outside the mass distribution), given by

Gd
AU (y) = — S99 _ G 2F)_ 3, (1.100)
lx —yl lx —yl
The probe experiences the differential force
G —
dK = —v,dy = S0 Y7 X 5 (1.101)

lx —y? |y —x|

Either formula, (1.100) or (1.101), can be integrated over the entire star. For in-
stance, the total potential energy of the mass mq is

o(x
lx —

U(y) = —Gmof y|d3x. (1.102)

The vector x scans the mass distribution, while y denotes the point where the
potential is to be calculated. The force field that belongs to this potential follows
from (1.102), as usual, by taking the gradient with respect to y, viz.

K(y)=-V,U(y) . (1.103)

(ii) Celestial body with spherical symmetry. Let o(x) = o(s), with s = |x|, and
let o(s) = 0 for s > R. In (1.102) we take the direction of the vector y as the
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z-axis. Denoting by r def |y| the modulus of y and integrating over the azimuth ¢,
we find that

+1
= —271Gm0/ dz/ Q(S) s zdéf cosf .
V2 + 52— 2rsz V2 +52 = 2rsz

The integral over z is elementary,

+1 1
2,2 -2 _ o | 2/r for r>s
/,1 dz(r T 2rsz) B rs[lr sI= 49l = { 2/s for r<s

One sees that U is spherically symmetric, too, and that it is given by

U(r)=—-4nGmy (% fr s2dso(s) + fOO sdsg(s)) . (1.104)
0 r

For r > R the second integral does not contribute, because p(s) vanishes for
s > R. The first integral extends from O to R and, from (1.97), gives the constant
m /4. Thus one obtains

UGy = — Gmom

for r>R. (1.105)

In the space outside its mass distribution a spherically symmetric star with
total mass m creates the same potential as a mass point m placed at its
center of symmetry.

It is obvious that this result is of great importance for the application of Kepler’s
laws to planetary motion.

(iii) Interaction of two celestial bodies of finite extension. If the probe of mass mg
has a finite extension, too, and is characterized by the mass density oo(y), (1.102)
is replaced by the differential potential

dU(y) = —Goo(y)dy / o) g,
lx — yl

This is the potential energy of the mass element o(y)d’y in the field of the first
star. The total potential energy is obtained from this by integrating over y:

_ —G/d3 /d3 e)eoy) (1.106)
B

If both densities are spherically symmetric, their radii being R and R, we obtain
again (1.105) whenever the distance of the two centers is larger than (R + Ryp).

(iv) Potential of a star with finite extension that is not spherically symmetric. As-
sume the density o(x) still to be finite (that is, o(x) = O for |x| > R) but not
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necessarily spherically symmetric. In calculating the integral (1.102) the following
expansion of the inverse distance is particularly useful:

1 e 1 }’l l
=Ly Yiu )Y () - 1.107
lx =yl ;;zlﬂ P PIRACH M) (1.107)
= u==l
Here r. = |x|, r~ = |y| if |y| > |x|, and correspondingly r- = |y|, r~ = |x|

if |y] < |x|. The symbols Y;, denote well-known special functions, spherical
harmonics, whose arguments are the polar angles of x and y:

(e)m ¢x)5-£'a (eya ¢y)53’~
These functions are normalized and orthogonal in the following sense:
k4 2
/0 sin 6 de/o dq&Yf/;(@, DYy (0, @) =81 (1.108)

(see e.g. Abramowitz, Stegun 1965). Inserting this expansion in (1.102) and choos-
ing |y| > R, one obtains

Gip

Uy = T i) - (1.109)
Zl +1 =
where
‘Ilu = fd xY,H(x)s o(x) . (1.110)

The first spherical harmonic is a constant: ¥;—q ,—o = 1/+/4m. If o(x) is taken
to be spherically symmetric, one obtains

R b4 2
i = an / s> dss’o(s) f sin 6 d6 / dgp YooY,
0 0 0

R
= Vn / 52 dsQ(5)81080 = —=S1030
0 . VA .
so that (1.109) leads to the result (1.105), as expected. The coefficients gy, are
called multipole moments of the density o(x). The potentials that they create,

A qiy ~
U, =-Gmy————Y , 1.111
are called multipole potentials. In the case of spherical symmetry only the multipole
moment with / = 0 is nonzero, while in the absence of this symmetry many or all
multipole moments will contribute.
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1.31 Time Averages and the Virial Theorem

Let us return to the n-particle system as described by the equations of motion
(1.28). We assume that the system is closed and autonomous, i.e. that there are
only internal, time-independent forces. We further assume that these are potential
forces but not necessarily central forces. For just n = 3, general solutions of the
equations of motion are known only for certain special situations. Very little is
known for more than three particles. Therefore, the following approach is useful
because it yields at least some qualitative information.

We suppose that we know the solutions r;(¢), and therefore also the momenta
p;(t) = mr;(t). We then construct the following mapping from phase space onto
the real numbers:

o= Y @) - pi(0) - (1.112)

i=1

This function is called the virial. If a specific solution has the property that no
particle ever escapes to infinity or takes on an infinitely large momentum, then
v(¢) remains bounded for all times. Defining time averages as follows:

A
def +

(f) = lim 1 f@®dr, (1.113)

A—00 2A J_ 4

the average of the time derivative of v(¢) is then shown to vanish, viz.

A do(t A) —v(=A
@) = tim —— [ @Oy YA vED
A—o0 2A J_ A dr A—o00 2A
Since
n n
0() = Y miFp(t) = Y _ri(6) - ViU(ri(0), ..., ra(®) .
i=1 i=1
we obtain for the time average
n
2(T)-<Zr,--V,U>:0. (1.114)
1

This result is called the virial theorem. It takes a particularly simple form when U
is a homogeneous function of degree k in its arguments rp, ..., r,. In this case
>'r;-V;U = kU, so that (1.114) and the principle of energy conservation give

UT) —k(U) =0, (T)+(U)=E. (1.115)

Examples of interest follow.
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(1) Two-body systems with harmonic force. Transforming to center-of-mass and
relative coordinates, one has

v(t) =miry-F1+mory -y = Mrs - Fs+ ur - r .

The function v remains bounded only if the center of mass is at rest, g = 0.
However, the kinetic energy is then equal to the kinetic energy of the relative
motion so that (1.115) applies to the latter and to U (r). In this example U (r) =
ar?, ie. k = 2. The time averages of the kinetic energy and potential energy of

relative motion are the same and are equal to half the energy,

(T)=(U)=1E.

(ii) In the case of the Kepler problem the potential is U (r) = —«/r, where r de-
notes the relative coordinate. Thus k = —1. For E < 0 (only then is v(¢) bounded)
one finds for the time averages of kinetic and potential energies of relative motion

(TY=—E; (U)=2E.

Note that this is valid only in R3\{0} for the variable . The origin where the force
becomes infinite should be excluded. For the two-body system this is guaranteed
whenever the relative angular momentum is nonzero.

(iii) For an n-particle system (n > 3) with gravitational forces some information
can also be obtained. We first note that v(¢) is the derivative of the function

n

def 1
wt) =) jzm,-r%m :
i=1

which is bounded, provided that no particle ever escapes to infinity. As one can
easily show,

W(it)=2T+U=E+T.

Since T'(t) is positive at all times, w(¢) can be estimated by means of the general
solution of the differential equation ¥(¢) = E. Indeed

w(t) > LE* +w(0)t + w(0) .

If the total energy is positive, then lim;_, 4, w(#) = oo, which means that at
least one particle will escape to infinity asymptotically (see also Thirring 1992,
Sect. 4.5).



1.31 Time Averages and the Virial Theorem 81

Appendix: Practical Examples

1. Kepler Ellipses. Study numerical examples for finite motion of two celestial
bodies in their center-of-mass frame (Sect. 1.7.2).

Solution. The relevant equations are found at the end of Sect. 1.7.2. It is convenient
to express mp and m» in terms of the total mass M = m +m, and to set M = 1.
The reduced mass is then u = mm;. For given masses the form of the orbits is
determined by the parameters

2 ond 14 2B (A1)
=— and ¢= - .
p Au WAZ?

which in turn are determined by the energy E and the angular momentum. It is
easy to calculate and to draw the orbits on a PC. Figure 1.6a shows the example
m1 = my with ¢ = 0.5, p = 1, while Fig. 1.6b shows the case m| = m,/9 with
e =0.5, p = 0.66. As the origin is the center of mass, the two stars are at opposite
positions at any time.

2. Motion of a Double Star. Calculate the two orbital ellipses of the stars of the
preceding example pointwise, as a function of time, for a given time interval Af.

Solution. In Example 1 the figures show r(¢) as a function of ¢. They do not
indicate how the stars move on their orbits as a function of time. In order to obtain
r(t), one returns to (1.19) and inserts the relative coordinate r(¢). Separation of
variables yields

2 Dn+1 d
up 4
gt =ty = — (A2)
1 Jy, (1+ecosp)
for the orbital points n and n+ 1. (The pericenter has ¢p = 0.) The quantity up?/1
has the dimension of time. Introduce the period from (1.23) and use this as the
unit of time,

1124302 B Aplr?

r=2n AL2 —”21/2(_]5)3/2'

Then

wp’ =(1- 52)3/21
l 2

The integral in (A.2) can be done exactly. Substituting

def [1—€¢ @
X = tan—
1+¢ 2

one has
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/ 7 B / 1+ 48/ —e)]x?
=) UFecose? Vi) ™ 1+ x2)2

2
«/1_82{/1+x 1—8/(1+x2)2}’

whose second term can be integrated by parts. The result is

2 1—¢ ¢
= —————arctan tan—
(1 —g%)3/2 l+e 2

& sin ¢

— C, A3
l1—¢21+ecosg (A-3)

so that

thrl — Iy 1 [1—e ¢
——— = —|arctan tan—
T T 1+¢ 2

: ¢n+l
1
—eV1- sZSm—‘p} . (Ad)

2 1+ ecosg ®

One can compute the function Az(A¢, ¢), for a fixed increment A¢ and mark
the corresponding positions on the orbit. Alternatively, one may give a fixed time
interval At/T and determine succeeding orbital positions by solving the implicit
equation (A.4) in terms of ¢.

3. Precession of Perihelion. (a) For the case of bound orbits in the Kepler problem
show that the differential equation for ¢ = ¢(r) takes the form

do L/ rera (AS)
dr r r—rp)(ra —r) " '

where rp and ra denote pericenter and apocenter, respectively. Integrate this equa-
tion with the boundary condition ¢(r = rp) = 0.

(b) The potential is now modified into U(r) = —A/r + B/ r2. Determine the
solution ¢ = ¢(r) and discuss the precession of the pericenter after one turn, in
comparison with the Kepler case, as a function of B < 0 where |B| < [*/2/.

Solutions. (a) For elliptical orbits, E < 0, and one has

do 1 1 1
dr \/2,u( E)r A 2
—r2——r+-—
E 2uE

Apocenter and pericenter are given by the roots of the quadratic form (—r? —
Ar/E +1%2E):

p A
=—=——(1+£ A.6
rA/P T 2E( €) (A.6)
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(these are the points where dr/dt = 0). With
A? 12
= (1-e)=_——_
era= (=€) 2ME

we obtain (A.5). This equation can be integrated. With the condition ¢(rp) = 0
one obtains

1
@(r) = arccos |: <2rArP —ra — rp)i| . (A.7)
A —rp r

As ¢(ra) —¢(rp) = m, one confirms that the pericenter, force center, and apocen-
ter lie on a straight line. Two succeeding pericenter constellations have azimuths
differing by 2, i.e. they coincide. There is no precession of the pericenter.

(b) Let rp and rp be defined as in (A.6). The new apocenter and pericenter
positions, in the perturbed potential, are denoted by r, and ry, respectively. One
has

(r=m)n =)+ 5 == )A =7)

and therefore
B

Fpra = rpra — 5 (A.8)

Equation (A.5) is modified as follows:

dp 1 rpra rpra rpry
dr — r\ r—rp)(ry — 1) rpra —rp)(ry — 1)
This equation can be integrated as before under (a):
1 N
p(r)= [ '?arccos|: - (2 AP~ rﬁ)} . (A.9)
Fpra rh—Tp r

From (A.8) two successive pericenter configurations differ by

271
o [BTA _ M0 (A.10)

rera V12 +2uB

This difference can be studied numerically, as a function of positive or negative B.
Positive B means that the additional potential is repulsive so that, from (A.10), the
pericenter will “stay behind”. Negative B means additional attraction and causes
the pericenter to “advance”.
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4. Rosettelike Orbits. Study the finite orbits in the attractive potential U (r) =
a/r%, for some values of the exponent ¢ in the neighborhood of o = 1.

Solution. Use as a starting point the system (1.70'=71") of first-order differential
equations, written in dimensionless form:

do def dop 1

= 4 2o —p2 2= , —=—. A.ll

it \/ 0 0 fler. 4o 22 (A.11)
From this calculate the second derivatives:

d’0 d [(do\do 1 o def d%o 2

_—=— —_ _——=— 1 —_ b ) = s —_— = —— .

dr2  dp (dr) dr Q3( @) = g0 dr? 0? A

Equation (A.11) can be solved approximately by means of simple Taylor series:
On+1 = On + hf(Qn) + %hzg(Qn) + 0(h3) ,

1 1
Dntl = P +h; - hzgf(gn) +o0(n¥), (A.12)
n

n
for the initial conditions 79 = 0, 9(0) = Rp, ¢(0) = 0. The step size & for the
time variable can be taken to be constant. Thus, if one plots the rosette pointwise,
one can follow the temporal evolution of the motion. (In Figs. 1.18-22 we have
chosen A to be variable, instead, taking i = hoo/Ro, with hg = 0.02.)

5. Scattering Orbits for a Repulsive Potential. A particle of fixed momentum
p is scattered in the field of the potential U(r) = A/r, (with A > 0). Study the
scattering orbits as a function of the impact parameter.

Solution. The orbit is given by

p
1+ ecos(ep — o)

r = (o) = (A.13)

with ¢ > 1. The energy E must be positive. We choose g9 = 0 and introduce the

impact parameter b = [/|p| and the quantity A E A /E as a characteristic length
of the problem. The equation of the hyperbola (A.13) then reads

r(p) 2b2 /22
A 1+/1+4b2/32cosg

Introducing Cartesian coordinates (see Sect. 1.7.2), we find that (A.13") becomes

(A.13)

4x% y?

22
This hyperbola takes on a symmetric position with respect to the coordinate axes,
its asymptotes having the slopes tangy and —tangy, respectively, where

=1.

2b
¢@o = arctan (T) . (A.14)
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We restrict the discussion to the left-hand branch of the hyperbola. We want the
particle always to come in along the same direction, say along the negative x-axis.
For a given impact parameter b this is achieved by means of a rotation about the
focus on the positive x-axis, viz.

u=(x—c)cosgy+ ysingo ,
v=—(x —c)singy+ ycos¢p, (A.15)

where ¢ = /1 +4b2/A2/2 is the distance of the focus from the origin, and
y = £b/4x2 /22 — 1. For all b, the particle comes in from —oc along a direction
parallel to the u-axis, with respect to the coordinate system (u, v). Starting from
the pericenter (xo/A = —%, yo = 0), let y run upwards and downwards and use
(A.15) to calculate the corresponding values of x and y (see Fig. 1.32).

6. Temporal Evolution for Rutherford Scattering. For the example in Sect. 1.29
calculate and plot a few positions of the projectile and target as a function of time,
in the laboratory system.

Solution. In the laboratory system the orbits are given, as functions of ¢, by (1.90-
92). With o1 =71 — @, ¢p =21 — ¢

1 E; p 1 .
ri=rs+-r=,—1(1,0)+ = (=cosg, sing) ,
2 m 2 ecos(¢p —¢o) — 1

1 E; p 1 .
ro=rs——-r=,—t(1,0) — = (cosg, —sing) . (A.16)
2 m 2 gcos(p —¢p) — 1

The integral (1.95) that relates the variables ¢ and ¢ is calculated as in Example 2.
Noting that here ¢ > 1 and making use of the formulae

4 5
arctanx = —— In +1x’ U el /T

2 1—ix [ Vm

we find that

Er p 1 1+u & sin(gz) - <P0)
E..._»p | . (A7
Vo, 1@ 2(82_1n1_u+ /€2 — 1 ecos(p — o) — 1 (17

where u stands for the expression

le+1 @ —qo
u =, ——tan .
e—1 2

Furthermore, we have

1 ) g2 —1
cosgp=—, singy=-——,
P P

¥~ 90 sing —singy  esing —+e2 — 1
an = = .
2 COS ¢ + cos ¢o 1+ecose
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Equation (A.17) gives the relation between ¢ and ¢. Using dimensionless coor-
dinates (2x/p, 2y/p), one plots points for equidistant values of ¢ and notes the
corresponding value of the dimensionless time variable

P m

def 2 | E;
T = —

Figure 1.35 shows the example ¢ = 0.155, @9 = 30°. Alternatively, one may
choose a fixed time interval with respect to #(¢9) = O and calculate the corre-
sponding values of ¢ from (A.17).
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Canonical mechanics is a central part of general mechanics, where one goes be-
yond the somewhat narrow framework of Newtonian mechanics with position co-
ordinates in the three-dimensional space, towards a more general formulation of
mechanical systems belonging to a much larger class. This is the first step of ab-
straction, leaving behind ballistics, satellite orbits, inclined planes, and pendulum-
clocks; it leads to a new kind of description that turns out to be useful in areas
of physics far beyond mechanics. Through d’Alembert’s principle we discover the
concept of the Lagrangian function and the framework of Lagrangian mechanics
that is built onto it. Lagrangian functions are particularly useful for studying the
role symmetries and invariances of a given system play in its description. By means
of the Legendre transformation we are then led to the Hamiltonian function, which
is central to the formulation of canonical mechanics, as developed by Hamilton
and Jacobi.

Although these two frameworks of description at first seem artificial and un-
necessarily abstract, their use pays in very many respects: the formulation of me-
chanics over the phase space yields a much deeper insight into its dynamical and
geometrical structure. At the same time, this prepares the foundation and formal
framework for other physical theories, without which, for example, quantum me-
chanics cannot be understood and perhaps could not even be formulated.

2.1 Constraints and Generalized Coordinates

2.1.1 Definition of Constraints

Whenever the mass points of a mechanical system cannot move completely in-
dependently because they are subject to certain geometrical conditions, we talk
about constraints. These must be discussed independently because they reduce the
number of degrees of freedom and therefore change the equations of motion.

(i) The constraints are said to be holonomic (from the Greek: constraints are
given by an “entire law”) if they can be described by a set of independent equations
of the form

firi,ro, ..., rp,t)=0; A=1,2,...,A. 2.1
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1 i Fig. 2.1. A system of three mass points at constant distances
2 from one another has six degrees of freedom (instead of nine)

as
a;
2
Independent means that at any point (ry,...,r,) and for all ¢, the rank of the

matrix {df,/drr} is maximal, i.e. equals A. As an example take the three-body
system with the condition that all interparticle distances be constant (see Fig.2.1):

fi=lri—r2—a3=0,
Hh=lrn—r3l—a =0,
fi=slrs—ril—a=0.

Here A = 3. Without these constraints the number of degrees of freedom would
be f =3n =9. The constraints reduce it to f =3n — A = 6.
(i) The constraints are said to be nonholonomic if they take the form

n
Zw;;(rl,...,r,,)-drkzo, i=1,...,A (2.2)
k=1

but cannot be integrated to the form of (2.1). Note that (2.1), by differentiation,
gives a condition of type (2.2), viz.

n
D OVifalrts .. r) - dre=0.
k=1

This, however, is a complete differential. In contrast, a nonholonomic constraint
(2.2) is not integrable and cannot be made so by multiplication with a function, a
so-called integrating factor. This class of conditions is the subject of the analysis
of Pfaffian systems. As we study only holonomic constraints in this book, we do
not go into this any further and refer to the mathematics literature for the theory
of Pfaffian forms.

(iii) In either case one distinguishes constraints that are (a) dependent on time
— these are called rheonomic (“running law”) constraints; and (b) independent of
time — these are called scleronomic (“rigid law”) constraints.

(iv) There are other kinds of constraints, which are expressed in the form of
inequalities. Such constraints arise, for instance, when an n-particle system (a gas,
for example) is enclosed in a vessel: the particles move freely inside the vessel but
cannot penetrate its boundaries. We do not consider such constraints in this book.
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2.1.2 Generalized Coordinates

Any set of independent coordinates that take into account the constraints are called
generalized coordinates. For example, take a particle moving on the surface of a
sphere of radius R around the origin, as sketched in Fig.2.2. Here the constraint is
holonomic and reads x% 4 y? 4 z?> = R?, so that f =3n—1 =3 —1 = 2. Instead
of the dependent coordinates {x, y, z} one introduces the independent coordinates

q =0, q=¢.

3

Fig. 2.2. A particle whose motion is restricted to the surface of a sphere
has only two degrees of freedom

In general, the set of 3n space coordinates of the n-particle system will be
replaced by a set of (3n — A) generalized coordinates, viz.

{rl,r2’~~rn}_>{q11q27-~~1CIf}7 f=1721"'73n_A1 (2'3)
which, in fact, need not have the dimension of length. The aim is now twofold:

(i) determine the number of degrees of freedom f and find f generalized coor-
dinates that take account of the constraints automatically and that are adapted,
in an optimal way, to the system one is studying;

(i) develop simple principles from which the equations of motion are obtained
directly, in terms of the generalized coordinates.

We begin by formulating d’ Alembert’s principle, which is an important auxiliary
construction on the way to the goal formulated above.

2.2 D’Alembert’s Principle
Consider a system of n mass points with masses {m;} and coordinates {r;},
i=1,2,...,n, subject to the holonomic constraints

£t ) =0, A=1...,A. 2.4)

2.2.1 Definition of Virtual Displacements

A virtual displacement {§r;} of the system is an arbitrary, infinitesimal change
of the coordinates that is compatible with the constraints and the applied forces!.

! Here we make use of this somewhat archaic but very intuitive notion. Geometrically speaking,
virtual displacements are described by tangent vectors of the smooth hypersurface in R3" that is
defined by (2.4). D’ Alembert’s principle can and should be formulated in the geometric framework
of Chap.5.
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It is performed at a fixed time and therefore has nothing to do with the actual,
infinitesimal motion {dr;} of the system during the time change dt (i.e. the real
displacement).

Loosely speaking, one may visualize the mechanical system as a half-timbered
building that must fit in between the neighboring houses, on a given piece of land
(these are the constraints), and that should be stable. In order to test its stability,
one shakes the construction a little, without violating the constraints. One imagines
the elements of the building to be shifted infinitesimally in all possible, allowed
directions, and one observes how the construction responds as a whole.

2.2.2 The Static Case

To begin with, let us assume that the system is in equilibrium, i.e. F; = 0,
i =1,...,n, where F; is the total force applied to particle i. Imagine that the
constraint is taken care of by applying an additional force Z; to every particle i
(such forces are called forces of constraint). Then

F,=K,+Z;, 2.5)
where Z; is the force of constraint and K; the real, dynamic force. Clearly, because

all the F; vanish, the total virtual work vanishes:

n

n
ZFZ» Sri=0= Z[Ki +Z;]-6r; . (2.6)
i=1

i=1

However, since the virtual displacements must be compatible with the constraints,
the total work of the forces of constraint alone vanishes, too: Z’f Z;-é6r; = 0.
Then, from (2.6) we obtain

n
ZKi or;=0. (2.7)
i=1

In contrast to (2.6), this equation does not imply, in general, that the individual
terms vanish. This is because the §r; are generally not independent.

2.2.3 The Dynamical Case

If the system is moving, then we have F; — p; = 0 and of course also Z?:l (F; —
p;) - d6r; = 0. As the total work of the forces of constraint vanishes, Z?:l(zi .
ér;) = 0, we obtain the basic equation expressing d’Alembert’s principle of virtual
displacements:

> (Ki—p;)-ori=0, (2.8)
i=1
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from which all constraints have disappeared. As in the case of (2.7), the individual
terms, in general, do not vanish, because the §r; depend on each other.
Equation (2.8) is the starting point for obtaining the equations of motion for
the generalized coordinates. We proceed as follows.
As the conditions (2.4) are independent they can be solved locally for the co-
ordinates r;, i.e.

r,-=r,~(q1,...,qf-,t), i=1,....n, f=3n—A.

From these we can deduce the auxiliary formulae

. or; . or;

L= — _t , 2.9
V; ri Z 36] qk + — 91 ( )
ov; ar;
gvi _ o (2.10)
g Oqi

f
or;
Sr: = — 8qx . (2.11)
i 1; 70, 2

Note that there is no time derivative in (2.11), because the §r; are virtual displace-
ments, i.e. are made at a fixed time. The first term on the left-hand side of (2.8)
can be written as

n f
* 3
S Ki-ori=Y Odqr with 0% Z K; 8" 2.12)
: ak
k=1

The quantities Qy are called generalized forces (again, they need not have the di-
mension of force). The second term also takes the form Z ke1t---10qy, as follows:

or;

n n
D bi-dri=) miF-ori = thzrl —561k
i=1 i=1 i=1

The scalar products (¥; - dr;/dqx) can be written as

.. 81‘, d /. O0r; A d 3rl
r;- = —\ri-— ) —Fr;- .
aClk S dr g dr 8qk
Note further that
d Br, d . ov;

= Fi=—
dr dgr gk dqk

and, on taking the partial derivative of (2.9) with respect to ¢, that dr;/dqr =
9v; /0.
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From these relations one obtains

ov; av;
S s 3 e (o 20) gy 2]
P 3 qk 0 dt aqk aqk

The two terms in the expression in curly brackets contain the form v - dv/dx =
(0v%/dx)/2, with x = gx or ¢, so that we finally obtain

o (shm o) L (o
Fin- L[ (5] 2 (52
(2.13)

Inserting the results (2.12) and (2.13) into (2.8) yields an equation that contains
only the quantities §gx, but not ér;. The displacements 8q; are independent (in
contrast to the §r;, which are not). Therefore, in the equation that we obtain from
(2.8) by replacing all ér; by the dqgi, as described above, every term must vanish
individually. Thus we obtain the set of equations

LN o k=1 ¢ 2.14)
At \age)  og 0 T e '

where T =)/, miv? /2 is the kinetic energy. Of course, very much like Q, T
must be expressed in terms of the variables ¢; and ¢; so that (2.14) really does
become a system of differential equations for the g (z).

2.3 Lagrange’s Equations

Suppose that, in addition, the real forces K; are potential forces, i.e.
K, =-V,U. (2.15)

In this situation the generalized forces Qy are potential forces, also. Indeed, from
(2.12)

. ar; d
=Y ViU, ) = —— U1, . 45 1) (2.16)
, 9qk dqi

under the assumption that U is transformed to the variables gx. As U does not
depend on the ¢, T and U can be combined to

L(qk, gk, t) = T(qr, gx) — U(qk, 1) (2.17)

so that (2.14) takes the simple form

d /0L oL
d oLy oL, (2.18)
dr \ 9gx gk
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The function L(qk, gk, t) is called the Lagrangian function. Equations (2.18) are
called Lagrange’s equations. They contain the function L (2.17) with

U(‘le-w‘Zf’t):U("l(‘]l,---,Qf,t)»~~-rn(‘117~-~a‘Zf,t)),
2
f
1 & or; ar;
T(qk, qr) = = ; — g — 2.19
Gk qK) 22 m; E 8quk+at (2.19)

i=1 k=1

f 5o r
=a+ Zbkék + Z Z%lékéz ;
k=1

k=1 I1=1

where
1 <& ari \
a=32m () -
n
or; 0r;
by = — o — 2.20
¢ ;m’aqk o1 (220)
1 0r; or;
c;d:—Zmii-i.
2= gk q

The special form L = T — U of the Lagrangian function is called its natural
form. (For the reasons explained in Sect.2.11 below, L is not unique.) For scle-
ronomic constraints both a and all by vanish. In this case T is a homogeneous
function of degree 2 in the variables gy.

We note that d’Alembert’s equations (2.14) are somewhat more general than
Lagrange’s equations (2.18): the latter follow only if the forces are potential forces.
In contrast, the former also hold if the constraints are formulated in a differential
form (2.11) that cannot be integrated to holonomic equations.

2.4 Examples of the Use of Lagrange’s Equations
We study three elementary examples.

Example (i) A particle of mass m moves on a segment of a sphere in the earth’s
gravitational field. The dynamical force is K = (0, 0, —mg), the constraint is |r| =
R, and the generalized coordinates may be chosen to be g1 = 0 and g» = ¢, as
shown in Fig.2.3. The generalized forces are

9
0 :K-a—rz—RKZsineszg sing
q1

0>=0.
These are potential forces, Q1 = —dU/dqy, Q2 = —aU/dq2, with U(q1, q2) =
mgR[1 + cos g1]. Furthermore, T = mRz[cjl2 + q; sin? ¢11/2, and therefore

L = 3mR*[4] + 43 sin® 1] — mg R[1 + cosq] .
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r4

1-x

Fig. 2.3. A small ball on a segment of a sphere Fig. 2.4. Two pointlike weights m| and my are
in the earth’s gravitational field. The force of connected by a massless thread, which rests on
constraint Z is such that it keeps the particle a wheel. The motion is assumed to be friction-
on the given surface. As such it is equivalent less

to the constraint

We now calculate the derivatives dL/dq; and d(dL/d¢;)/dt:
oL 2.9 . ) oL
— =mR"gysingicosqy +mgRsing;, — =0,
9q1 9q2

2. oL 2. 2
— =mR°q1, —— =mR"gysin”q
aq1 g2

to obtain the equations of motion
.o .2 § . _ zi .2 .
q1 qzcosql—f—R singi =0, mR dt(qzsm q1) =0.

Example (ii) Atwood’s machine is sketched in Fig. 2.4. The wheel and the thread
are assumed to be massless; the wheel rotates without friction. We then have

T = $(my +my)i*

U=-mgx—mgl—x),

L=T-U.
The derivatives of L are dL/dx = (m|; — my)g, dL/dx = (m| + my)x, so that
the equation of motion d(dL/dx)/dt = dL/dx becomes

. mp—my

a mi + my

It can be integrated at once. If the mass of the wheel cannot be neglected, its

rotation will contribute to the kinetic energy 7 by the amount T = I(d6/dr)?/2,
where I is the relevant moment of inertia and d6/dr its angular velocity. Let R be
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the radius of the wheel. The angular velocity is proportional to x, viz. R(d6/dt) =
x. Therefore, the kinetic energy is changed to 7' = (m| + mj + I/RZ)J'CZ/Z. (The
rotary motion of a rigid body such as this wheel is dealt with in Chap. 3.)

Example (iii) Consider a particle of mass m held by a massless thread and rotating
about the point S, as shown in Fig.2.5. The thread is shortened at a constant rate
¢ per unit time. Let x and y be Cartesian coordinates in the plane of the circle,
¢ the polar angle in that plane. The generalized coordinate is ¢ = ¢, and we
have x = (Ry — ct)cosq, y = (Ro — ct)sing; thus T = m(x% + y2)/2 =
m[c}z(R() —ct)? + 2] /2. In this example T is not a homogeneous function of
degree 2 in ¢ (the constraint is rheonomic!). The equation of motion now reads
mq(Ry — ct)*> = const.

Fig. 2.5. The mass point m rotates about the point S. At the
same time, the thread holding the mass point is shortened con-
tinuously

2.5 A Digression on Variational Principles

Both conditions (2.7) and (2.8) of d’Alembert’s principle, for the static case and
dynamic case respectively, are expressions for an equilibrium: if one “shakes” the
mechanical system one is considering, in a way that is compatible with the con-
straints, the total (virtual) work is equal to zero. In this sense the state of the system
is an extremum; the physical state, i.e. the one that is actually realized, has the
distinct property, in comparison with all other possible states one might imagine,
that it is stable against small changes of the position (in the static case) or against
small changes of the orbits (in the dynamic case). Such an observation is familiar
from geometric optics. Indeed, Fermat’s principle states that in an arbitrary system
of mirrors and refracting glasses a light ray always chooses a path that assumes
an extreme value. The light’s path is either the shortest or the longest between its
source and the point where it is detected.

D’Alembert’s principle and the experience with Fermat’s principle in optics
raise the question whether it is possible to define a functional, for a given me-
chanical system, that bears some analogy to the length of path of a light ray. The
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actual physical orbit that the system chooses (for given initial condition) would
make this function an extremum. Physical orbits would be some kind of geodesic
on a manifold determined by the forces; that is, they would usually be the shortest
(or the longest) curves connecting initial and final configurations.

There is indeed such a functional for a large class of mechanical systems: the
time integral over a Lagrangian function such as (2.17). This is what we wish to
develop, step by step, in the following sections.

In fact, in doing so one discovers a gold mine: this extremum, or variational,
principle can be generalized to field theories, i.e. systems with an infinite number
of degrees of freedom, as well as to quantized and relativistic systems. Today it
looks as though any theory of fundamental interactions can be derived from a vari-
ational principle. Consequently it is rewarding to study this new, initially somewhat
abstract, principle and to develop some feeling for its use. This effort pays in that
it allows for a deeper understanding of the rich structure of classical mechanics,
which in turn serves as a model for many theoretical developments.

One should keep in mind that philosophical and cosmological ideas and con-
cepts were essential to the development of mechanics during the seventeenth and
eighteenth centuries. It is not surprising, therefore, that the extremum principles
reflect philosophical ideas in a way that can still be felt in their modern, somewhat
axiomatic, formulation.

The mathematical basis for the discussion of extremum principles is provided
by variational calculus. In order to prepare the ground for the following sections,
but without going into too much detail, we discuss here a typical, fundamental
problem of variational calculus. It consists in finding a real function y(x) of a real
variable x such that a given function /[y] of this function assumes an extreme
value. Let

c 2 / / d
I[y]d=ff dx f(E)L Y (0.0 Y0 = T y) 2.21)

1

be a functional of y, with f a given function of y, y’ (the derivative of y with
respect to x), and the variable x. x| and x, are arbitrary, but fixed, endpoints. The
problem is to determine those functions y(x) which take given values y; = y(x1)
and y, = y(x3) at the endpoints and which make the functional I[y] an extremum.
In other words, one supposes that all possible functions y(x) that assume the given
boundary values are inserted into the integral (2.21) and that its numerical value
is calculated. What we are looking for are those functions for which this value
assumes an extremal value, i.e. iS a maximum or a minimum, or, possibly, a saddle
point.
As a first step we investigate the quantity

def

x2
I(@) = / FOG, ),y (x, a),x)dx , (2.22)
x1

where y(x, @) = y(x)4+an(x) with n(x1) = 0 = n(x2). This means that we embed
y(x) in a set of comparative curves that fulfill the same boundary conditions as
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y Fig. 2.6. The curve y(x) that makes the func-
tional /[y] an extremum is embedded in a
set of comparative curves assuming the same

Yzl mommem e boundary values as y(x)

e

Xy X_?

y(x). Figure2.6 shows an example. The next step is to calculate the so-called
variation of [, that is, the quantity

dI *2 af d af dy’
51d=ef—da=/ dx{—f—y+—f—y}da
da X1 oy dae 9y’ do

Clearly, dy’/da = (d/dx)(dy/da). If the second term is integrated by parts,

© o af d [dy © dy d [of af dy
dxa—y/a a = — dJCaa a—y/ +8_y/£
X X

1 1

X2

)
X1

the boundary terms do not contribute, because dy/da = n(x) vanishes at x; and
at xp. Thus

w (e d af)d
51:/ dx{—f———f}—yda. (2.23)
X1 dy dx 9y} do

The expression

oA -
dy dx 9y’ 8y '

is called the variational derivative of f by y. It is useful to introduce the notation

(dy/do)da s y and to interpret 8y as an infinitesimal variation of the curve y(x).
I (o) assumes an extreme value, i.e. 81/ = 0. As this must hold true for arbitrary
variations 8y, the integrand in (2.23) must vanish:

or 4 (ﬁ> 0. (225)
ay dx \ 9y’

This is Euler’s differential equation of variational calculus. With a substitution
of L(g,q,t) for f(y,y’,x), a comparison with (2.18) shows that it is identical
with Lagrange’s equation d(dL/dq)/dt — dL/dq = O (here in one dimension).
This surprising result is the starting point for the variational principle proposed by
Hamilton.
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2.6 Hamilton’s Variational Principle (1834)

Postulate. To a mechanical system with f degrees of freedom ¢ =
{91, q2, ..., qr} we associate a C? function of the variables q and g and
of the time ¢,

L(g.q,1), (2.26)

called the Lagrangian function. Let

(1) = (p1(1), ... 05 (1)

in the interval #; <t < t, be a physical orbit (i.e. a solution of the equations
of motion) that assumes the boundary values ¢(¢;) = a and ¢(r2) = b. This
orbit is such that the action integral

def n2
Ig) & / dt L(g (D). 4(1). 1) 227

n

assumes an extreme Valuez.

The physical orbit, i.e. the solution of the equations of motion for the specified
boundary conditions, is singled out from all other possible orbits that the system
might choose and that have the same boundary values by the requirement that the
action integral be an extremum. For suitable choices of the boundary values (¢, a)
and (t2, p) this will be a minimum. However, the example worked out in Exercise
2.18 shows that it can also be a maximum. Saddle point values are possible, too.
We return to this question in Sect.2.36 (ii) below.

2.7 The Euler-Lagrange Equations

A necessary condition for the action integral /[g] to assume an extreme value, for
g = ¢(1), is that ¢(z) be the integral curve of the Euler-Lagrange equations

SL oL d /0L
== (=)=0, k=1,...,f. (2.28)
Sqr  Oqr  dr \ 9qx

The proof of this statement proceeds in analogy to that in Sect.2.5. Indeed, set
g(t,oz) =¢@)+ay@) with =1 <a < +1 and (1) =0 = Y(p). If I is an
extremum for g = ¢(z), then

d . det [ .
— I () =0 with I(x) = / dr L(q(t, @), q(t, @), 1)
n

do

a=0

2 The name action arises because L has the dimension of energy: the product (energy x time) is
called action, and this is indeed the dimension of the action integral.
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and with
d " I (oL dgi | L dii
ol = Z .
o t| - aqk da 8qk da
With regard to the second term of this expression we verify that the function

= Z — —qk< @),

vanishes at the end points, K (1, «) = 0 = K (f2, «). Integrating by parts we obtain
2 9L d 2 d d
[ottee [us(®)s
n ogx do f dr \9qr ) da
and therefore

a_Z/ ds 2[3_%_5<8L>:|1/fk(f)_0

The functions Y (¢) are arbitrary and independent. Therefore, the integrand must
vanish termwise. Thus, (2.28) is proved. O

dl («)
do

Lagrange’s equations follow from the variational principle of Hamilton. They
are the same as the equations we obtained from d’Alembert’s principle in the case
where the forces were potential forces. As a result, we obtain f ordinary differen-
tial equations of second order in the time variable, f being the number of degrees
of freedom of the system under consideration.

2.8 Further Examples of the Use of Lagrange’s Equations

The equations of motion (2.28) generalize Newton’s second law. We confirm this
statement, in a first step, by verifying that in the case of the n-particle system with-
out any constraints these equations take the Newtonian form. The second example
goes beyond the framework of “natural” Lagrangian functions and, in fact, puts
us on a new and interesting track that we follow up in the subsequent sections.

Example (i) An n-particle system with potential forces. As there are no forces of

constraint we take as coordinates the position vectors of the particles. For L we
choose the natural form

I .
L:T—U:E;mir%—U(rl,...,rn,t),
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g={q,....qr=3n} ={r1,....,ra},
o U d L

dqc  oqr droage W

The notation m; ) is meant to indicate that in counting the g; one must insert
the correct mass of the corresponding particle, i.e. m for q1, q2, g3, then my for
q4, qs, g6, and so on. Written differently, we obtain m;7#; = —V;U. Thus, in this
case the Euler-Lagrange equations are nothing but the well-known equations of
Newton. Therefore, the mechanics that we studied in Chap. 1 can be derived as a

special case from the variational principle of Hamilton.

Example (ii) A charged particle in electric and magnetic fields. Here we set ¢ =
q =1{q1, 92,93} = {x, y, z}. The motion of a charged, pointlike particle under the
action of time- and space-dependent electric and magnetic fields is described by
the equation

mg =eE(q,t) + Sé(t) x B(q,t), (2.29)

where e is its charge. The expression on the right-hand side is the Lorentz force.
The electric and magnetic fields may be expressed in terms of scalar and vector
potentials as follows:

19
E(q,t) =—-V,P(q,1) — - 5A(q, 1)
B(q.1) =V, x A(q,1), (2.30)

where @ denotes the scalar potential and A denotes the vector potential. The equa-
tion of motion (2.29) is obtained, for example, from the following Lagrangian
function (whose form we postulate at this point):

. | e.
L(g.q.1) = zqu—ed)(q,t)—i-zq-A(q,t). (2.31)

Indeed, using the chain rule, one verifies that

3

oL 9P e q-k%,
9qi dqi  ci— " g
d aL L e dA; LS aar aa;
58_41-:mqi—kZF:mqri—;L_lqk@—i_W}’

so that from (2.28) there follows the correct equation of motion,
3
. 00 1 0A; e . [0A 0A;
mi =e|——— - — +—ZCI/< ok
dgi ¢ ot ¢ aqi gk

e .
ZEE:'+E(¢I><B):'-
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Note that with respect to rotations of the frame of reference the Lagrangian
function (2.31) stays invariant, hence is a scalar while the equation of motion
(2.29) is a vectorial equation. Both sides transform like vector fields under rota-
tions. Obviously, scalar, invariant quantities are simpler than quantities that have a
specific, but nontrivial transformation behaviour. We will come back to this remark
repeatedly in subsequent sections.

2.9 A Remark About Nonuniqueness
of the Lagrangian Function

In Example (ii) of Sect. 2.8 the potentials can be chosen differently without chang-
ing the observable field strengths (2.30) nor the equations of motion (2.29). Let x
be a scalar, differentiable function of position and time. Replace then the potentials
as follows:

A(g,1) — Al(q.1) = Ag,1) +Vx(g,1),
10
The effect of this transformation on the Lagrangian function is the following:

def

. . e,
L'(g,q,1) = quz—ed)/+zq-A/

c| ot

We see that L is modified by the total time derivative of a function of ¢ and ¢.
The potentials are not observable and are therefore not unique. What the example
tells us is that the Lagrangian function is not unique either and therefore that it
certainly cannot be an observable. L’ leads to the same equations of motion as L.
The two differ by the total time derivative of a function M (g, 1),

. eldx ) d /e
= L(g.q.t)+ - +4q-Vx =L(q,q,t)+—d (—x(q,t))-
t\c

. _ d
L'(q.¢:0) =L(g. ¢ )+ 7-M(g. D) (2.33)

(here with M = ey /c). The statement that L’ describes the same physics as L is
quite general. As the transformation from L to L’ is induced by the gauge trans-
formation (2.32) of the potentials, we shall call transformations of the kind (2.33)
gauge transformations of the Lagrangian function. The general case is the subject
of the next section.
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2.10 Gauge Transformations of the Lagrangian Function

Proposition. Let M(g, ) be a C?3 function and let

Then g(t) is the integral curve of §L'/8qr =0, k=1,..., f, if and only
if it is solution of §L/8qx =0,k =1,..., f.

Proof. For k =1, ..., f calculate
SL’ SL |: 0 d o :| dm
gk

Sax  dqx dr 9ge | dr
sL d |om o (I om .  om SL
=— Y g+ | =
Sqr  dt | 0gr  Oqgx ag; ot dqx

i=1
The additional terms that depend on M(q, r) cancel. So, if L/égr = O, then
8L'/8qr = 0, and vice versa. O

Note that M should not depend on the g;. The reason for this becomes clear
from the following observation. We could have proved the proposition by means
of Hamilton’s principle. If we add the term dM (g, t)/d¢ to the integrand of (2.27),
we obtain simply the difference M (g2, 1) — M(q1, 11). As the variation leaves the
end points and the initial and final times fixed, this difference gives no contribution
to the equations of motion. These equations are therefore the same for L and for
L'. Tt is then clear why M should not depend on g: if one fixes #1, , as well as
41, q2, one cannot require the derivatives ¢ to be fixed at the end points as well.
This may also be read off Fig.2.6. .

The harmonic oscillator of Sect. 1.17.1 may serve as an example. The natural
form of the Lagrangianis L =T — U, i.e.

1 dZ] 2 2
L‘E[(E) —A

and leads to the correct equations of motion (1.39). The function

1 le 2 2 le
L= () - bl
2|:<dt> altag

leads to the same equations because we have added M = (dz% /dr)/2.

Lagrange’s equations are even invariant under arbitrary, one-to-one, differen-
tiable transformations of the generalized coordinates. Such transformations are
called diffeomorphisms: they are defined to be one-to-one maps f: U — V for
which both f and its inverse f~! are differentiable. The following proposition
deals with transformations of this class.
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2.11 Admissible Transformations
of the Generalized Coordinates

Proposition. Let G : g — Q be a diffeomorphism (which should be at
least C?), g = G its inverse,

Qi =Gi(g.1) or qx=q(Q.1), i,k=1,....f and g=G'.
In particular, one then knows that

det(dg;/00k) #0. (2.34)

Then the equations §L/8qx = O are equivalent to 8L/8Q; = 0, k =
L,..., f;ie. Q) is a solution of the Lagrange equations of the trans-

formed Lagrangian function

f
3 0g1 -
L=Log=L gl(Q,t),...,gf(Q,z),E aﬂQk
= 90k

f
9g1 gy 3gf
= E 235
+ T aQ Lo+ =L (2.35)

if and only if ¢ (7) is a solution of the Lagrange equations for L(q, ¢, 1).

Proof. Take the variational derivatives of L by the O, SL /8 Qk, i.e. calculate
= f f
d (8L> Z <3L 8q1> Z <8L 3(]1)
dr \ 90k dr \ 3¢, 90y dr \ 8g; 90x

oL 36]] 36]1 d oL
= Z — 1. (2.36)
a1 90k 3Qk dr g

In the second step we have made use of ¢; = Zk(agl/an)Qk + 0g;/0t, from
which follows 9¢;/0Q = 9g;/9 Ok.
Calculating

_ f .
aL oL 9o aL d
AL _ Z[ Oq oL i}
00k =/ L0q 9Qk  9q1 90k

and subtracting (2.36) yields

L Z dg1 SL (2.37)
5Qk 00k dqu
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By assumption the transformation matrix {dg;/dQ} is not singular; cf. (2.34).
This proves the proposition. |

Another way of stating this result is this: the variational derivatives 6 L /3¢y are
covariant under diffeomorphic transformations of the generalized coordinates.

It is not correct, therefore, to state that the Lagrangian function is “7 — U”.
Although this is a natural form, in those cases where kinetic and potential energies
are defined it is certainly not the only one that describes a given problem. In gen-
eral, L is a function of ¢ and ¢, as well as of time ¢, and no more. How to construct
a Lagrangian function is more a question of the symmetries and invariances of the
physical system one wishes to describe. There may well be cases where there is no
kinetic energy or no potential energy, in the usual sense, but where a Lagrangian
can be found, up to gauge transformations (2.33), which gives the correct equa-
tions of motion. This is true, in particular, in applying the variational principle of
Hamilton to theories in which fields take over the role of dynamical variables. For
such theories, the notion of kinetic and potential parts in the Lagrangian must be
generalized anyway, if they are defined at all.

The proposition proved above tells us that with any set of generalized coordi-
nates there is an infinity of other, equivalent sets of variables. Which set is chosen
in practice depends on the peculiarities of the system under consideration. For ex-
ample, a clever choice will be one where as many integrals of the motion as possi-
ble will be manifest. We shall say more about this as well as about the geometric
meaning of this multiplicity later. For the moment we note that the transforma-
tions must be diffeomorphisms. In transforming to new coordinates we wish to
conserve the number of degrees of freedom as well as the differential structure
of the system. Only then can the physics be independent of the special choice of
variables.

2.12 The Hamiltonian Function and Its Relation
to the Lagrangian Function L

It is easy to convince oneself of the following fact. If the Lagrangian function L
has no explicit time dependence then the function

Aq.9< Z k—_L(q q) (2.38)

is a constant of the motion. Indeed, differentiating with respect to time and making
use of the equations §L/3q; = 0, one has

_'Z JL _'d 3L_8L,__8L,,_ _0
R T v A Pl I

Take as an example L = mr2/2 U(r) =T —U. Equation (2.38) gives H(r, i) =
2T —(T-U)=T+U = (mr2/2) 4+ U(r). If we set mir = p, H goes over into
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H(r, p) = p*/2m + U(r). In doing so, we note that the momentum p is given
by the partial derivative of L by x, p = (dL/dx,9L /0y, dL/dz). This leads us
to the definition in the general case’

difaL

er OL (2.39)
¢ Gk

where py is called the momentum canonically conjugate to the coordinate qi. One
reason for this name is that, for the simple example above, the definition (2.39)
leads to the ordinary momentum. Furthermore, the Euler-Lagrange equation

SL  9dL d <8L> —0
Sqi  dqr  dr \9qk

tells us that this momentum is an integral of the motion whenever dL/dg; = O.

In other words, if L does not depend explicitly on one (or several) of the g,

L:L(ql?""qk_17qk+17"'qf?q‘l?"'?q‘k?"‘q’f’t) 9

then the corresponding, conjugate momentum (momenta) is an (are) integral(s) of
the motion, py = const. If this is the case, such generalized coordinates g are
said to be cyclic coordinates.

The question arises under which conditions (2.38) can be transformed to the
form H(q, p,t). The answer is provided by what is called Legendre transforma-
tion, to whose analysis we now turn.

2.13 The Legendre Transformation for the Case
of One Variable

Let f(x) be a real, differentiable function (at least C?). Let y def fx),z def df/dx
and assume that d2 f/dx? # 0. Then, by the implicit function theorem, x = g(z),
the inverse function of z = df(x)/dx, exists. The theorem also guarantees the
existence of the Legendre transform of f, which is defined as follows:

(& d (&
(LfHx) L x£ —f) =g@z— f)E Lf). (2.40)

Thus, as long as d? f/dx? # 0, £ f(z) is well defined. It is then possible to con-
struct also LL f(z), i.e. to apply the Legendre transformation twice. One obtains

dg df dx dg dg
T o =Xt =X

d
—L — —
GO =s@r = Az ‘4z

3 There are cases where one must take care with the position of indices: g/ (superscript), but
pj = dL/dG’ (subscript). Here we do not have to distinguish between the two positions yet.
This will be important, though, in Chaps.4 and 5.
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Its second derivative does not vanish, because

d2

dx 1

=— #£0.
. T a2’
Therefore, if we set Lf(z) = ®(z) = xz — f,

Eﬁ.f(z)zﬁq)zzilij—<D(z)=zx—xz+f=f-

This means that the transformation

f—=Lf

is one-to-one whenever d? f/dx? # 0.
For the sake of illustration we consider two examples.

Example (i) Let f(x) = mx?/2. Then z = df/dx = mx and d? f/dx* = m # 0.
Thus x = g(z) = z/m and L f(z) = (z/m)z — m(z/m)?/2 = z2/2m.

Example (i) Let f(x) = x%/a. Then z = x*~ 1, d2 f/dx?* = (« — 1)x*"2 £ 0,
provided o # 1, and, if « # 2, provided also x # 0. The inverse is

x=g(z) ="/

and therefore

Lf(z) =7z lz“/(o‘_l) = O[—_11‘3‘/("‘_1) = lzﬁ with g = .
o o B oa—1

We note the relation 1/ 4+ 1/8 = 1. As a result we have
1

(0) = x" o LF@) = = with — 4+ =1
fx—ax?fz_ﬁz wi a—}—’B_.

If a Lagrangian function is given (here for a system with f = 1), the Legendre
transform is nothing but the passage to the Hamiltonian function that we sketched
in Sect.2.12. Indeed, if x is taken to be the variable ¢ and f(x) the function
L(q,q,t) of ¢, then according to (2.40)

£L(Q1qst) :q(qs p»t) p_L(qu(% pst)vt) = H(qs pvt) )
where ¢(q, p, t) is the inverse function of
aL )
p=--4q10.
q

The inverse exists if 9>L/dg> is nonzero. If this condition is fulfilled, ¢ can be
eliminated and is expressed by ¢, p, and 7. In the case studied here, the initial func-
tion also depends on other variables such as g and ¢. Clearly their presence does
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not affect the Legendre transformation, which concerns the variable g. (However,
in the general case, it will be important to state with respect to which variable the
transform is taken.)

With the same condition as above one can apply the Legendre transformation to
the Hamiltonian function, replacing p by p(q, g, t) and obtaining the Lagrangian
function again.

The generalization to more than one degree of freedom is easy but requires a
little more writing.

2.14 The Legendre Transformation
for the Case of Several Variables

Let the function F(x1, ..., Xm; U1, ..., u,) be C2 in all x; and assume that

3°F
det #0. (2.41)
0X0x;

The equations

oF
Vi =—X1, .. X UL, .. Up), k=1,2,....m (2.42)
0Xp

can then be solved locally in terms of the x;, i.e.
Xi =@Qi(V1yeees YmsUl, .. Uy), i=12,...,m. (2.42)

The Legendre transform of F is defined as follows:
m
G(yl,...,ym;ul,...u,,)EﬁF:Zykgak—F. (2.43)
k=1

We then have

G G oF 392G 92F
— =¢r; — =—— and det|{——)det =1.
Vi ou; ou; Y0y 0x;0x;

As in the one-dimensional case this transformation is then one-to-one. This result
can be applied directly to the Lagrangian function if we identify the variables
(x1...%p) with (g1...4r) and (uy...u,) with (g1 ...qr,t). We start from the
function L(g, cj, t) and define the generalized momenta as in (2.39):

def 0 .
pe= —Lg, 4.1
g ”
These equations can be solved locally and uniquely in terms of the g precisely
if the condition
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9’L
det{ ——— | #0 (2.44)
99k 9q;
is fulfilled®. In this case gx =g (g, p, 1) and the Hamiltonian function is given by
f
H(g,p.t) = LL(q, p.t) = Y _ prdi(q. p.1) — L(g. 4(g. p. ). 1) .
k=1

With the same condition (2.44), a two-fold application of the Legendre transfor-
mation leads back to the original Lagrangian function.

Is it possible to formulate the equations of motion by means of the Hamiltonian
instead of the Lagrangian function? The answer follows directly from our equations
above, viz.

. oH 2H

gr = — , det #0, and
Opik dp;jopi

oH oL .

— = —— = —Dk .

gk aqr P

We obtain the following system of equations of motion:

oH oH
s opk=—— k=1,....f. (2.45)

q‘k =T > Pk
apk gk

These equations are called the canonical equations. They contain only the Hamil-
tonian function H (g, p, t) and the variables ¢, p, t. We note that (2.45) is a system
of 2 f ordinary differential equations of first order. They replace the f differential
equations of second order that we obtained in the Lagrangian formalism. They are
completely equivalent to the Euler-Lagrange equations, provided (2.44) holds.

2.15 Canonical Systems

Definition. A mechanical system is said to be canonical if it admits a Hamiltonian
function such that its equations of motion take the form (2.45).

Proposition. Every Lagrangian system that fulfills the condition (2.44) is
canonical. The converse holds also: if det(d2H /oprdpi) # 0, then every
canonical system with f degrees of freedom obeys the Euler—Lagrange
equations with L(q, ¢, t) given by

f
L({]’{}J)ZﬁH({L{}J):ZC}kPk({I» qg.1)—H(g, p(g,q,1),1). (2.46)
k=1

4 In mechanics the kinetic energy and, hence, the Lagrangian are positive-definite (but not neces-
sarily homogeneous) quadratic functions of the variables ¢ In this situation, solving the defining
equations for py in terms of the g; yields a unique solution also globally.
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Remarks: One might wonder about the specific form (2.40) or (2.43) of the Leg-
endre transformation which when supplemented by the condition (2.44) on the
second derivatives, guarantees its bijective, in fact diffeomorphic nature. The fol-
lowing two remarks may be helpful in clarifying matters further.

1. For simplicity, let us write the equations for the case of one degree of free-
dom, f = 1, the generalization to more than one degree of freedom having been
clarified in Sect. 2.14. Depending on whether the Lagrangian function or the Hamil-
tonian function is given, one constructs the hybrid

L(q,q)

H(q, q)—qT L(g,q), or
OH
L(g,p) = % —H(q, p),

i.e. auxiliary quantities that still depend on the “wrong” variables. If the first or
the second of the conditions

3’L(q,q) 40 3*H(q, p) 40
9g9q ' dpdp

is fulfilled then the equations

oL . O0H

p= g q= p
can be solved for ¢ as a function of ¢ and p in the first case, for p as a function
of ¢ and ¢ in the second, so that the transition from L(q, g) to H(q, p), or the
inverse, from H (g, p) to L(q, q) becomes possible. An important aspect of Leg-
endre transformation is the obvious symmetry between L and H. The condition
on the second derivatives guarantee its uniqueness.

2. The condition on the second derivative tells us that the function to be trans-
formed is either convex or concave. In this connection it might be useful to consult
exercise 2.14 and its solution. In fact, for the Legendre transformation to exist,
the weaker condition of convexity of the function (or its negative) is the essen-
tial requirement, not its differentiability. This weaker form is important for other
branches of physics, such as thermodynamics of equilibrium states, or quantum
field theory.

2.16 Examples of Canonical Systems
We illustrate the results of the previous sections by two instructive examples.

Example (i) Motion of a particle in a central field. As the angular momentum
is conserved the motion takes place in a plane perpendicular to I. We introduce
polar coordinates in that plane and write the Lagrangian function in its natural
form. With x| = r cos ¢, xo = r sin ¢, one finds v =72+4r <p and thus
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_ L2 2.2
L=T-U(r)=7m@"+r79)=U(r). 2.47)

Here g1 =r, qo = ¢, and p| = p, =mi, pp = py = mr?¢. The determinant of
the matrix of second derivatives of L by the g; is

32L
det( : ,>=det<m 02>=m2r2750 for r#0.
999 0 mr

The Hamiltonian function can be constructed uniquely and is given by

2

P2,
on =5

+U) . (2.48)

The canonical equations (2.45) read as follows:

_ 0H 1 . 9H 1 p,
r:a = —Dr, ¢ = ___27
pr m

3H  p; AU
ar  mrd  or
Comparison with Example 1.24 shows that p, =/ is the modulus of angular
momentum and is conserved. Indeed, from the expression (2.47) for L, we note
that ¢ is a cyclic coordinate. The first equation (2.49b), when multiplied by p;
and then integrated once, gives (1.62) of Example 1.24. This shows that H(q, p)
is conserved when taken along a solution curve of (2.45). S

e (2.49a)
op, mr

pr = . Pe=0. (2.49b)

Example (ii) A charged particle in electromagnetic fields. Following the method
of Example (ii) of Sect.2.8 we have

1 e
L= qu'2 —ed(q, 1)+ Eq -A(gq,1) . (2.50)

The canonically conjugate momenta are given by

oL . e
pi = —— =mq; + -Ai(q,1) .
aqi c

These equations can be solved for ¢;,

. 1 e
gi = —pi — —Ai,
m cm

so that one obtains
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or
1 e 2
Hg.p.n=5-(p—2A@.0) +e(q.1). @.51)
m c
Note the following difference:
mig=p-=<a
c

is the kinematic momentum,

. oL
pi with p; = —
94gi

is the (generalized) momentum canonically conjugate to q;.

2.17 The Variational Principle
Applied to the Hamiltonian Function

It is possible to obtain the canonical equations (2.45) directly from Hamilton’s
variational principle (Sects.2.5 and 2.6). For this we apply the principle to the
following function:

f
.. def .
F(q.p.¢.p.0) = Y _ prgi — H(g, p.1) (2.52)
k=1

taking the
Sect. 2.5, (

4, p-q, p as four sets of independent variables. In the language of
q, 1]) corresponds to y, (cj, 1?) to y’, and ¢ to x. Requiring that
n
8/ Fdr =0 (2.53)
n

and varying the variables g; and p; independently, we get the Euler-Lagrange
equations §F/8qy = 0, 6 F/8px = 0. When written out, these are

d oF oF . 0H
———=—, or py=——, and
dr 9gx g« G

d oF oF . oH
——=—, or O0=qgx——.
dt 9 py Pk apx

Thus, we again obtain the canonical equations (2.45). We shall make use of this
result below when discussing canonical transformations.
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2.18 Symmetries and Conservation Laws

In Sects. 1.12 and 1.13 we studied the ten classical integrals of the motion of the
closed n-particle system, as derived directly from Newton’s equations. In this sec-
tion and in the subsequent ones we wish to discuss these results, as well as general-
izations of them, in the framework of Lagrangian functions and the Euler-Lagrange
equations.

Here and below we study closed, autonomous systems with f degrees of free-
dom to which we can ascribe Lagrangian functions L(g, ¢) without explicit time
dependence. Take the natural form for L, T

L=T(g ¢ -Ul), (2.54)

where T is a homogeneous function of degree 2 in the g. According to Euler’s
theorem on homogeneous functions we have

f
Z P (2.55)

Clz

szql—L qul—L—HU E.
1

This expression represents the energy of the system. For autonomous systems, E
is conserved along any orbit. Indeed, making use of the Euler—Lagrange equations,
one finds that

“ w (Enin) - X=X g

- 5 (Sran) - (Eaza) 0.

Note that we made use of the Euler-Lagrange equations.

Remarks: In the framework of Lagrangian mechanics a dynamical quantity such
as, for instance, the energy which is a candidate for a constant of the motion, at
first is a function E(g, g) on velocity space spanned by g and q. Likewise, in
the framework of Hamiltonian canonical mechanics it is a function E (g, p) on
phase space that is spanned by ¢ and p. Of course, such a function on either
velocity space or phase space, in genergﬂ, is not constant. It is constant only —
if it represents an integral of the motion — along solutions of the equations of
motion. In other terms, its time derivative is equal to zero only if it is evaluated
along physical orbits along which g and ¢, or ¢ and p, respectively, are related to
each other via the equations of motion. For this reason this kind of time derivative
is sometimes called orbital derivative, as a short-hand for time derivative taken
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along the orbit. The important point to note is that in order to study the variation
of a given function along physical orbits we need not know the solutions proper.
Knowledge of the differential equations that describe the motion is sufficient for
calculating the orbital derivative and to find out, for instance, whether that function
is an integral of the system.

Suppose that the mechanical system one is considering is invariant under a class
of continuous transformations of the coordinates that can be deformed smoothly
into the identical mapping. The system then possesses integrals of the motion, i.e.
there are dynamical quantities that are constant along orbits of the system. The
interesting observation is that it is sufficient to study these transformations in an
infinitesimal neighborhood of the identity. This is made explicit in the following
theorem by Emmy Noether, which applies to transformations of the space coordi-
nates.

2.19 Noether’s Theorem

Let the Lagrangian function L(g, ¢) describing an autonomous system be
invariant under the transformation é — h®(q), where s is a real, continuous
parameter and where 7°=0(g) = q~is the idéntity (see Fig.2.7). Then there
exists an integral of the motion, given by

!
oL d
(g, ¢) = Za_d_ “(g1) (2.56)
=1

s=0

Fig. 2.7. A differentiable, one-parameter transforma-
tion of the orbits in the neighborhood of the identical
mapping. If it leaves the Lagrangian function invari-
ant, there exists a constant of the motion correspond-
ing to it

Proof. Let ¢ = ¢(t) be a solution of the Euler-Lagrange equations. Then, by
assumption, g(s, 1) = @(s, 1) = h*(@(t)) is a solution too. This means that

(?_tg_(d)(s 1), d(s, 1) = a—(cb(s 0,9, 1), i=1,....,f. (257

Furthermore, L is invariant by assumption, i.e.
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f .
oL dd; 9L do;
[ ! ] =0. (2.58)

d .

—L(D(s,1), D(s, 1)) = _— —_—

ds (@(s. 1), (s, 1)) ; dq; ds +8q,~ ds
Combining (2.57) and (2.58) we obtain
f

d /(oL d®; 0L d [do;

O EREHCY) R :
— dr \9q; ) ds dq; dr \ ds dr

We study two examples; let the Lagrangian function have the form

1 & .
L:EX;mpr?,—U(r],...,rn).
=

Example (i) Assume that the system is invariant under translations along the x-
axis:

hrp—>r,+se., p=1,...,n.
We then have
d n
ahs(rp) ’s=0= e, and I = Zmpfc(”) =P, .
p=1

The result is the following. Invariance under translations along the x-axis implies
conservation of the projection of the total momentum onto the x-axis. Similarly,
if the Lagrangian is invariant under translations along the direction 7, then the
component of total momentum along that direction is conserved.

Example (ii) The same system is now assumed to be invariant under rotations
about the z-axis, cf. Fig.2.8:

r, = (x<1’>, o). z(”)) S = (x’<P>, Y@, Z’(P)) with

x'P) = xP) coss 4 yP sins

y'P) = —xPsins + y(P coss, (passive rotation)
7P = ()

Here one obtains

d
ar;, o= (y(p), —xP) O) =r,xe;

and

n
1 = Zmpi'p~(rp Xez) :Zez.(mpi-p er)Z—lZ )
p=1
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o
Y
Yy
Fig. 2.8. If the Lagrangian function for a mass point is invariant
X by rotations about the z-axis, the projection of angular momen-
x' tum onto that axis is conserved

The conserved quantity is found to be the projection of the total angular momentum
onto the z-axis. More generally, if L is invariant under rotations about any direction
in space (the potential energy must then be spherically symmetric), then the total
angular momentum is conserved as a whole.

To which extent there exists an inverse to Noether’s theorem, that is to say under
which conditions the existence of an integral of the motion implies invariance of the
system with respect to a continuous transformation, will be clarifyed in Sects. 2.34
and 2.41 below.

2.20 The Generator for Infinitesimal Rotations About an Axis

In the two previous examples and, generally, in Noether’s theorem A* is a one-
parameter group of diffeomorphisms that have the special property that they can be
deformed, in a continuous manner, into the identity. The integral of the motion, I,
only depends on the derivative of #° at s = 0, which means that the transformation
group is needed only in the neighborhood of the identity. Here we wish to pursue
the analysis of Example (ii), Sect.2.19. This will give a first impression of the
importance of continuous groups of transformations in mechanics.

For infinitesimally small s the rotation about the z-axis of Example (ii) can be
written as follows:

1 00 0 -1 0 x
rey={lo 1 o]-s|1 0 o y | +0(s?)
0 0 1 0 0 0 z
= (1 —sJ.)r +0(s?) . (2.59)

The 3 x 3 matrix J, is said to be the generator for infinitesimal rotations about
the z-axis. In fact, one can show that the rotation about the z-axis by a finite angle

cosp sing 0 o
r'=|—sing cosp 0]|r=R.(p)r (2.60)

0 0 1
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can be constructed from the infinitesimal rotations (2.59). This is seen as follows.
Let

def (0 —1
we (0 ).
One verifies easily that M2 = —1, M®> = —M, M* = +1l, etc. or, more generally,

that M = (=1)"1, M>"*+! = (—1)"M.
From the well-known Taylor series for the sine and cosine functions one has

def ( cos¢g sin (=" — (1"
AL e @ 4 :Il§ ¢2n_M§ g021‘1-{—1’
SiIng  CoS @ : 2n)! : 2n 4+ 1!
n=! n=l

and, inserting the formulae for the even and odd powers of the matrix M,

e¢]

o0
1 1
A= § :_|v|2" n _ § :—M2n+1 2n+l —Mo) . 261
— (2n)! ¢ — Qn+ 1) ¢ exp(=Mg) (2.61)

It is then not difficult to convince oneself that the 3 x 3 matrix R;(¢) of (2.60)
can also be written as an exponential series, as in (2.61), viz.

R:(p) = exp(—dJ;¢) . (2.62)

This result can be understood as follows. In (2.59) take s = ¢ /n with n a positive
integer, large compared to 1. Assume then that we perform n such rotations in a
series, i.e.

(124,

Finally, let n go to infinity. In this limit use Euler’s formula for the exponential,
lim(1 4+ x/n)" = ¢*, to obtain

lim (11 — QJZ)H =exp(—dJ;p) .
n—00 n
Clearly, these results can be extended to rotations about any other direction in
space.

The appearance of finite-dimensional matrices in the argument of an exponen-
tial function is perhaps not familiar to the reader. There is nothing mysterious about
such exponentials. They are defined through the power series

exp{A} = 1+ A+ A220+ ..+ Ak

where A, like any finite power A* in the series, is an n x n matrix. As the expo-
nential is an entire function (its Taylor expansion converges for any finite value
of the argument), there is no problem of convergence of this series.
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2.21 More About the Rotation Group

Let x = (x1, x2, x3) be a point on a physical orbit x(#), x1, xo and x3 being its
(Cartesian) coordinates with respect to the frame of reference K. The same point,
when described within the frame K’ whose origin coincides with that of K but
which is rotated by the angle ¢ about the direction @, is represented by

3
x|k = (x], x5, x5) with x/ = ZRikxk or x' =Rx. (2.63)
k=1

(This is a passive rotation.) By definition, rotations leave the length unchanged.
Thus x> = x2, or, when written out more explicitly,

(Rx) - (Rx) = xRTRx = x?,

or, in components and even more explicitly,

lX:: xix{ iz (i leRd) XX = ZZ(Sklxkxl

k=11=1 \i=1 k=1 I=1

One thus obtains the condition

3
Z(RT)kiRil =8 ,
i=1

i.e. R must be a real, orthogonal matrix:
R'R=1. (2.64)

From (2.64) one concludes that (det R)2 =1 or detR = +1.

We restrict the discussion to the rotation matrices with determinant 4+1 and
leave aside space inversion (cf. Sect. 1.13). The matrices R with det R = +1 form
a group, the special orthogonal group in three real dimensions

SO3) = {R: R® - R’linear|detR = +1,RTR = 1} . (2.65)
As shown in Sect. 1.13, every such R depends on 3 real parameters and can be

deformed continuously into the identity R® = 1. A possible parametrization is the

following. Take a vector ¢ whose direction @ def @/ defines the axis about which
the rotation takes place and whose modulus ¢ = || defines the angle of rotation,
as indicated in Fig.2.9:

R=R(p) with ¢:90=9/¢p, ¢=lp|, 0<¢<2m. (2.66)

(We shall meet other parametrizations in developing the theory of the rigid body
in Chap. 3.) The action of R(¢) on x can be expressed explicitly in terms of the
vectors x, @ x x and @ x (¢ x x), for a passive rotation, by
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, X3 Fig. 2.9. Rotation of the coordinate system about the
\XS' direction @ by the (fixed) angle ¢
\

X
Ix;

X =R@x=(@ x)§ —@ xxsing —@ x (§ X x)cosy . (2.67)

This is shown as follows. The vectors @, @ x x, and @ X (¢ x x) are mutually orthog-
onal. For example, if the 3-axis is taken along the direction @, i.e. if ¢ = (0, 0, 1),
then x = (x1,x2,x3), @ X x = (—x2,x1,0), and @ x (@ x x) = (—x1, —x2, 0).
With respect to the new coordinate system the same vector has the components

xX;=xjcosp+xsing, xj=—x;sing+xyco8¢, x;=ux3,

in agreement with (2.67). One now verifies that (2.67) holds true also when @ is
not along the 3-axis. The first term on the right-hand side of (2.67) contains the
information that the projection of x onto ¢ stays invariant, while the remaining
two terms represent the rotation in the plane perpendicular to ¢. Making use of
the identity @ x (b x ¢) = b(a - ¢) — c(a - b), (2.67) becomes

x' =xcosp—@ xxsing + (1 —cose)(@-x)P . (2.68)

We now show the following.
(1) R(¢) as parametrized in (2.67) belongs to SO(3):

X2 = (@0 + @ xx)7sin’ g + (@ x (§ x x))* cos’ g

= x?[cos® o + sin® a sin’ o+ sin? & cos? vl = x2.
Here o denotes the angle between the vectors ¢ and x (see Fig.2.10). If ¢ and ¢’
are parallel, then R(9")R(¢) = R(¢ +@"). This means that R(¢) can be deformed

continuously into the identity R(0) = 1 and therefore that det R(p) = +1.

Fig. 2.10. Definition of the angle o between the position
vector x and the direction about which the rotation takes
place
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(i1) Every R of SO(3) can be written in the form (2.67). Consider first those
vectors x which remain unchanged under R (up to a factor), Rx = Ax. This means
that

det(R— A1) =0

must hold. This is a cubic polynomial with real coefficients. Therefore, it always
has at least one real eigenvalue A, which is +1 or —1 because of the condition
(Rx)? = x2. In the plane perpendicular to the corresponding eigenvector, R must
have the form

cos¥ siny¥
—sin¥ cos¥
in order to fulfill the condition (2.64). Finally, ¥ must be equal to ¢ because

detR = 1 and because R can be deformed continuously into the identity. Thus,
R(¢) must have the decomposition (2.67).

2.22 Infinitesimal Rotations and Their Generators
Assume now that ¢ = ¢ « 1. Then, from (2.67) and (2.68), respectively,
X' =(§-X)p—(@xxX)e =@ x (P xx)+0(s%) = x — (@ xx)e +0(c°). (2.69)

Writing this out in components, one obtains

0 —@3 @
X=x—-¢| ¢ 0 —@1|x+0@ED
-¢ ¢ 0
/0 0 0 0 0 1
=x—¢c||0 0O —1)o+ 0 0 0]¢
(\o 1 o0 -1 0 0
0 -1 0
+11 0 0]@s|x+0(?. (2.70)
0 0 0

This is the decomposition of the infinitesimal rotation into rotations about the three
directions @1, ¢z, and ¢3. Denoting the matrices in this expression by

w (00 0 w001 w [0 L0
JE(o o 1], HE 00 0|, Jb=|[1 o0 0],

01 0 -1.0 0 0 0 0
(2.71)

and using the abbreviation J = (J1, J2, J3), (2.70) takes the form
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x' =[1—ed Jx +0(?) . (2.72)

Following Sect.2.20 choose ¢ = ¢/n and apply the same rotation n times. In the
limit n — oo one obtains

x' = lim (Il — f¢ . J)n x =exp(—¢ -Jdx . (2.73)
n—o00 n

Thus, the finite rotation R(¢) is represented by an exponential series in the matrices

J = (J1, J2, J3) and the vector ¢. Ji is said to be the generator for infinitesimal

rotations about the axis k.

As before, the first equation of (2.73) can be visualized as n successive rota-
tions by the angle ¢/n. In the limit of n going to infinity this becomes an infinite
product of infinitesimal rotations. By Gauss’ formula this is precisely the expo-
nential indicated in the second equation of (2.73). It is to be understood as the

well-known exponential series . ((1/n!)A" in the 3 x 3 matrix A def (—@-J).

The matrices R(¢) form a compact Lie group (its parameter space is compact).
Its generators (2.71) obey the Lie algebra associated with this group. This means
that the commutator (or Lie product),

(i el & Jidi — s

of any two of them is defined and belongs to the same set {J;}. Indeed, from (2.71)
one finds that

Wi, dhl=4d3, Mi,d3l=—-db

together with four more relations that follow from these by cyclic permutation
of the indices. As the Lie product of any two elements of {J;, Js, d3} is again
an element of this set, one says that the algebra of the J; closes under the Lie
product.

Via (2.72) and (2.73) the generators yield a local representation of that part
of the rotation group which contains the unit element, the identical mapping. This
is not sufficient to reconstruct the global structure of this group (we do not reach
its component containing matrices with determinant —1). It can happen, therefore,
that two groups have the same Lie algebra but are different globally. This is indeed
the case for SO(3), which has the same Lie algebra as SU(2), the group of complex
2 x 2 matrices, which are unitary and have determinant +1 (the unitary unimodular
group in two complex dimensions). The elements of the rotation group are differ-
entiable in its parameters (the rotation angles). In this sense it is a differentiable
manifold and one may ask questions such as: Is this manifold compact? (The ro-
tation group is.) Is it simply connected? (The rotation group is doubly connected,
see Sect.5.2.3 (iv) and Exercise 3.11.)
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2.23 Canonical Transformations

Of course, the choice of a set of generalized coordinates and of the corresponding
generalized, canonically conjugate momenta is not unique. For example, Propo-
sition 2.11 taught us that any diffeomorphic mapping of the original coordinates
g onto new coordinates Q leaves invariant Lagrange’s formalism. The new set
describes the same physics by means of a different parametrization. Such trans-
formations are useful, however, whenever one succeeds in making some or all of
the new coordinates cyclic. In this case the corresponding generalized momenta
are constants of the motion. Following Sect.2.12, we say that a coordinate Qy is
cyclic if L does not depend explicitly on it,

oL
—— —0. (2.74)
90k
If this is the case, then also 0H/0Qy = 0, and
P 9 0 (2.75)
k — — = s .
90k

from which we conclude that Py = o = const. The canonical system described
by

HQ1, ..., Qk—1, Ortt1s -5 Qs Pryoo oy P, o, Pryr, ... Prot)

is reduced to a system with f — 1 degrees of freedom. For instance, if all Qy are
cyclic, i.e. if

H=H(P,..., Pr;1),
the solution of the canonical equations is elementary, because
15[ =0— P=«a;=const, i=1,...,f, and

_9H

OH | g
a P

0; = (1),

Pi=a;

from which the solutions are obtained by integration, viz.

t
Qi=/ vi@dt + 8, i=1,....f.
fo

The 2 f parameters {«;, f§;} are constants of integration.

This raises a general question: Is it possible to transform the coordinates and
momenta in such a way that the canonical structure of the equations of motion is
preserved and that some or all coordinates become cyclic? This question leads to
the definition of canonical transformations.
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Diffeomorphic transformations of the variables ¢ and p and of the Hamiltonian
function H (c!, Ds t), generated by a smooth function of old and new variables in
the way described below

g, p} = {Q, P},
H(g,p.t) > H(Q.P.1), (2.76)

are said to be canonical if they preserve the structure of the canonical equations
(2.45)°. Thus, with (2.45) we shall also find that
OH . dH

P = . (2.77)

Qi=8—Pi7 i _3_Qi

In order to satisfy this requirement the variational principle (2.53) of Sect.2.17
must hold for the system {g, p, H} as well as for the system {Q, P, H}, viz.

[ 1
15}
5/ > pigi—H(g, p.1) [dt =0, (2.78)
151 1

ol S
8/2 Y PQi—H(Q.p.t)|dt=0. (2.79)
1 1

Proposition 2.10 tells us that this is certainly true if the integrands in (2.78) and
(2.79) do not differ by more than the total time derivative of a function M:

f f

. : ~ d
E 1 pigi —H(g, p.1) = E 1 PiQj— H(Q.P.0)+ =M, (2.80)
i= j=

where M depends on old and new variables (but not on their time derivatives) and,
possibly, time. There are four ways of choosing M, corresponding to the possible
choices of old coordinates/momenta and new coordinates/momenta. These four
classes can be obtained from one another by Legendre transformation. They are
as follows.

(A) The choice
M(q, Q,t) =P(q, Q. 1). (2.81)

In this case we obtain

d® (g, 0. 1)

aM _e ¢ LI 08
a At o 0g; VT 0,0 '

5 See the precise definition in Sect.5.5.4 below
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As g and Q are independent variables, (2.80) is fulfilled if and only if the following
equations hold true:

I I - db
- P = H=H+". (2.83)

=g T a0 o

The function @ (and likewise any other function M) is said to be the generating
function of the canonical transformation. The first equation of (2.83) can be solved

for Qk(q, p, 1) if

dt( v )#0 (2.84a)
e , .84a
0900
and the second can be solved for Qk(q, P, 1) if
3’d
det (—) #0. (2.84b)
00;00;
(B) The choice
f
Mg, P.t)=S(q. P.t) = Y_ Qil(g. P.O)Px. (2.85)
k=1

This is obtained by taking the Legendre transform of the generating function (2.81)
with respect to Q:

(Lo)Q) =) Qk;—; —0@.0.n=— Y P +o].

We then have

f
S(g. P.1) = Y Qi(g. P.1)Pc + P(g. Q(q. P.1). 1) . (2.86)
k=1

With the condition (2.84b) Oy can be solved for ¢ and P. From (2.83) and (2.86)
we conclude that

0S5 0S5 ~ 0S5
_s Aens s (2.87)
0qi

pi :ﬁ’ at

The same equations are obtained if the generating function (2.85) is inserted into
(2.80), taking into account that ¢ and P are independent.

(C) The choice

f
M(Q,p,1) =U(Q, I]J)-FZQk(Q, PPk (2.88)
k=1
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For this we take the Legendre transform of @ with respect to g:
P
(LD)(q) = Zq,-a—q —®(q.Q.1)
1
= qipi—®(q. Q.1) .

We then have

f
UQ.p.00E = qi(Q. p.0)pr + P(q(Q. p.1). Q.1) (2.89)
k=1

and obtain the equations

oUu U ~ U
oprk d0 ot

(D) The choice

f f

M(P, p,t) =V(P, p,t) — Z Ok(g(P, p, 1), P, 1) Px + qu(l’, PPk -
k=1 k=1

This fourth possibility is obtained from §, for instance, by taking its Legendre
transform with respect to g:

aS
(LS)(g) = Zqia—q_ ~-S(@q.P.=) qipi—S,

so that

f
def
V(P.p.) E = q(P. p.O)pi + S(g(P. p.1). P.1) .
k=1

In this case one obtains the equations

av A% A—H A% 201
U= g Qk—apk» =H+ - (2.91)
This classification of generating functions for canonical transformations may at
first seem rather complicated. When written in this form, the general structure of
canonical transformations is not transparent. In reality, the four types (A-D) are
closely related and can be treated in a unified way. This is easy to understand if one
realizes that generalized coordinates are in no way distinguished over generalized
momenta and, in particular, that coordinates can be transformed into momenta and
vice versa. In Sects. 2.25 and 2.27 below we shall introduce a unified formulation
that clarifies these matters. Before doing this we consider two examples.
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2.24 Examples of Canonical Transformations

Example (i) Class B is distinguished from the others by the fact that it contains
the identical mapping. In order to see this let

!
S(g.P)Y=Y aqiPi. (2.92)
i=1

We confirm, indeed, from (2.87) that

S 2S -

i =—=PF;; i=——=qj; H=H.
Pi 9 i Q] 3Pj qj

Class A, on the other hand, contains that transformation which interchanges the
role of coordinates and momenta. Indeed, taking

f
®(q.0) =) qQk (2.93)
k=1

we find that (2.83) gives p; = Qi, Px = —qx, H(Q, P) = H(—P, Q).

Example (ii) For the harmonic oscillator there is a simple canonical transforma-
tion that makes Q cyclic. Start from
P 1 22
H(q,p)=—+_-mw°q~ (f=1) (2.94)
2m 2

and apply the canonical transformation generated by
®(q, Q) = mwg? cot O . (2.95)

In this case (2.83) are
0P

p=—=mwqgcotQ,
dq
p_ 0P 1 mwg?
90 2sin?Q]

or, by solving for ¢ and p,

2P
q=4——sinQ, p=~2mwPcosQ,
mo

and, finally, H=wP. Thus, Q is cyclic, and we have
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. oH
P=——=0— P=«a=const,
a0
o 0—ertp
_aP_a) =w .

When translated back to the original coordinates this gives the familiar solution

200,
q(t) =/ — sin(wt + B) .
maw

As expected, the general solution depends on two integration constants whose in-
terpretation is obvious: « determines the amplitude (it is assumed to be positive)
and B the phase of the oscillation.

Whenever the new momentum P is a constant and the new coordinate Q a
linear function of time, P is said to be an action variable, Q an angle variable.
We return to action—angle variables below.

(2.96)

2.25 The Structure of the Canonical Equations

First, we consider a system with f = 1. We assume that it is described by a
Hamiltonian function H(q, p,t). As in Sect. 1.16 we set

X def <q) , or x= <x1> with x1=g¢q, x2=p, (2.97a)
p X2
as well as®
oH oH
. 8_x1 aq )
H,“ = and JY ( ? (1)> : (2.97b)
oH oH -
0x7 ap

The canonical equations then take the form

—Ji=H, (2.98)
or

¥ =JH, . (2.99)
The second equation follows from the observation that J~! = —J. Indeed,

J=-1 and J"=J1=-4J. (2.100)

6 The derivative of H by xj is written as H x;. More generally, the set of all derivatives of H
by x is abbreviated by H y.
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The solutions of (2.99) have the form
xX(t,8,y) =P 5(y) with D(y) =y, (2.101)

where s and y are the initial time and initial configuration respectively.
For an arbitrary number f of degrees of freedom we have in a similar way
(see also Sect. 1.18)

q1
92 dH /dq

a8 ey Jdéf( Orxs "fxf). (2.102)

P’ ' 0H/opy |’ —lsxr Opxy
P2 :

: dH/dp

Pr

The canonical equations have again the form (2.98) or (2.99) with

0 1
J=<_ﬂ 0), (2.103)

where 1 denotes the f x f unit matrix. Clearly, J has the same properties (2.100)
as for f = 1.

2.26 Example: Linear Autonomous Systems
in One Dimension

Before proceeding further we consider a simple example: the class of linear, au-
tonomous systems with one degree of freedom. Linear means that x = Ax, where

A is a 2 x 2 matrix. Equation (2.98) now reads

—Ji=-JAr=H,. (2.104)

This means in turn that H must have the general form

H = Yag* +2bgp + cp®1 = Lax} + 2bx1xz + cx3] . (2.105)
Thus

. _ _ 0 1\ [(oH/dx1\ _ bx1 + cxp ,

f=Ar=JH,= (—1 0) <8H/8x2> = <—ax1 _ bx2> (2.105%)

and the matrix A is given by
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A= <_Z _g)

Note that its trace vanishes, TrA = 0. It is not difficult to solve (2.105") directly
in matrix form, viz.

x = exp[(t — s)Aly = D;—5()) . (2.106)

The exponential is calculated by its series expansion. The square of A is propor-
tional to the unit matrix,

A’ = <_Z _g) (_2 _Z) = (b* - ac) (é (1)) =—Al.

Therefore, all even powers of A are multiples of the unit matrix; all odd powers
are multiples of A:

A2n — (_1)}1An]1 , A2/‘l+1 — (_l)nAl’lA .

def . . . .
A= ac — b? is the determinant of A. For the sake of illustration we assume that

A is positive. We then have (see also Sect. 2.20)

exp{(t — s)A} = Il cos (x/Z(t - s)) + Aﬁ sin <\/Z(t — s)) . (2.107)

Thus, the solution (2.106) is obtained as follows, setting w def VA =ac —b2:

Xx=&, (y) =Pt —s)y

b c
cosw(t —s)+ —sinw(t —s) —sinw(t — )
— w w y
a . b . A
——sinw(t —s) cosw(t —s) — —sinw(t —s)
w 1)

It describes harmonic oscillations. (If, instead, we choose A < 0, it describes
exponential behavior.) The solution is a linear function of the initial configuration,
xi = Z/%:] P;;(t —s)y* from which we obtain dx! = Z/%:] P;;dy*. The volume
element dx'dx? in phase space is invariant if det(axi/ayk) = det(P;;) = 1. This
is indeed the case:

b2
det(Pi) = cos* w(t — s) — |:— - E} sinw(t—s)=1.

w?  w?

(Recall the remark at the end of Sect. 1.21.1.) This “conservation of phase volume”
is sketched in Fig.2.11 for the case a = ¢ = 1, b = 0, i.e. the harmonic oscillator.
In fact, this is nothing but the content of Liouville’s theorem to which we return
below, in a more general context (Sects.2.29 and 2.30).



2.27 Canonical Transformations in Compact Notation 129

Fig. 2.11. Phase portraits for the harmonic oscillator
(units as in Sect.1.17.1). The hatched area wanders
about the origin with constant angular velocity and
without changing its shape

2.27 Canonical Transformations in Compact Notation

The 2 f-dimensional phase space of a Hamiltonian system carries an interesting
geometrical structure which is encoded in the canonical equations

([ 9H/dp
B (—3H/3{2)

and in the canonical transformations that leave these equations form invariant. This
structure becomes apparent, for the first time, if the canonical transformations (A—
D) and the conditions on their derivatives are formulated in the compact notation
of Sect.2.25.

In Sect.2.23 (2.84a) we saw that the condition

det( e > #0 (2.108a)
9g;0Qx '

had to be imposed on canonical transformations of class A. Only with this condition
could the equation p; = d®/dq; be solved for Qk(g, P t). Similarly, in the other
three cases we had the requirements

92s ) ( 92U ) ( 92V )
et 0, det 0, det 0. (2.108b)
(36153Pk # 0 Q0pi 7 0 Prop; 7

From (2.83) one reads off the conditions

opi P 9P

0r  90Qkdqi  0qi

Q.

S,

(2.109a)
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Similarly, from (2.87),
dpi _ S 9%
oPr  0Pdq;  9g;
From (2.90) of class C,
dgi U P

90r  08Qkdpi  opi
and from (2.91) of class D,

dqi 0V 90

aP  0Pdp;  Opi

Returning to the compact notation of Sect.2.25 we have

(2.109b)

(2.109¢)

(2.109d)

def def
gcé{ql...q]r;pl...pf} and y;{Q]...Qf;Pl...Pf}. (2.110)
Equations (2.109a—d) all contain derivatives of the form

0Xq def 0yq —1
— =My, — =M s ,B=1,...2f. 2.111
ayp af oxs ( )aﬁ a, B S ( )

Clearly, one has

2f dxy By 2f
§ : o 14 § : —1
V=18Yy 3xﬁ y=1 “ 7P “*

We now show that the diversity of (2.109) can be summarized as follows:

2f 2f
Mg =D Y Jup oM™y . (2.112)
n=1v=1
Taking account of the relation J~! = —J this equation is written alternatively as
—JM = JM~HT .

We prove it by calculating its two sides separately. The left-hand side is

IM — 0 1\ (dq/3Q dq/aP\ (—dp/d3Q —dp/aP
ST =1 o) \ep/aQ oap/apP) — \ 9g/0Q  dq/dP)’

while the right-hand side is

~1\T _ (0P/0g —0Q/dq
S ‘(aP/ap —BQ/BP)'

Equations (2.109) tell us that these two matrices are in fact equal. Thus, (2.112)
is proved. This equation is rewritten as follows. Writing out the transposition on
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the right-hand side, we obtain JM = —(M~1)TJT = +(M~1)TJ. Multiplying this
equation with MT from the left, we see that M obeys the equation

Q113

no matter which type of canonical transformation is being studied.

What is the significance of this equation? According to (2.111) and (2.109a—
d), M is the matrix of second derivatives of generating functions for canonical
transformations. The matrices M obeying (2.113) form a group that imprints a
characteristic symmetry on phase space. The matrix J, on the other hand, turns
out to be invariant under canonical transformations. For this reason, it plays the
role of a metric in phase space. These statements are proved and analyzed in the
next section.

2.28 On the Symplectic Structure of Phase Space

The set of all matrices that obey (2.113) form a group, the real symplectic group
Sp, ¢ (R) over the space R?/. This is a group that is defined over a space with
even dimension and that is characterized by a skew-symmetric, invariant bilinear
form. As a first step we shall verify that the M indeed form a group G.

(1) There exists an operation that defines the composition of any two elements
M; and M;, M3 = M;M,. Obviously, this is matrix multiplication here. M5 is
again an element of G, as one verifies by direct calculation:

M} JIM; = (M; M) TJ(M; M,) = M (MTIM)M, = J .

(2) This operation is associative because matrix multiplication has this property.
(3) There is a unit element in G: E = 1. Indeed, 1TJ1 = J.
(4) For every M € G there is an inverse given by

M~ =J"'MTJ.

This is verified as follows:

(a) Equation (2.113) implies that (det M)2 = 1, i.e. M is not singular and has an
inverse.

(b) J also belongs to G since JTIJ =J71JJ = J.

(c) One now confirms that M—'M = 1;

M™M= 'MTOM =" MTIM) =J"d =1
and, finally, that MT also belongs to G:

MHTIMT = MOHMT = MHIM I = MHWJ" M9 =J.
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(In the second step we have taken MT from (2.113); in the third step we have
used J~! = —J twice.)

Thus, we have proved that the matrices M that fulfill (2.113) form a group.
The underlying space is the phase space R>/.

There is a skew-symmetric bilinear form on this space that is invariant under
transformations pertaining to G = Sp, ; and that can be understood as a generalized

scalar product of vectors over R2/. For two arbitrary vectors x and y we define

[x, y] € 2™ Z xi Jik Vi - (2.114)
i,k=1

One can easily verify that this form is invariant. Let M € Sp,, and let X' =
My, y" = My. Then

[x',y'] = [Mx, My] = x"MTIMy = xTJy =[x, y] .

The bilinear form has the following properties, which are read off (2.114).
@) It is skew-symmetric:

[y, x]=—[x,y]. (2.115a)
Proof.

[y, x]1 = @TIT»T = —TInT = 2Ty = —[x, 1. (2.115b)

|

(ii) It is linear in both arguments. For instance,
[x, A1y1 + A2y2]l = Mlx, y1] + Azlx, yal . (2.115¢)

If [x,y]=0forall y € R2/, then x = 0. This means that the form (2.114) is not
degenerate. Thus, it has all properties that one expects for a scalar product.

The symplectic group Sp, ; is the symmetry group of R?/, together with the
structure [x, y] (2.114), in the same way as O(2 f) is the symmetry group of the
same space with the structure of the ordinary scalar product (x, y) = Z Ty Xk Vk-
Note, however, that the symplectic structure (as a nondegenerate form) is only
defined for even dimension n = 2 f, while the Euclidean structure (¥, y) is defined
for both even and odd dimension and is nondegenerate in either case.

Consider now 2 f vectors over R2/, zc(]), el zc(zf ) that are assumed to be
linearly independent. Then take the oriented volume of the parallelepiped spanned
by these vectors:

) /)
)Cl e xl
D, x@, . xCHY et : : ) (2.116)

M) (2f)
Xop oee Xof
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Lemma. If 7 (1),7(2),...,7(2f) denotes the permutation 7 of the indices
1,2,...,2f and o(m) its signature (i.e. 0 = +1 if it is even, 0 = —1 if it is
odd), then
—pls/2
(€] 21— ( (1) 72,73 T4
. x0T = xzﬂ:o(n)[x TN xT @]
L [ET@S D m @)y (2.117)

Proof. When written out explicitly, the right-hand side reads

_])[f/2]

2

ni.nyf

The second factor of this expression is precisely the determinant (2.116) if
{n1,...,n27} is an even permutation of {1,2,...,2f}: it is minus that determi-
nant if it is an odd permutation. Denoting this permutation by 7" and its signature
by o ('), this last expression is equal to

) an, [ DY /
[, ] T Jr @ - Iver—yreno @) |-

"
We now show that the factor in brackets equals 1, thus proving the lemma. This
goes as follows. We know that J; ;1 y = +1, Jj4 s ; = —1, while all other elements
vanish. In calculating Zn o(m)Jz(yx@) --- Jr@f-1)m2r) Wwe have the following
possibilities,

@) Jigij+fJigintf - J,-f,if+f with 1 < iy <2f, all i being different from each
other. There are f! such products and they all have the value +1 because all
of them are obtained from Jy ... Jyr2 s by exchanging the indices pairwise.
The signature o (;r) is the same for all of them; call it o (a).

(b) Exchange now one pair of indices, i.e. Jij i+ f ... Jij+ 1 co gt There
are f x f! products of this type and they all have the value —1. They all have
the same signature o () = o (b) and o (b) = —o (a).

(c) Exchange rwo pairs of indices to obtainJ; ;i yr ... Jirfip---
Jictfiix -+ Jipiip+f- There are [ f(f — 1)/2] x f! products of this class and
their value is again +1. Their signature is o (c) = o(a); etc.

Thus, with the signature factor included, all terms contribute with the same
sign and we obtain

UL+ 4+ F(f=D2+...+11= 12/ .

It remains to determine o (a). In Jy f41J2, r12 ... J 725 (Whichis +1) the order
of the indices (1, f + 1,2, f +2,..., f,2f) is obtained from (1,2,... f, f +
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L., 2)by (f =D+ (f—=2)+...+ 1= f(f — 1)/2 exchanges of neighbors.
Thus o (a) = (—=)/=D/2 As one easily convinces oneself this is the same as
(=72, 0O

The lemma serves to prove the following proposition.

Proposition. Every M pertaining to Sp,; has determinant +1:

if MeSp,, then detM=+1.

Proof. By the product formula for determinants we have
Mx®, . Mx@O] = detMy[x D, ... xCD].

As the vectors x( ... x®/) are linearly independent, their determinant does not
vanish. Now, from the lemma (2.117),

Mx®D | M@ =D, x@D] .

We conclude that det M = +1. O

Remarks: In this section we have been talking about vectors on phase space P
while until now x etc. were points of P. This was justified because we assumed the
phase space to be R?/ for which every tangent space can be identified with its base
space. If IP is not flat any more, but is a differentiable manifold, our description
holds in local coordinate systems (also called charts). This is worked out in more
detail in Chap.5

2.29 Liouville’s Theorem
As in Sect. 1.19 we denote the solutions of Hamilton’s equations by

@rs(0) = (0} @) 0L @) (2.118)

Also as before we call @, (x) the flow in phase space. Indeed, if x denotes the
initial configuration the system assumes at the initial time s, (2.118) describes how
the system flows across phase space and goes over to the configuration y assumed
at time 7. The temporal evolution of a canonical system can be visualized as the
flow of an incompressible fluid: the flow conserves volume and orientation. Given
a set of initial configurations, which, at time s fill a certain oriented domain U of
phase space, this same ensemble will be found to lie in an oriented phase-space
domain Uy, at time ¢ (later or earlier than s), in such a way that Uy and U; have
the same volume Vi = V; and their orientation is the same. This is the content of
Liouville’s theorem.

In order to work out its significance we formulate and prove this theorem in
two, equivalent ways. The first formulation consists in showing that the matrix



2.29 Liouville’s Theorem 135

(2.119) of partial derivatives is symplectic. This matrix is precisely the Jacobian
of the transformation dx > dy = (D®)dx. As it is symplectic, it has determinant
+1. In the second formulation (which is equivalent to the first) we show that the
flow has divergence zero, which means that there is no net flow out of Uy nor into
Us.

2.29.1 The Local Form

The matrix of partial derivatives of @ being abbreviated by

APl
Do, (x) & (57@)) 2.119)

the theorem reads as follows.

Liouville’s theorem. Let @, ((x) be the flow of the differential equation
—Jx = H . For all x, ¢ and s for which the flow is defined,

D®; s(x) € Spyy - (2.120)

The matrix of partial derivatives is symplectic and therefore has determinant
+1.

Before we proceed to prove this theorem we wish to interpret the consequences
of (2.120). The flux @, (x) is a mapping that maps the point x (assumed by
the system at time s) onto the point x; = @, ;(x) (assumed at time ). Suppose
we consider neighboring initial conditions filling the volume element dx; ... dx2y.
The statement (2.120) then tells us that this volume as well as its orientation is
conserved under the flow. Indeed, the matrix (2.119) is nothing but the Jacobian
of this mapping.

Proof. We have —J[0®, ((x)/dt] = H (t) o @, . Taking the differential of the
equation —J¥ = H, by x, and using the chain rule, we obtain
—J[0D®, ;(x)/0t] = (DH x)(P, 1)DP, ;(x) and finally

0
5[(D@,,s(zc))TJ<Dq>t,s<x>)] = —(D®, )" [DH, — (DH,)"1(D®, ;) =0.
(2.121)

This expression is zero because DH , = (32H /dx;dx j) 1s symmetric. Equation
(2.120) is obvious for r = s. It then follows from (2.121) that it holds for all 7.
Thus, the theorem is proved. (|

The following converse of Liouville’s theorem also holds. Let @;  be the flow
of the differential equation —Jx = F(x, t) and assume that it fulfills (2.120). Then
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there exists locally a Hamiltonian function H(x, ¢) such that H , = F(x, t). This is
seen as follows. The equation analogous to (2.121) now says that DF—(DF)T =0,
or that the curl of F' vanishes: curl F = 0. If this is so, F' can be written locally
as a gradient: F = H ,.

2.29.2 The Global Form

The statement of Liouville’s theorem can be made more transparent by the example
of a set of initial conditions that fill a finite oriented domain U; whose volume is
Vi. At time s we have

Vs=/ d)f,

the integral being taken over the domain U, of phase space. At another time ¢ we
have

3
v, :/ dy:/ dx det (—y> :/ dx det(D®, ) ,
U s dx Us

because in transforming an oriented multiple integral to new variables, the volume
element is multiplied with the determinant of the corresponding Jacobi matrix. If
we take ¢ in the neighborhood of s we can expand in terms of (¢t — s):

O s(x) =x+ F(x,1)-(t —s) +O((t —5)?), where

ap g
From the definition (2.119) the derivative by x is

OH  0H
F(x,1)=JH , = ( ) :

D®, (x) = 1+ DF(x,1)- (t —s) + O((t — 5)%) ,

or, when written out explicitly,

90; ,(x) L 5+ O — )
——— =8+ —(—s —85)) .
axk ik Xk

In taking the determinant, one makes use of the following formula:
det(l + Ae) = det(8ix + Ajxe) = 1 + eTrA + O(e?) |

where TrA = )", A;; denotes the trace of A and where ¢ is to be identified with
(t —s). We obtain

2 gFi
det(DP () =1+t =5) ) ——+0((t =97 .
i=1
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The trace lei | OF /3x" is a divergence in the 2 f-dimensional phase space. It is
easy to see that it vanishes if F =JH y, viz.

2f

~ aF 9 (dH 9 OH
dideéf Z—_=—<_>+_<__>=0_
- P ax! 8{] 81} 8]3 8Q

This shows that Vi = V,. As long as the flow is defined, the domain Uy of
initial conditions can change its position and its shape but not its volume or its
orientation.

2.30 Examples for the Use of Liouville’s Theorem

Example (i) A particularly simple example is provided by the linear, autonomous
system with f = 1 that we studied in Sect.2.26. Here the action of the flow is
simply multiplication of the initial configuration x by the matrix P(t — s) whose
determinant is +1. In the special case of the harmonic oscillator, for instance, all
phase points move on circles around the origin, with constant and universal angular
velocity. A given domain Us; moves around the origin unchanged, like the hand of
a clock. This is sketched in Figs.2.11 and 2.12.

Fig. 2.12. The harmonic oscillator. A circular domain
of initial configurations wanders uniformly about the
origin. In the units introduced in Sect. 1.17.1 the period
is 70 = 277. The four positions shown here correspond
-3 to the times v = 0, 0.2¢%, 0.4¢%, and 0.75¢°

Example (ii) The example of the mathematical pendulum is somewhat less trivial.
We note its equations of motion in the dimensionless form of Sect. 1.17.2,

d d
ﬁ =2(1) f — —sinz (7).,
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where 7 is the dimensionless time variable T = wt, while the reduced energy was
defined to be

e=E/mgl = %z%—i—(l —co0sZ1) .

The quantity ¢ is constant along every phase portrait (the solution of the canonical
equations).

Figure 1.10 in Sect. 1.17.2 shows the phase portraits in phase space (z1, 22)
(z1 is the same as g, zo is the same as p). For example, a disklike domain of
initial configurations Uy behaves under the flow as indicated in Figs.2.13-15. In
dimensionless units, the period of the harmonic oscillator is 10 = 7O = 257,
The figures show three positions of the domain U, into which U; has moved at
the times k - 7(?) indicated in the captions. As the motion is periodic, one should
think of these figures being glued on a cylinder of circumference 27, such that the
lines (7, p) and (—m, p) coincide. The deformation of the initial domain is clearly
visible. It is particularly noticeable whenever one of the phase points moves along
the separatrix (cf. Sect. 1.23 (1.59)). This happens for ¢ = 2, i.e. for the initial
condition (¢ = 0, p = 2), for example. For large, positive time such a point
wanders slowly towards the point (g = &, p = 0). Neighboring points with & > 2
“swing through”, while those with ¢ < 2 “oscillate”, i.e. turn around the origin
several times. The figures show very clearly that despite these deformations the
original volume and orientation are preserved.

-3 -2 -1
Fig. 2.13. The mathematical pendulum. A circular do-
main of initial configurations below the separatrix (as- -l o
sumed at time T = 0) moves about the origin somewhat :
more slowly than for the case of the oscillator, Fig.2.12.
As the domain proceeds, it is more and more deformed.
The positions shown here correspond to the times (in a
clockwise direction): T = 0, 0.2510, O.SIO, and 70, (ro
is the period of the harmonic oscillator that is obtained
approximately for small amplitudes of the pendulum) -3+
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Fig. 2.14. Same as Fig.2.13 but with the uppermost
point of the circular domain now moving along the sep-
aratrix. The successive positions in a clockwise direction
shown are reached at T =0, 0.210, 0.4t0, and 0.7579.
The arrows indicate the motion of the point with initial
configuration (¢ = 0, p = 1). The open points show the
motion of the center of the initial circle

3'p

Fig. 2.15. Same system as in Figs. 2.13, 2.14. The center
of the initial circular domain is now on the separatrix.
Points on the separatrix approach the point (¢ =7, p =
0) asymptotically, points below it move around the ori-
gin, and points above “swing through”. The successive
positions correspond in a clockwise direction to v =0,
0.1z, 0.25¢°, and 0.5¢°

sse

-2

Example (iii) Charged particles in external electromagnetic fields obey the equa-

tion of motion (2.29):

e
mr =-rxB+eE .
c

As we saw in the Example (ii) of Sect. 2.8, this equation follows from a Lagrangian
function such as the one given in (2.31). We showed in Example (ii) of 2.16 that
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the condition (2.44) for the existence of the Legendre transform of L is fulfilled. A
Hamiltonian function describing this system is given by (2.51). For an ensemble
of charged particles in external electric and magnetic fields we must also take
into account the mutual Coulomb interaction between them. This, however, can
be included in the Hamiltonian function. Therefore, a system of charged particles
in external fields is canonical and obeys Liouville’s theorem. It is clear that this
theorem’s guaranteeing the conservation of phase space volume plays a central role
in the construction of accelerators and of beam lines for elementary particles.

2.31 Poisson Brackets

The Poisson bracket is a skew-symmetric bilinear of derivatives of two dynami-
cal quantities with respect to coordinates and momenta. A dynamical quantity is
any physically relevant function of generalized coordinates and momenta such as
the kinetic energy, the Hamiltonian function, or the total angular momentum. Let
g(q, p, t) be such a dynamical quantity. The Poisson bracket of g and the Hamil-
tonian function appear in quite a natural way if we calculate the total time change
of g along a physical orbit in phase space, as follows:

f
l+Z_[.71

dg dg
dr ~ 9t +Zaq,

ag ! dg 0H dg 0H g
_ 08 (P 0H Bg OHN 0y
ot dg; Opi  dp; Og; ot

i=
In the second step we have made use of the canonical equations (2.45). In the third
step we introduced the bracket symbol { , } as shorthand for the sum in the second
expression. The Poisson bracket of H and g describes the temporal evolution of the
quantity g. Furthermore, as we shall discover below, the bracket { f, g} of any two
quantities is preserved under canonical transformations. We also wish to mention
that, both in form and content, the Poisson bracket finds its analog in quantum
mechanics: the commutator. In quantum mechanics, dynamical quantities (which
are also called observables) are represented by operators (more precisely by self-
adjoint operators over Hilbert space). The commutator of two operators contains
the information whether or not the corresponding observables can be measured
simultaneously. Therefore, the Poisson bracket is not only an important notion of
canonical mechanics but also reveals some of its underlying structure and hints at
the relationship between classical mechanics and quantum mechanics.

Let f(x) and g(x) be two dynamical quantities, i.e. functions of coordinates
and momenta, which are at least C'. (They may also depend explicitly on time.
As this is of no importance for what follows here, we suppress this possible de-
pendence.) Their Poisson bracket { f, g} is a scalar product of the type (2.114) and
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is defined as follows’:

i
. af dg  of @
TRIGOED (—f 8 o —g> . (2.122)

We also have

{fv g}()f) = _[ﬁXﬂ g,x]()f) 8_8
091
g
=_<£ af of i)(o ﬂ) %45 2.123)
[ S .

api

og
opy

This latter form reveals an important property of the Poisson bracket: it is invariant
under canonical transformations. Let ¥ be such a transformation:

XY=(qu -2 qpp1se o pp) > W) =(01(x), ..., Qr (x), P1(x), ..., Pr(x)).

From Sects. 2.27 and 2.28 we know that DY (x) € Sp, s It is important to realize
that ¥ maps the phase space onto itself, ¥ : R?/ — R?/ while f and g map the
phase space R/ onto the real numbers R. f and g, in other words, are prescriptions
how to form real functions of their arguments, taken from R2/, such as f = ¢2,
g = (q>+p?)/2, etc. These prescriptions can be applied to the old variables (g, p)
or, alternatively, to the new ones (Q, P). We then have the following T

Proposition. For all f, g, and x

{(foW.goW}(x) ={f.g}o¥(), (2.124)

provided ¥ (x) is a canonical transformation. In words: if one transforms
the quantities f and g to the new variables and then takes their Poisson
bracket, the result is the same as that obtained in transforming their original
Poisson bracket to the new variables.

7 We define the bracket such that it corresponds to the commutator [f, g] of quantum mechanics,
without change of sign.
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Proof. Take the derivatives

d <
o (e =>

k=1

af
dyk

oYy,

y=w() O0Xi

or, in compact notation

(fo¥)x =DV @) fy(¥E).
By assumption, ¥ is canonical, i.e. D& and (D¥)” are sympletic. Therefore

[(f o¥) x, (g0 ) ] =[D¥) (x) f(¥x), DY) (x)g (¥ ()]
=[fy(P (), 8y =—{f.glo¥(x). U

The proposition has the following corollary.

Corollary. If (2.124) holds identically, or if the weaker condition
{xi oW, xp o W}(x) = {x;, x} o W(x) (2.125)

holds true for all x and i, k, then ¥ (x) is canonical.

Proof. From the definition (2.122) we have {x;, x;} = —Jir. By assumption, this
is invariant under the transformation ¥, i.e.

ms v} (@) = =[O¥) (e . DY) (©)én] = —[em. &n] = —Tiun -
where é,, and €, are unit vectors in R2/. Thus,
DYJD¥) =J. O

Note that (2.125), when written in terms of 4, ps 0, and P, reads

{Qi, 0;}(x) ={qi, q;}(x) =0,
{P;, Pi}(x) ={pi, pj}(x) =0, (2.126)
{Pi, Qj}(x) = {pi.q;}(x) =& .

We close this section with the remark that canonical transformations can be char-
acterized in four equivalent ways. The transformation ¥ : (¢, p) —> (Q, P) is
canonical if

(a) it leaves unchanged the canonical equations (2.45), or

(b) it leaves invariant all Poisson brackets between dynamical quantities f and g,
or

(c) it just leaves invariant the set of Poisson brackets (2.126), or

(d) the matrix of its derivatives is symplectic, D¥ € Sp, I
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2.32 Properties of Poisson Brackets

It is possible to write the canonical equations (2.45) by means of Poisson brackets,
in a more symmetric form. Indeed, as one may easily verify, they read

g ={H,qr}, pr=1{H, pi} (2.127)
or in the compact notation of Sect.2.27,

2f
- oH
Xr=—[H,, x = Ji— .
k [ X k,x] ; ki axi
Let g(g, p t) be a dynamical quantity, assumed to be at least C Uin all its variables.
As above, we calculate the total derivative of g with respect to time and make use
of the canonical equations:

!
d g g . g .
—g(g.p.t) == = =
RPACAYY az+k;<aqkq"+apkp"

g
ot

This generalizes (2.127) to arbitrary dynamical quantities. If g is an integral of the
motion, then

3
a—f +{H, g} =0, (2.129a)

or, if g has no explicit time dependence,

+{H, g} . (2.128)

{H,g}=0. (2.129b)

Obviously, the Poisson bracket (2.122) has all the properties of the symplec-
tic scalar product (2.115a,c). Besides these, it has the following properties. The
bracket of g(g, p, t) with gy is equal to the derivative of g by py, while its bracket
with py is minus its derivative by qr:

]
{8, qx} = a—g . lept=—. (2.130)
Pk

Furthermore, for any three quantities u(g, P 1), v(g, P t), and w(g, P t) that are
at least C? we can derive the following identity:

the Jacobi identity {u, {v, w}} + {v, {w, u}} + {w, {u, v}} =0. (2.131)

This important identity can be verified either by direct calculation, using the defini-
tion (2.122), or by expressing the brackets via (2.123) in terms of the scalar product

(2.114), as follows. For the sake of clarity we use the abbreviation du/dx’ &ef u; for
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partial derivatives and, correspondingly, u;; for the second derivatives 9%u/dx! 9x¥.
We then have

{u, {v, w}} = —[ux, {v, w},x] = +{ux, [V, wy]x]
2f 2f 2f 2f
= Z Z Z ZuiJika/axk(Umenwn) .
i=1 k=1 m=1n=1
Thus, the left-hand side of (2.131) is given by

{u, {v, w}} + {v, {w, u}} + {w, {u, v}}
= Z wi Jik Tn (Umk W + Vg wpk) + Z Vi ik Jmn (Winkhyy + Wi i)

ikmn ikmn

+ Z Wi Jik Jinn (Umk Un + W Vng)
ikmn
The six terms of this sum are pairwise equal and opposite. For example, take the
last term on the right-hand side and make the following replacement in the indices:
m—i,i — n, k— m, and n — k. As these are summation indices, the value
of the term is unchanged. Thus, it becomes > wy, Jym Jikii Vim- AS Vgm = Umk,
but J,;, = —Jmn, it cancels the first term. In a similar fashion one sees that the
second and third terms cancel, and similarly the fourth and the fifth.
The Jacobi identity (2.131) is used to demonstrate the following assertion.

Poisson’s theorem. The Poisson bracket of two integrals of the motion is
again an integral of the motion.

Proof. Let {u, v} = w. Then, from (2.128)

d 9 {H.w)
a T " v
and by (2.131)
d
Ew = d—{u, v}
Bl 0
= B—L:, v} + {u a—l;} —{u, {v, H}} — {v, {H, u}}
o)+ g, )
={— v — v
ot - “ o ’
du + dv (2.132)
={—,v u, —¢ . .
dr dr
Therefore, if (du/d¢t) = 0 and (dv/dt) = 0, then also (d/d¢){u, v} = 0. ([l

Even if u, v are not conserved, (2.132) is an interesting result: the time derivative
of the Poisson bracket obeys the product rule.
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2.33 Infinitesimal Canonical Transformations

Those canonical transformations which can be deformed continuously into the
identity form a particularly important class. In this case one can construct canon-
ical transformations that differ from the identity only infinitesimally. This means
that one can study the local action of a canonical transformation — in close analogy
to the case of the rotation group we studied in Sect. 2.22.

We start from class B canonical transformations (2.85) (see Sect.2.23) and
from the identical mapping

f
Se=Y qPi:(q.p.H) > (Q=q.P=p H=H) (2.133)
k=1

of Example (i) in Sect. 2.24. Let ¢ be a parameter, taken to be infinitesimally small,
and o(q, P) a differentiable function of old coordinates and new momenta. (For
the moment we only consider transformations without explicit time dependence.)
We set

S(q, P,&) = Sg +e0(q, P) + O(?) . (2.134)

The function

aS
o(g. P) = - (2.135)
e=0

is said to be the generating function of the infinitesimal transformation (2.134).
From (2.87) we obtain

0, ILANPYES (2.1362)
= — = (i & — £ , . a
“Tan T T p,

3S do )
pi= 25 p e o). (2.136b)
g T og;

Here the derivatives do /9 P;, do/dq; depend on the old coordinates and on the
new momenta. However, if we remain within the first order in the parameter ¢,
then, for consistency, all P; must be replaced by p;. (P; differs from p; by terms
of order ¢. If we kept it, we would in fact include some, but not all, terms of
second order &2 in (2.136)). From (2.136) we then have

do (g, p)
8qi = Qi —qi = ——¢, (2.137a)
opi
do(q,
5 = Py — pj = _—";zj’?)g . (2.137b)

This can be written in a symmetric form, using (2.130),
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8qi ={o(q, p), gile . (2.138a)

Spj =1{o(g, p), pjle . (2.138b)

The equations (2.138) have the following interpretation. The infinitesimal canonical
transformation (2.134) shifts the generalized coordinate (momentum) proportion-
ally to € and to the Poisson bracket of the generating function (2.135) and that
coordinate (or momentum, respectively). A case of special interest is the following.
Let

S(q. P.e =dr) = Sg + H(q. p)dr . (2.139)

With dr replacing the parameter ¢, (2.137), or (2.138), are nothing but the canonical
equations (taking 8¢q; = dg;, dpx = dpx):

dg; = {H.q}dr, dpj = {H. p;}dr . (2.140)

Thus, the Hamiltonian function serves to “boost” the system: H is the generat-
ing function for the infinitesimal canonical transformation that corresponds to the
actual motion (dg;, dp;) of the system in the time interval dr.

2.34 Integrals of the Motion

We may wish to ask how a given dynamical quantity f (g, p, ) behaves under an
infinitesimal transformation of the type (2.134). Formal calculation gives us the
anwer:

,
0 d
S f@p) =Y <£aqk + a—liapk)

dgr dpx  Opx Oqx
— o, fle . (2.141)

¢ <8f do  of 80)8
k=1

For example, choosing ¢ = d¢t, 0 = H, (2.141) yields with df/9t =0

daf
i (H, f}, (2.142)

i.e. we recover (2.128) for the time change of f. In turn, we may ask how the
Hamiltonian function H behaves under an infinitesimal canonical transformation
generated by the function f(g, p). The answer is given in (2.141), viz.

5;H ={f Hle . (2.143)
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In particular, the vanishing of the bracket {f, H} means that H stays invariant
under this transformation. If this is indeed the case, then, with {f, H} = —{H, f}
and (2.142), we conclude that f is an integral of the motion. To work out more
clearly this reciprocity we write (2.142) in the notation

S f ={H, fldt (2.142)

and compare it with (2.143). One sees that §  H vanishes if and only if 64 f van-
ishes. The infinitesimal canonical transformation generated by f (g, p) leaves the
Hamiltonian function invariant if and only if f is constant along ~philsical orbits.

We note the close analogy to the Noether’s theorem for Lagrangian systems
(Sect.2.19). We wish to illustrate this by two examples.

Example (i) Consider an n-particle system described by

n 2
H= T+U(r1,...,rn) (2.144)

that is invariant under translations in the direction a. Thus the canonical transfor-
mation

n n
S(rl,...,rn;p’l,...,p,’i)=Zr,--p§+a~2p; (2.145)
i=1 i=1

leaves H invariant, a being a constant vector whose modulus is @ and which points
in the direction a. (The unprimed variables r;, p; are to be identified with the old
variables g, pr, while the primed ones are to be identified with Qy, P;.) From
(2.136) we have

S

Qk:ﬁ’

whichisr?:r,-—i—a here, with (k=1,..., f =3n), (i =1,...,n), and

S

= —, whichis p;,=p;.
Aqk

Pk

In fact it is sufficient to choose the modulus of the translation vector a infinitesi-
mally small. The infinitesimal translation is then generated by

n
=a- Zl’i .
a=0 i=1

As H is invariant, we have {o, H} = 0 and, from (2.142), do/dt = 0. We conclude
that o, the projection of total momentum onto the direction 4, is an integral of the
motion.

S
o= —
da
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Example (ii) Assume now that the same system (2.144) is invariant under arbi-
trary rotations of the coordinate system. If we consider an infinitesimal rotation
characterized by ¢ = @, then, from (2.72),

ri=[1-(¢-Jd)ri + O(e?)

P§=[ﬂ—(<p-J)]pi+O(52)}(izl""’”)-

The generating function S(r;, p}) is given by
n n
S=Y"ri-pi=> pi-@ dr;. (2.146)
i=1 i=1

The notation is as follows: (¢ - J) is a shorthand for the 3 x 3 matrix

(@ - Dap = e[@1(Dab + P22 ab + $3(U3)ap] -

The second term on the right-hand side of (2.146) contains the scalar product of
the vectors (¢ - J)r; and p;. First we verify that the generating function (2.146)
does indeed describe a rotation. We have

S
Qk:ﬁ, and thus r;=ri—(¢"])ri’
and
N
pk=@, and thus  p; = p; — pi(p-J).

J; being antisymmetric, the second equation becomes p; = [+ (¢ -J)]p;. If this
is multiplied with [1l — (¢ - J)] from the left we obtain the correct transformation
rule p; = [l — (¢ - J)]p; up to the terms of second order in & (which must be
omitted, for the sake of consistency). Equation (2.146) now yields

R

o= =—Zpi(¢'J)ri-

i=1

e=0
From (2.69) and (2.72) this can be expressed as the cross product of @ and r;,
@ -dri=9xr;,
so that, finally
pi- (@ -Dri=pi - (@xr) =9 xp)=¢-1;.

The integral of the motion is seen to be the projection of total angular momentum
I =" 19 onto the direction ¢. As H was assumed to be invariant for all
directions, we conclude that the whole vector I = (I1, I, [3) is conserved and that

(H,l,}=0, a=1,273. (2.147)
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2.35 The Hamilton—-Jacobi Differential Equation

As we saw in Sect.2.23, the solution of the equations of motion of a canonical
system becomes elementary if we succeed in making all coordinates cyclic ones. A
special situation where this is obviously the case is met when H, the transformed
Hamiltonian function, is zero. The question then is whether one can find a time-
dependent, canonical transformation by which H vanishes, viz.

~ 05*
{g.p,H(g,p, D)} — {Q, P,H=H+ = 0} . (2.148)
= = sg.p.0 |~ ot

Let us denote this special class of generating functions by S*(¢, P, ). For H to

vanish we obtain the requirement

~ 0S* 08*
H=H\qgi,pr=—,t)+ =0. (2.149)
gk at

This equation is called the differential equation of Hamilton and Jacobi. 1t is
a partial differential equation, of first order in time, for the unknown function
S*(g,q, t), where @ = (a1, ..., ay) are constants. Indeed, as H = 0, we have
P, = 0, so that the new momenta are constants, Py = «ay. Therefore, S* is a
function of the (f + 1) variables (q1, ..., qyr,t) and of the (constant) parameters
(a1, ..., 0p). S*(g, a, 1) is called the action function.

The new coordinates Qy are also constants. They are given by

_ 9S*(q,a, 1) _
ooy

O B - (2.150)

Equation (2.150) can be solved for

9k = qr(e, B, 1) (2.151)

precisely if

925*
det £0. (2.152)
daydq;

If the function S*(q, «, ) fulfills this condition it is said to be a complete solution
of (2.149). In this ‘sense, the partial differential equation (2.149) is equivalent to
the system (2.45) of canonical equations. Equation (2.149) is an important topic
in the theory of partial differential equations; its detailed discussion is beyond the
scope of this book.

If the Hamiltonian function does not depend explicitly on time, H(q, p) is
constant along solution curves and is equal to the energy E. It is then sufficient
to study the function
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S(g, ) E §*(q,a,1) - Et (2.153)

called the reduced action. It obeys a time-independent partial-differential equation
that follows from (2.149), viz.

0S
H (q,-, _) —E. (2.154)
aqr

This is known as the characteristic equation of Hamilton and Jacobi.

2.36 Examples for the Use of the Hamilton—Jacobi Equation

Example (i) Consider the motion of a free particle for which H = p?/2m. The
Hamilton—Jacobi differential equation now reads

! (V. S*(r, o, 1) + 95" o
— r,o, —=0.
2m " ot
Its solution is easy to guess. It is
* az
S*(r,a,t)=a-r— —t+c.
2m
From (2.150) we obtain
o
B=VuS*=r——t,
m

which is the expected solution r(t) = B + at/m. B and « are integration con-
stants; they are seen to represent the initial position and momentum respectively.
The solution as obtained from (2.149) reveals an interesting property. Let r(¢) =
(r1(z), ra(t), r3(2)). Then

1 08*
ri = —
m or;

, 1i=1,2,3.

This means that the trajectories r(¢) of the particle are everywhere perpendicular
to the surfaces S*(r, &, t) = const. The relation between these surfaces and the
particle’s trajectories (which are orthogonal to them) receives a new interpretation
in quantum mechanics. A quantum particle does not follow a classical trajectory. It
is described by waves whose wave fronts are the analog of the surfaces S* = const.

Example (ii) Consider the case of the Hamiltonian function H = p?/2m + U (r).

In this case we turn directly to the reduced action function (2.153) for which
(2.154) reads

2L(VS)2 +U@r)=E. (2.155)
m



2.36 Examples for the Use of the Hamilton—Jacobi Equation 151
As E = p?>/2m + U(r) is constant along solutions, this equation reduces to
2 2
(VS)? =p.

Its general solution can be written as an integral
ri
S =f (p-dr)+So, (2.156)
ro

provided the integral is taken along the trajectory with energy E.

Remarks:

(i) The generating function S*(g, ¢, t) is closely related to the action inte-
gral (2.27). We assume that the Hamiltonian function H is such that the Legendre
transformation between H and the Lagrangian function L exists. Taking the time
derivative of S$* and making use of (2.149), we find

— i =

ds* _ 95" 08"
dr ~ ot —~ 94;

—H4, p,0)+ Zm,}
i p=05*/0q

As the variables p can be eliminated (by the assumption we made), the right-hand
side of this equation can be read as the Lagrangian function L(g, g, ). Integrating
over time from fqy to ¢, we have

t
§*q@®), 1) = / dr'L(4.4.1) . (2.157)

fo

In contrast to the general action integral (2.27), where ¢ and ¢ are independent,
we must insert the solution curves into L in the integrand on the right-hand side
of (2.157). Thus, the action integral, if it is taken for the physical solutions g(¢),
is the generating function for canonical transformations that “boost” the system
from time fy to time 7.

(ii) Consider the integral on the right-hand side of (2.157), taken between #; and
1, and evaluated for the physical trajectory ¢ (¢) which goes through the boundary
values a at time ¢{, and b at time #,. This function is called Hamilton’s principal
function. We assume that the Lagrangian does not depend explicitly on time. The
principal function, which we denote by Iy, then depends on the time difference
T =1 — 11 only,

t
Io = Ip(a. b, 7) =/2er(@(z>,<9<t>> |

n

It is instructive to compare this function with the action integral (2.27): In (2.27)
I[g] is a smooth functional, q being an arbitrary smooth function of time that
connects the boundary values given there. In contrast to this, Iy is calculated from
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a solution ¢(¢) of the equations of motion which goes through the boundary values
(t1,a) and (12, b) and, hence, is a smooth function of a, b, and (t2 — t1).

We consider now a smooth change of the initial and final values of the (gen-
eralized) coordinates and of the running time t. This means that we replace the
solution ¢(¢) by another solution ¢(s, ) which meets the following conditions.
¢ (s, 1) is differentiable in the parameter s. For s — 0 it goes over into the orig-
inal solution, ¢(s = 0,7) = @(¢). During the time " = 7 + 87 it runs from
a' =a+8ato b =b+8b. How does I respond to these smooth changes? The
answer is worked out in Exercise 2.30 and is as follows.

Let p® and p” denote the values of the momenta canonically conjugate to g,
at times 7, and 1o, respectively. One finds i

dly dly a aly b
—=-E, —=-p, —=p,
ot da; by
or, written as a variation,
f f

8lo=—ES8t— Y pldai+ Y ppoby .
i=1 k=1

The function Iy and these results can be used to determine the nature of the ex-
tremum (2.27): maximum, minimum, or saddle point. For that purpose we consider
a set of neighboring physical trajectories which all go through the same initial posi-
tions a but differ in their initial momenta p“. We follow each one of these trajecto-
ries over a fixed time 7 = 7 —#; and compare the final positions as functions of the
initial momenta p(p“), that is we determine the partial derivatives M;x = db; /dp}.
The inverse of this matrix M is the matrix of mixed second partial derivatives of
Ip with respect to a and b,

ap? 31y
MY, = = — .
(M Die = 5, da; 9by

In general, we expect M to have maximal rank. Then its inverse exists and Iy is
a minimum or maximum. However, for certain values of the running time t, it
may happen that one or several of the b; remain unchanged by variations of the
initial momenta. In this case the matrix M has rank smaller than maximal. Such
final positions » for which M becomes singular, together with the corresponding
initial positions a, are called conjugate points. If, in computing Iy, we happened
to choose conjugate points for the boundary values, Iy is no longer a minimum
(or maximum).

A simple example is provided by force-free motion on §%, the surface of the
sphere with radius R in R3. Obviously, the physical orbits are the great circles
through the initial position a. If p is not the antipode of a, then there is a longest
and a shortest arc of great circle joining @ and p. If, however, @ and p are antipodes
then all trajectories starting from ¢ with momenta p“ which have the same absolute
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value but different directions, reach p all at the same time. The point p is conjugate
to a, Ip is a saddle point of the action integral (2.27).

As a second example, let us study the one-dimensional harmonic oscillator.
We use the reduced variables defined in Sect.1.17.1. With (a, p®) and (b, p?)
denoting the boundary values in phase space, T the running time from a to b, the
corresponding solution of the equations of motion reads

p(t) = [asin(ty —t) + bsin(t — t1)] .

sint

This trajectory is periodic. In the units used here the period is T = 27. The bound-
ary values of the momentum are

—acost +b —a-+bcost

Pl =) = — , P =) = ——
sint sint
while the energy is given by

a® + b* — 2abcost

E= [Po+en]=

2 2sin’ T
=%P?+@%ﬂ=%Pﬁ+@@f]

In a similar fashion one calculates the Lagrangian L = % [gbz(t) — (pZ(t)] as well
as the function Iy along the given trajectory

2 . (a® + b?) cos T — 2ab
lo(a, b, 7) = dt L(p(1), (1)) = s .
' sint

One confirms that, indeed, 81o/dt = —E, dlp/da = —p?, dlp/db = p?. The
matrix M, which in this example is one-dimensional, and its inverse are seen to
be

921 1

M = =sinT, M =— = — .
ap? dbda sint

M~ becomes singular at 7 = 7 and at T = 27, i.e. after half a period 7/2 and
after one full period T, respectively.

Keeping the initial position a fixed, but varying the initial momentum p¢, the
final position is given by b(p?, ) = p“sint + a cos t. Expressed in terms of a,
p? and t the integral Iy becomes

1
Ip(a, p%, 1) = > sint [((pa)2 - a2> cost — 2ap? sin r] .

It is instructive to plot b(p®, T) as a function of the running time z, for different
values of the initial momentum p“. As long as 0 < 7 < 7 these curves do not
intersect (except for the point a). When t = 7 they all meet in b(p*, 7) = —a,
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independently of p®. At this point M~! becomes singular. Thus, the points a and
—a are conjugate points. As long as t stays smaller than m, the action integral [ is
a minimum. For t = 7 all trajectories with given initial position a, but different
initial momenta p?, go through the point b = —a — as required by Hamilton’s
principle. As Ip(a, p%, T = m) is always zero, the extremum of / is a saddle
point.

2.37 The Hamilton—Jacobi Equation and Integrable Systems

There are several general methods of solving the Hamilton—Jacobi differential
equation (2.149) for situations of practical interest (see e.g. Goldstein 1984). In-
stead of going into these, we address the general question of the existence of local,
or even global, solutions of the canonical equations. We shall discuss the class of
completely integrable Hamiltonian systems and give a few examples. The general
definition of angle and action variables is then followed by a short description of
perturbation theory for quasiperiodic Hamiltonian systems, which is of relevance
for celestial mechanics.

2.37.1 Local Rectification of Hamiltonian Systems

Locally the Hamilton—Jacobi equation (2.149) possesses complete solutions, i.e. in
an neighborhood of an arbitrary point xo = (g0, po) of phase space one can always
find a canonical transformation whose generating function $*(g, p,t) obeys the
condition (2. 152) det(325* /9gqiday) # 0, and which transforms the Hamiltonian
function to H = 0. This follows, for example, from the explicit solution (2.157)
or a generalization thereof,

(g.1)
S*(g(r),q,r)=ss<go>+f(“ )dt’L({],q',t’)- (2.158)
q0,%0

Here S§(qo) is a function that represents a given initial condition for $* such that
po = 955(q)/9qlq,- In the second term we have to insert the physical solution that
connects (g, fo) With (g, ¢) and is obtained from the Euler-Lagrange equations
(2.28). Fin~ally, t and 7o must be close enough to each other that physical orbits

q (1), which, at 7 = 19, pass in a neighborhood of g, do not intersect. (Note that we
talk here about intersection of the graphs (7, ¢q(7)).) This is the reason the existence
of complete solutions is guaranteed only locally. Of course, this is no more than a
statement of the existence of solutions for the equations of motion: it says nothing
about their construction in practice. To find explicit solutions it may be equally
difficult to solve the equations of motion (i.e. either the Euler-Lagrange equations
or the canonical equations) or to find complete solutions of the Hamilton—Jacobi
differential equation. However, without knowing the solutions explicitly, one can
derive fairly general, interesting properties for the case of autonomous systems. We
consider an autonomous Hamiltonian system, defined by the Hamiltonian function
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H(q, p). H is chosen such that the condition det(32H/dp;dpr) # 0 is fulfilled,
i.e. such that the Legendre transformation exists and is bijective. At first we note
that instead of (2.153) we can choose the more general form

S*(q, @, 1) = S(g, @) — E(@)1 (2.159)

where X (¢) is an arbitrary differentiable function of the new momenta (which are
conserved). Equation (2.154) is then replaced by

H (c], %) = Y (). (2.160)

As we transform to the new coordinates (Q, P =q), with all Q; cyclic, (2.160)
means that

H(@)=H(q(Q.),9) = () . (2.160)

For example, we could choose ¥ (¢) = oy = E, thus returning to (2.154), with the
prescription that Py = a ¢ be equal to the energy E. Without restriction of general-
ity we assume that, locally, the derivative d H/0p s is not zero (otherwise one must
reorder the phase-space variables). The equation H(qy...g7, p1...py) = X can
then be solved locally for pr, viz.

pr=—h(qi-..qp-1,9f;p1-..ps-1, %) .

Taking g ¢ to be a formal time variable, T = ¢, the function / can be understood to
be the Hamiltonian function of a time-dependent system that has ( f —1) degrees of
freedom and depends on the constant X'. Indeed, one can show that the following
canonical equations of motion hold true:

dgi  dh  dpi ah
490 _ 0 P or i=1,2,...,f—1.
dt  dp; dt 0q;

To see this, take the derivative of the equation

H(gi...qr-1,t:p1...ps—1,—h(q1...q7r-1,T; p1...pf-1, X)) = X
with respect to p;, withi =1,2,..., f — 1,

oH 0H Opy

— 4+ — =L =

dpi  Opy Opi

However, 0H /dp; = ¢;, 0H/dps = ¢y, and dpy/0p; = —0dh/0p;, and hence
dgi/dt = qi/qy = 0h/dp;. In a similar fashion, taking the derivative with respect
to g;, one obtains

oH 3H< ah)
L (-2 =0,
dg;  dpy \ 9q;
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from which the second canonical equation is obtained, with 4 the Hamiltonian
function. The Hamilton—Jacobi differential equation for this formally time-depend-
ent system

as*+h< a5* aSs* 2) 0
q1.-.-4f—-1,T; — ... . =
ik / g1 0qf-1

locally always possesses a complete integral S*(q1...gr—1,01...2f_1, X, 7). S*
being a complete solution means that

3%s*

det( )7&0 G,j=1L2,....f =1
aqj 30[,'

Assuming that X'(¢) in (2.160) depends explicitly on «f, one can show that the

above condition is fulfilled also for i and j running through 1 to f (hint: take the

derivative of (2.160) by a ). This then proves the following rectification theorem

for autonomous Hamiltonian systems.

Rectification Theorem. Let (g, p) be a point of phase space where not all
of the derivatives d H/dg; and 0 H /dp; vanish,

oH oH
P9

(In other words, this point should not be an equilibrium position of the
system.) Then the reduced equation (2.160) locally has a complete integral
S(g, @), i.e. condition (2.152) is fulfilled.

The new coordinates Q; are cyclic and are given by Q; = 9S*/d«;. Their time
derivatives follow from (2.160’) and the canonical equations. They are
o T@
- 30[,' - aa,-

0i

With the special choice X'(¢) = ay = E, for instance, we obtain

Qi=0 for i=12,....,f—1
Or=1 (2.161)
Pe=0 for k=1,2,...,f

and therefore
95%(q. )

Qi=pBi=const., i=12,....,f—-1, Qr=t—ty=
30[/’

Pr=op=const. k=1,2,...,f.



2.37 The Hamilton—Jacobi Equation and Integrable Systems 157

The significance of this theorem is the following: the flow of an autonomous sys-
tem can be rectified as shown in Fig.2.16, in the neighborhood of every point of
phase space that is not an equilibrium position. Viewed locally, a transformation of
phase space variables smoothes the flux to a uniform, rectilinear flow, (e.g.) paral-
lel to the Q g-axis. Outside their equilibrium positions all autonomous Hamiltonian
systems are locally equivalent®. Therefore, interesting properties specific to a given
Hamiltonian (or more general) dynamical systems concern the global structure of
its flow and its equilibrium positions. We shall return to these questions in Chap. 6.

A
P P
y -_, By
_f_..—‘
I
+——
\ ’
b i
Fig. 2.16. Locally and outside of an equi-
Q librium position a dynamical system can
% % be rectified

Example. The harmonic oscillator in one dimension. We shall study the harmonic
oscillator using the reduced variables defined in Sect. 1.17.1. For the sake of clarity
we write ¢ instead of z1, p instead of z;, and ¢ instead of 7. (Thus ¢ = z; and
p = zo carry the dimension (energy)!/?, while ¢ is measured in units of w~!.) In
these units H = (p? + ¢2)/2. Choosing the function on the right-hand side of
(2.159) as follows: X («) = P > 0, the corresponding Hamilton—Jacobi equation
(2.160) reads

1asz+12_P
2\ag) 729 T

Its integration is straightforward. Because 9S/9g = /2P — g2,

q
S(q,P):/ V2P —q?dq’  with |g| < V2P .
0

We have
s 1
agaP 2P — ¢

8 This is a special case of the more general rectification theorem for general, autonomous, differ-
entiable systems: in the neighborhood of any point x( that is not an equilibrium position (i.e.
where F(xq) # 0), the system ¥ = F(x) of first-order differential equations can be transformed
to the form z = (1,0,...,0), ie. 21 =1, 2 = 0 = ... = z¢. For a proof see e.g. Arnol’d
(1973).

£0
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and

as
p=-—=42P—q*,
dq
dq' = arcsin ——

as q 1

P Jo 2P —qg”? 2P
Because of the arcsin function, Q should be restricted to the interval (—%, 7).
However, solving for ¢ and p one obtains

q=~2PsinQ, p=+2PcosQ,

so that this restriction can be dropped. It is easy to confirm that the transformation
(g, p) — (Q, P) is canonical, e.g. by verifying that M = 9(q, p)/9(Q, P) is sym-
plectic, or else that (PdQ — pdgq) is a total differential given by d(P sin Q cos Q).
Of course, the result is already known to us from Example (ii) of Sect.2.24. In
the present case the rectification is even a global one, cf. Fig.2.17. With units as
chosen here, the phase point runs along circles with radius ~/2P in the (g, p)-
plane, with angular velocity 1. In the (Q, P)-plane the same point moves with
uniform velocity 1 along a straight line parallel to the Q-axis. As the frequency
is independent of the amplitude, the velocities on all phase orbits are the same in
either representation (this is typical for the harmonic oscillator).

P

N °

Fig. 2.17. For an oscillator the rec-
tification is global

2.37.2 Integrable Systems

Mechanical systems that can be integrated completely and globally are the excep-
tion in the many varieties of dynamical systems. In this section we wish to collect
a few general properties and propositions and to give some examples of integrable
systems.

The chances of finding complete solutions for a given system, loosely speaking,
are the greater the more integrals of the motion are known.
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Example (i) Motion of a particle in one dimension, under the influence of a po-
tential U(q) (see Sect. 1.16). The system has one degree of freedom f = 1, the
dimension of phase space is dim P = 2, and there is one integral of the motion:
that of the energy.

Example (ii) Motion of a particle in three dimensions, with a central potential
U(r) (see Sect.1.24). Here f = 3 and dim P = 6. Integrals of the motion are
provided by the energy E, the three components /; of angular momentum, and, as
a consequence, the square of angular momentum 2.

Generally, the dynamical quantities g2(q, p), - - -, gn (g, p) are integrals of the
motion if the Poisson brackets of the Hamiltonian function H and gi vanish,
{H,gi} = 0, fori = 2,3,...,m. Each one of these functions g;(g, p) may
serve as the generating function for an infinitesimal canonical transformation (cf.
Sect.2.33). By the reciprocity discussed in Sect.2.33, H is left invariant by this
transformation. The question remains, however, in which way the other integrals of
the motion transform under the infinitesimal transformation generated by a specific
gi. In Example (ii) above, /3 generates an infinitesimal rotation about the 3-axis,
and we have

(,HYy=0, {5,1°Y=0, {i,h)=—-L, {5hLi=1.

In other words, while the values of the energy E and the modulus of the angular
momentum [ = /12 are invariant, the rotation about the 3-axis changes the values
of [1 and /. A solution with fixed values of (FE, 12, 13,1, I>) becomes a solution
with the values (E, 1%, 13,1} ~ I} — elp, I} >~ I, + &ly).

Thus, there are integrals of the motion that “commute” (i.e. whose Poisson
bracket {g;, gx} vanishes), as well as others that do not. These two groups must be
distinguished because only the former is relevant for the question of integrability.
This leads us to the following.

Definition. The linearly independent dynamical quantities gi(q, p) = H(q, p),

82(q, p), .-, 8m(q, p) are said to be in involution if the Poisson bracket for any
pair of them vanishes,
{¢i(q, p). 8k(g, P} =0, i,k=12,....m. (2.162)

In Example (ii) above, H, 12, and I3 (or any other fixed component /;) are in
involution. Let us consider a few more examples.

Example (iii) Among the ten integrals of the motion of the two-body system with
central force (cf. Sect. 1.12), the following six are in involution

2
Hrel=5—+U(r),P,lz,l3, (2.163)
0

Hi. being the energy of the relative motion, P the momentum of the center of
mass, and [ the relative angular momentum.
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Example (iv) (This anticipates Chap. 3). In the case of a force-free rigid body
(which has f = 6), the kinetic energy Hr = ® - L/2, the momentum of the
center of mass P, and L? and L3 are in involution (cf. Sect.3.13).

All quoted examples are globally integrable (in fact, they are integrable by
quadratures only). Their striking common feature is that the number of integrals
of the motion equals the number, f, of degrees of freedom. For instance, the two-
body problem of Example (iii) has f = 6 and possesses the six integrals (2.163)
in involution. If we consider the three-body system with central forces instead,
the number of degrees of freedom is f = 9, while the number of integrals of
the motion that are in involution remains the same as in the case of two bodies,
namely 6. Indeed, the three-body problem is not generally integrable.

Example (v) If, in turn, we manage to integrate a canonical system by means of
the Hamilton—Jacobi differential equation (2.149), we obtain the f integrals of the
motion (2.150): Qx = S*(q, @, 1)/dak, k = 1,2,..., f, which trivially have the
property {Q;, Ok} = 0.

In conclusion, it seems as though the existence of f independent integrals of
the motion is sufficient to render the system of 2 f canonical equations integrable.
These matters are clarified by the following theorem of Liouville.

Theorem on Integrable Systems. Let {g| = H, g2, ..., g7} be dynamical quan-
tities defined on the 2 f-dimensional phase space P of an autonomous, canonical
system described by the Hamiltonian function H. The g;(x) are assumed to be in
involution,

{gi,gr} =0, i, k=1,...,f, (2.164)
and to be independent in the following sense: at each point of the hypersurface

S={xePlgx)=c, i=1,...,f} (2.165)
the differentials dgy, ..., dgy are linearly independent. Then:

(a) S is a smooth hypersurface that stays invariant under the flow corresponding
to H. If, in addition, S is compact and connected, then it can be mapped
diffeomorphically onto an f-dimensional torus

T/ =58'"x...x 8" (f factors) . (2.165))

(Here S! is the circle with radius 1, cf. also Sect.5.2.3, Example (iii) below).
(b) Every S! can be described by means of an angle coordinate 6; € [0, 27). The
most general motion on § is a quasiperiodic motion, which is a solution of
the transformed equations of motion
o,

T oY i=1...,f. (2.166)
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(c) The canonical equations can be solved by quadratures (i.e. by ordinary inte-
gration).

The proof is clearest if one makes use of the elegant tools of Chap. 5. As the reader
is probably not yet familiar with them at this point, we skip the proof and refer to
Arnol’d (1988, Sect.49) where it is given in quite some detail. A motion @ in P is

said to be quasiperiodic, with base frequencies a)(l'), L oW i all components
of @(z,s, ) are periodic (the periods being 27 JwV) and if these frequencies are
rationally independent, i.e. with r; € Z, we have

f
Zrl-w“):o only if ri=...=r;=0. (2.167)

i=1
Let us study two more examples.

Example (vi) Two coupled linear oscillators (cf. Practical Example 2.1). Here f =
2, the Hamiltonian function being given by

1 2 2 1 2, 2 2 1 2 2
H = %(Pl + Pz) + Emwo(% +q2) + 5771601(611 —q)° .

The following are two integrals of the motion in involution related to H by
g1+8 =H:

g1 = L(Pl +p2)? + 1mw(z)(% +q)?,
4m 4

g = L(1?71 —p2)’ + lm(w(% +20D) (@1 = 92)*
dm 4 !

This decomposition of H corresponds to the transformation to the two normal-
mode oscillations of the system, z1,2 = (q1£q2)/ V2, g1 and g being the energies
of these decoupled oscillations. Following Example (ii) of Sect. 2.24, we introduce
new canonical coordinates {Q; = 6;, P; = I;} such that

H=g +g =wli +o} +20 L.

Then 01 = wot + B1, 6 = 1/a)% +2w%t + B2. For fixed values of I and I
the surface S (2.165) is the torus T2. If the two frequencies oV = @y, 0@ =
\ /a)(% + 20)% are rationally dependent, i.e. if n 10D = n,0®@ with ny, ny positive
integers, then the motion is periodic with period T = 27/nj0V = 27/ny0?.

Any orbit on the torus 72 closes. If, on the contrary, the frequencies are rationally
independent, the orbits never close. In this case any orbit is dense on the torus.
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Fig. 2.18. Coordinates used to describe the spherical pendulum

Example (vii) The spherical mathematical pendulum. Let R be the length of the
pendulum, 6 the deviation from the vertical, and ¢ the azimuth in the horizontal
plane (see Fig.2.18). We have
2 2
Py Py
H = + +mgR(1 —cosf) ,
2mR?  2mR2sin%6 8

where py = mR*d6/dr, Dy = mR?sin? 0d¢/dr. The coordinate ¢ is cyclic.
Hence, py =1 = const. There are two integrals of the motion gy = H, g = py,
and we can verify that they are in involution, {g, g2} = 0. Therefore, according
to the theorem above, the system is completely integrable by quadratures. Indeed,
taking g1 = 0, g2 = ¢, T = wt, p; = dgi/dr, and py = sin® g1dg»/dt, and
introducing the parameters

12

_ E >_ 8 2 _
=——, =2, a=—F—,
mgR R m-gR
we obtain
Ley 2 L q )= 102 4 U
£ =— S —cosq)) = — 0.
27 2sin’ g i 2P q

The equations of motion read

dg

— =p1 = 4 2(8—U(q1))7
dr

dp;  a’cosq .

— = ——" _sing ,

dr sin’ q1 1

dg» a

dr  sin’q

They are completely integrable. From the first equation we obtain

_ dgi
"f¢m:wwm'



2.37 The Hamilton—Jacobi Equation and Integrable Systems 163

Combining the first and the third yields

q=a / dg:
sin® g1v/2( — U(q1)
2.37.3 Angle and Action Variables

Suppose we are given an autonomous Hamiltonian system with (for the moment)
f =1 that has periodic solutions for energies E belonging to a certain interval
[Eo, E1]. Let I'g be a periodic orbit with energy E. Then the period T (E) of the
orbit I'g is equal to the derivative dF (E)/dE of the surface F(E) that is enclosed
by this orbit in phase space (see Exercises 2.1 and 2.27),

d dF(E)
T(E)= iE pdg = iE
I'g

The period T (E) being related to the circular frequency by w(E) = 2n /T (E) we
define the quantity

1 1
16 Y FE) = —f pdg . (2.168)
b4 27 Jry

I(E) is called the action variable. Except for equilibrium positions, T(E) =
2ndI(E)/dE is nonzero. Hence, the inverse function £ = E(I) exists. Therefore,
it is meaningful to construct a canonical transformation {q, p} — {6, I} such that
the transformed Hamiltonian function is just E(/) and [ is the new momentum.
From (2.154) and (2.87) this means that

aS(q, 1 aS(q, 1 S
p=28%@D -, 956D q. — | = EU) . (2.169)
aq a1 aq

The new generalized coordinate 6 is called the angle variable. We then have [ =
const € A, where the interval A follows from the interval [Eg, E1] for E. The
equation of motion for 6 takes the simple form

. BE(D)

6 = =o' = const .
ol

With the (Q = 6, P = I) description of phase space, the orbits lie in a strip
parallel to the 6 axis, whose width is A. Each periodic orbit has the representation
0 = D146y, I = const), i.e. in the new variables it runs parallel to the abscissa.
However, as 6 is to be understood modulo 27, the phase space is bent to form part
of a cylinder with radius 1 and height A. The periodic orbits lie on the manifold
Ax SlinP.

For a system with more than one degree of freedom, f > 1, for which there are
f integrals in involution, the angle variables are taken to be the angular coordinates
that describe the torus (2.165"). The corresponding action variables are
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1
Ii(cr,ocp) = g?g > pidg; ,
Tk

where one integrates over the curve in [P that is the image of (6; = const for i # k,
Or € S1). The manifold on which the motion takes place then has the form

Arx . Apx (SHY =A1x . .oxApxTT . (2.170)

Example (vi) illustrates the case f = 2 for two decoupled oscillators. In Example
(vii) the quantities ¢ (energy) and a (azimuthal angular momentum) are constants
of the motion, and we have

1 1
Ii(e,a) = Ef p1dqr = E?gﬂ(e —U(q1))dq1 ,

1
e, a) = E}:{ S

Solving the first equation for €, ¢ = &([1, a), we obtain the frequency for the
motion in 6 (the deviation from the vertical),

. de(ly,
g ela)

w1 .
a1 !

2.38 Perturbing Quasiperiodic Hamiltonian Systems

The theory of perturbations of integrable quasiperiodic Hamiltonian systems is
obviously fundamental for celestial mechanics and for Hamiltonian dynamics in
general. This is an important and extensive branch of mathematics that we cannot
deal with in detail for lack of space. We can only sketch the basic questions ad-
dressed in perturbation theory and must refer to the literature for a more adequate
account.

Consider an autonomous, integrable system for which there is a set of action-
angle variables. Let the system be described by Hy(/). We now add to it a small
Hamiltonian perturbation so that the Hamiltonian function of the perturbed system
reads

H@, 1, 1) =Ho(I) +nH (@, 1, 1) . 2.171)

Here H; is assumed to be 2w -periodic in the angle variables 8, while w is a real
parameter that controls the strength of the perturbation.

To quote an example, let us consider the restricted three-body problem, which
is defined as follows. Two mass points P; and P, whose masses are m| and my,
respectively, move on circular orbits about their center of mass, under the action
of gravitation. A third mass point P is added that moves in the orbit plane of
P1 and P», and whose mass is negligible compared to m and my so that it does
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not perturb the motion of the original two-body system. The problem consists in

finding the motion of P. Obviously, this is a model for the motion of the moon in

the field of the sun and the earth, of the motion of an asteroid with respect to the

system of the sun and Jupiter (the heaviest of the planets in our planetary system),

or of the motion of satellites in the neighborhood of the earth and the moon.
Thus, the general problem is defined as follows:

(a) H(@, I, ) is a real analytic function of 9 € T/, of [ € Ay x...% Ay, asin
(2.170), and of u € I C R, where the interval [ includes the origin.
(b) H is periodic in the variables 6;, i.e.
HO+2me;, [,W)=HO,I,pw, i=12,....f,

where e; is the ith unit vector.
(c) For u = 0 the problem has a form that is integrable directly and completely.
The condition det(32H /9191 1) # 0 holds. The unperturbed solutions read
dHy(I)

0 0
91'( )([) = T; +f3i( ) ’
1

=, i=12,....f, with «?€a.

i

(2.172)

The aim of perturbation theory is to construct solutions of the perturbed system
for small values of . We assumed H to be real and analytic in . Therefore, any
solution (2.172) can be continued in any finite time interval I; and for small values
of w with, say, |u| < wo(ly), where g is suitably chosen and is a function of
the interval /;. Unfortunately, the question that is of real physical interest is much
more difficult: it is the question whether there exist solutions of the perturbed
system that are defined for all times. Only if one succeeds in constructing such
solutions is there a chance to decide, for instance, whether the periodic motion of
our planetary system is stable at large time scales. In fact, this question still has
no final answer”.

Perturbation theory makes use of two basic ideas. The first is to do a systematic
expansion in terms of the parameter 1 and to solve the equations generated in this
way, order by order. Let

O = 9/50) + /J“elgl) + M291§2) +...; 9;50) = wit + Br ,
(0) 1) 27(2) ) (2.173)
[k:Ik +M1k +u Ik +... Ik = o,

and then insert these expansions in the canonical equations,
O ={H,6}, Ik={H I},
and compare terms of the same order u”. For instance, at first order w! one finds
9 There is evidence, from numerical studies, that the motion of the planet Pluto is chaotic, i.e. that
it is intrinsically unstable over large time scales (G.J. Sussman and J. Wisdom, Science 241(1988)

433). Because Pluto couples to the other planets, though weakly, this irregular behavior eventually
spreads to the whole system.
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aH; (00, 10)
0)
I,
dH 0O, 1)
30

We have to insert the unperturbed solutions §© and 7© on the right-hand side,
for consistency, because otherwise there would appear terms of higher order in w.
As Hj was assumed to be periodic, it can be written as a Fourier series,

. 0
6" = (H1,0) ~

’

IE ) { 1 IE )} =

;
H OO 1= > Cupmp @ exp{id m”

my..mg

=Y Conpemp@ exp {i Y meent + B0} -

Equations (2.174) can then be integrated. The solutions contain terms whose time
dependence is given by

exp{ kawkt} .

Such terms will remain small, for small perturbations, unless their denominator
vanishes. If, in turn, Y mgwx = 0, oW and 1D will grow linearly in time. This
kind of perturbation is said to be a secular perturbation.

The simplest case is the one where the frequencies wy are rationally indepen-
dent, cf. (2.167). The time average of a continuous function F over the quasiperi-
odic flow 8© (1) = wr + B is equal to the space average of F on the torus 7/ 19,

kawk

1 def
lim — / F@O(())dt = an )f/ doy...dosF(@) = (F) . (2.175)

Taking account of the secular term alone, one then obtains from (2.174) the ap-
proximate equations

. 0 .
1 _ (1)
K 2@ (H)). i’ =o0. (2.176)

The second idea is to transform the initial system (2.171) by means of successive
canonical transformations in such a way that the transformed Hamiltonian function
H depends only on the action variables /, up to terms of increasingly high order in
the parameter . This program requires a detailed discussion and needs advanced
and refined tools of analysis. Here we can only quote the main result, which is
relevant for questions of stability of Hamiltonian systems.

10 Equation (2.175) holds for functions f = exp{iY_k;0;(r)} with 6;(t) = w;1 + p;, where it gives,
in fact, (fg) = 0, except for k; = ... =ky = 0. Any continuous F can be approximated by a
finite linear combination F =) Cy fx.
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2.39 Autonomous, Nondegenerate Hamiltonian Systems
in the Neighborhood of Integrable Systems

The manifold on which the motions of an autonomous integrable system Hy (/) take
place is the one given in (2.170). We assume that the frequencies {w;} are rationally
independent (see (2.167)). For fixed values of the action variables I = oy every
solution curve runs around the torus 7/ and covers it densely. One says that the
quasiperiodic motion is ergodic. After a sufficiently long time the orbit returns
to an arbitrarily small neighborhood of its starting point but does not close. This
situation is decribed by the term nonresonant torus''.

We now add a small Hamiltonian perturbation to this system so that it is de-

scribed by
H@©, 1, )= Ho(l)+pnH @, 1,1 . (2.177)

The question then is in which sense this system is stable. Does the perturbation
modify only slightly the manifold of motions of the system Hy([), or does it de-
stroy it completely?

The most important result that to a large extent answers this question is pro-
vided by a theorem of Kolmogorov, Arnol’d and Moser that we wish to state here
without proof in admittedly somewhat qualitative terms.

Theorem (KAM). If the frequencies of an integrable, Hamiltonian sys-
tem Hp are rationally independent and if, in addition, these frequencies
are sufficiently irrational, then, for small values of u, the perturbed system
H = Hy+uHj has solutions that are predominantly quasiperiodic, too, and
that differ only slightly from those of the unperturbed system Hy. Most of
the nonresonant tori of Hy are deformed, but only slightly. Thus, the per-
turbed system possesses nonresonant tori as well, on which the orbits are
dense.

Here, sufficiently irrational means the following. A single frequency is sufficiently
irrational if there are positive real numbers y and « such that

n _
‘w_ _’ > ym™@ (2.178a)
m

for all integers m and n. Similarly, f rationally independent frequencies are suf-
ficiently irrational if there are positive constants y and « such that

1> riwi| = yirl™, rel. (2.178b)

It is instructive to study the special case of systems with two degrees of freedom,
f = 2, because they exhibit many interesting properties that can be analyzed in

1 If, in turn, the frequencies are rationally dependent, the tori are said to be resonant tori, cf.
Example (vi) of Sect.2.37.2. In this case the motion is quasiperiodic with a number of frequencies
that is smaller than f.
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detail (see e.g. Guckenheimer, Holmes 1986, Sect. 4.8). The general case is treated,
e.g., by Thirring (1989) and Riissmann (1979).

The KAM theorem was a decisive step forward in our understanding of the dy-
namics of quasiperiodic, Hamiltonian systems. It yields good results on long-term
stability, although with certain, and somewhat restrictive, assumptions. Therefore,
the qualitative behavior of only a restricted class of systems can be derived from
it. An example is provided by the restricted three-body problem sketched above
(Riissmann 1979). Unfortunately, our planetary system falls outside the range of
applicability of the theorem. Also, the theorem says nothing about what happens
when the frequencies {w;} are not rationally independent, i.e. when there are res-
onances. We shall return to this question in Sect. 6.5.

2.40 Examples. The Averaging Principle

2.40.1 The Anharmonic Oscillator

Consider a perturbed oscillator in one dimension, the perturbation being propor-
tional to the fourth power of the coordinate. The Hamiltonian function is

2
1
H= f—m + 3made® + gt (2.179)

or, in the notation of (2.177),

PP, 4
HO=%+§mwoq , Hi=q".

In the absence of the anharmonic perturbation, the energy E® of a periodic orbit
is related to the maximal amplitude gmax by (qmax)2 =2E©® / ma)(z). We take

def ¢ def 4E©
X = and ¢ = "7
gmax mza)o

so that the potential energy becomes
1
U(g) = Emw(z)qz + /Lq4 = E(O)(l + 8x2)x2 .
We study this system using two different approaches.
(i) If we want the perturbed oscillation to have the same maximal amplitude

Gmax, 1.€. Xmax = 1, the energy must be chosen to be E = EO(1+¢). The aim is
to compute the period of the perturbed solution to order . From (1.55) we have

5 . ) —12
m max mw M4

T s dg [1- =24+ 2=
VE/_ q( 2Eq+Eq)

2 +1 x2 e
—/ dx(l————x4>
wov1+¢e J-1 1+¢ 1+4+¢

—12
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In the neighborhood of ¢ = 0 one has

T(s—O)—2/+1 dx 27
T ) VTR @

dT
de

1 /+1 dx L /H x?dx | 327
=0 wQ —1 A1 —x2 —1 A1 —x2 4 wy
Thus, the perturbed solution with the same maximal amplitude has the frequency
o = wo(1 4 3¢/4) + O(g?). It reads

q(t) 2 Gmax sin (1 4+ 3e/4wot + ¢o) . (2.180)

Comparing this with the unperturbed solution q(o) () = gmax Sin(wot + ¢p), we
see that ¢(¢) is in opposite phase to ¢©(¢) after the time A = 47/(3ewp). Thus,
with increasing time, the perturbed solution moves far away from the unperturbed
one.

(ii) Let us analyze the same system but this time making use of the methods
of Sect.2.38. The action variable (2.168) of the unperturbed oscillator is given by

1 dmax
10 = —2/ dq\/Zm(E(O) —mawiq?/2)

21 —Yqmax

2E©® r+1 EO®
= / dxv1—x2 = —

Twy Ji wo

and therefore we have Hy(I?9) = E©@ = 1©y,. The angle variable 0© was
determined in the example of Sect.2.37.1 (cf. also Sect.2.24, Example (ii)). We
have

q(O) () = gmax sin 9(0)
with

21O 0
gmax = ,/ —— and 9O = wot + ¢o .
mawo

Inserting this into the perturbation yields
(02

41
H 600, 10y = —— sin*9©
m C()O

We now calculate the average of sin*0© over the torus 7! = S

2
/ " sin*9©dp® = §2n _3r )
0 8 4

The average of Hj (2.175) is then (H;) = 312 /2m?w]. Inserting this into (2.176)
we get
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310

6D () = (H) = iY@y =0. (2.181)
m

91O wp

To first order in the parameter w, which measures the strength of the perturbation,
we obtain according to (2.173)

Loy N 142
- ~ =w ~g,
1 0 mza)% 0 4

I(T) ~ 19, (2.182)

with ¢ as defined above. Clearly (2.182) is precisely our earlier result (2.180): the
frequency increases a little, but the action variable stays constant.

2.40.2 Averaging of Perturbations

The result (2.176) for the motion in first-order perturbation theory contains the
average of Hj over the torus (2.175). This average is the same as the time average
(if the frequencies are rationally independent). This is a special case of a more
general situation that may be described as follows. For the sake of simplicity we
consider the case f = 1. The unperturbed system has the period Tp = 27 /wyp.
Take ¢ to be a time large compared to Tp, but still small compared to A >~ T/,
where 1 again measures the strength of the perturbation. It is instructive to consider
the example of Sect.2.40.1, where A = 4w /(3ewp) is the time after which the
perturbed system is completely out of phase. Taking, for example, the solution
(2.180) with g9 = 0, we have

o . 2 ; 27 /) + 2 s 2 ;
>~Ssm| — COoOS| — COS | — sm{ — .
q T A T A

which, for Ty < t < A, is approximately

o . 27rt n Znt 271t . 2nt . 3 , 27rt
~sm| — —17 COS | — =Sm\| — —EW CoOS| — .
a To A To T 2540 To

Thus, the unperturbed solution is modified by a small term that is the product of a
term proportional to ¢ and of cos(27t/Tp), the latter being of comparatively rapid
oscillation. During the same time the action variable does not change, or changes
only to second order in the perturbation.

More generally, if the equations 6© = 9@ (@) j©O —= 0 are subject to a
perturbation such that the perturbed equations of motion read

6 =000+ pure, 1),
I =pg@®,1), (2.183)

where f and g are periodic functions in 6, then the change of the action variable
over time ¢ will be approximately
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1 t
1 :m{;/ g(Q(O)(t/),I(O))dt/} )
0

As t > Ty, the term in curly brackets is approximately the time average, taken over
the unperturbed motion. Here, this is equal to the average over the torus 7. There-
fore, one expects the average behavior of 7(¢) to be described by the differential
equation

. 2w
I =ulg) = E/o d0g®, 1) . (2.184)

Returning to the special case of a Hamiltonian perturbation,
H = Ho(I) + nH (0, 1) ,
the second equation (2.183) reads

i 0H,
=—u 50
As H; was assumed to be periodic, the average of d H;/d6 over the torus vanishes

and we obtain the averaged equation (2.184),
I=o,

in agreement with the results of perturbation theory. These results tell us that the
action variable does not change over time intervals of the order of ¢, with Ty < ¢ <
A. Dynamical quantities that have this property are said to be adiabatic invariants.
The characteristic time interval that enters the definition of such invariants is 7, with
t < A =~ Ty/u. Therefore, it is meaningful to make the replacement u = nt in the
perturbed system H (@, I, i). For times 0 <t < 1/ the system changes slowly,
or adiabatically. A dynamical quantity F (9,1, 1) : P — R is called adiabatic
invariant if for every positive constant ¢ there is an ng such that for n < 59 and
O0<t<l1/n

[F (@), I(1),nt) — F(€(0), 1(0),0)] < ¢ (2.185)

(see e.g. Arnol’d 1978, 1983).
Note that the perturbation on the right-hand side of (2.183) need not be Hamil-
tonian. Thus, we can also study more general dynamical systems of the form

Xx=upnfx t,u, (2.186)

where x € P, 0 < u « 1, and where f is periodic with period Tj in the time
variable ¢. Defining

ef 1
() <

To
— (x,1,0)dz,
- To/o !
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we may decompose [ into its average and an oscillatory part,
f=N)+8(x,t, 1) .

Substituting

Y=Y+npSO, 1,1

and taking the differential with respect to ¢ gives
9 Yk 98k 0y 08K\ dyi . 08k
- 4+ A S+ u—m | — = "
ar Ly Z TR ) o T TR
AYA
at
If S is chosen such that 9S;/9t = gi(¥,,0), and if terms of higher than first

= u{fr)(x) + puge(x, t, () —

order in pu are neglected, then (2.186) becomes the average, autonomous system

y=u(fHQ), (2.187)

(see Guckenheimer, Holmes 1986, Sect.4.1). Let us return once more to the ex-
ample of Sect.2.40.1. In the first approach we had asked for that solution of the
perturbed system which had the same maximal amplitude as the unperturbed one.
Now we have learnt to “switch on” the perturbation, in a time-dependent fash-
ion, by letting © = nt increase slowly (adiabatically) from ¢ = 0 to ¢. Our result
tells us that the adiabatically increasing perturbation deforms the solution with
energy E© and amplitude gmax smoothly into the perturbed solution with energy
E = E®(1 4 ¢) that has the same amplitude as the unperturbed one.

A final word of caution is in order. The effects of small perturbations are by
no means always smooth and adiabatic — in contrast to what the simple examples
above seem to suggest. For example, if the time dependence of the perturbation
is in resonance with one of the frequencies of the unperturbed system, then even
a small perturbing term will upset the system dramatically.

2.41 Generalized Theorem of Noether

In the original form of Noether’s theorem, Sect. 2.19, the Lagrangian function
was assumed to be strictly invariant under continuous transformations containing
the identity. Invariance of L(q1,...,qr,q1, ..., qr) with respect to one-parameter
symmetry transformations of the variables ¢; implied that the equations of motion
were covariant, that is were form invariant under such transformations. This is one
of the reasons why the notion of Lagrangian function is of central importance:
in many situations it is far simpler to construct invariants rather than covariant
differential equations. The theorem in its strict form was illustrated by the closed
n-particle system with central forces. It was shown that
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— its invariance under space translations yielded conservation of total momentum,

— its invariance under rotations in R3, yielded conservation of total angular mo-
mentum.

— By extending the definition of independent generalized coordinates it was also
possible to demonstrate the relationship between invariance under translations
in time and conservation of energy, s. Exercise 2.17 and its solution.

Throughout this section, for simplicity, we drop the “under-tilda” on points of
velocity space or phase space and write ¢ for (q1,...,qy), ¢ for (g1,...,4Gy),
and p for (p1,..., pyf).

In this section we discuss further versions of Noether’s theorem which gen-
eralize the previous case in two respects. First we recall that covariance of the
equations of motion is also guaranteed if the Lagrangian function is not strictly
invariant but is modified by an additive time differential of a function of g; and ¢,

. b . d

The function M should be a smooth function (or, at least, a C? function) of the
coordinates g; and possibly time but otherwise is arbitrary. As an example consider
the Lagrangian function of n freely moving particles,

1 n
. . .2
L(xy,...,xp,%1,...,%,) = Tiin = EZmixi .
i=1

Obviously, L is invariant under arbitrary Galilei transformations, the corresponding
Euler-Lagrange equations are covariant, i.e. if one of the two following equations
holds then also the other holds,

d2x; (1) d2x/ (1)
dr? =0 dr’2? =0,

i=1,2,...,n.

Thus, a general Galilei transformation (1.32) (barring time reversal and space re-
flections)

t>t =t+s, seR, (2.1892)
x—x'=Rx+wr+a, ReSOQB), w,a real, (2.189b)

does not change the form of the equations of motion. However, it does change the
Lagrangian function, viz.

n n
. . . 1
L'(x}, %) = L(x;, %;) + E mi(Rx,-)-w+§ E m;w>

i=1 i=1
n 1

= L(x;,x;)+ Zmii’i . (R_lw) + E Zmiwz .
i=1 i=1

The new function L’ differs from L by the time differential of the function
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n n
M(xy,...,x,, 1) = Zmixi . (R_lw> + %I(Zmi)wz .
i=1 i=1

This is seen to be a gauge transformation in the sense of Sect. 2.10 which leaves
the equations of motion unchanged. The example shows that Noether’s theorem
can be extended to cases where the Lagrangian function is modified by the gauge
terms introduced in Sect. 2.10.

A further generalization of the theorem consists in admitting gauge functions
in (2.188) which depend on the variables 7, g;, as well as on g; provided a supple-
mentary condition is introduced which guarantees that any new acceleration terms
gi caused by the symmetry transformation vanish identically'?.

Given a mechanical system with f degrees of freedom, to which one can asso-
ciate a Lagrangian function L(q, ¢, t) and coordinates (¢, q1,...,qf,q1,-..,4f)
on R, x IP (direct product of time axis and phase space), consider transformations
of the coordinates

!'=g(t.q.4,9) , (2.190a)
g =hitq.q,5) . (2.190b)

The functions g and 4’ should be (at least) twice differentiable in their 2 f + 2
arguments. The real parameter s varies within an interval that includes zero, and
for s = 0 (2.190a) and (2.190b) are the identity transformations

g(t,q.g,s=0)=1, hit,q.q.s=0=q", i=12 ..., f.

As for the case of strict invariance of the Lagrangian function only the neighbour-
hood of s = 0 matters for our purposes. This means that g and 4’ may be expanded
up to first order in s,
Sti=t'—t= %
S 1s=0
1

8" =q"" —q' = ==

s+ 06H =1(,q,¢)s + O, (2.191a)

s+0O6Y) =k, q,9)s + OGY) (2.191b)
s=0

terms of order s> and higher being neglected. The first derivatives defined in
(2.191a) and in (2.191b),

0g(t,q.q,s)

. ) dhi(t,q,4q,s)
. K'(t,q,q) = ——————
ds

t(t.q.9) =
s=0 s s=0

are the generators for infinitesimal transformations g and ‘. .
An arbitrary smooth curve t — ¢(¢) is mapped by g and A’ to a curve ¢’ —
q'(t"). To first order in s, their time derivatives fulfill the relation
dg''  dg'"dt G+ skl
de’  dr dr' 1+t

12 W. Sarlet, F. Cantrijn; SIAM Review 23 (1981) 467.

=¢ +sk' —¢'t) . (2.192)
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The action functional on which Hamilton’s principle rests, stays invariant, up to
gauge terms, if there is a function M (¢, g, ¢) such that

té d
dr' L /t/,—/t/,l‘/
/ (/@) 55a'@).7)

f2 2 dM(t’f]»Q) 2
= de L{qg(z 1),t dt ——+0
[ar a0, Gaw.r) s [ o (+*)

for every smooth curve t — ¢ (¢). The integral on the left-hand side can be trans-
formed to an integral over ¢ from #; to f,

p
/t;Zdt/ /tl dt(((litt)

Then, for every smooth curve we must have

/

L(4'(), q(t)t)fft

dM(t,q, q)
dt ’
this being an identity in the variables ¢, ¢, and ¢. To first order in s and with
% = 1 4 s7 this equation yields

= L(q(t) S0, t) (2.193a)

M(t, q,q9)

2.193b
” ( )

L
¥5t+ a, +Z—3q +sL(t,q,§)t =

What we have to do next is to insert (2.192) and to calculate the total time deriva-
tives 7, k', and M(¢, g, ¢), obtaining

8¢ =s(k' —¢'),

. 0t ot ot
T aqq +zi:aqiq ’

: At
G
K_8t+ +Zakq
M_8M+ BM-+ oM _,
= o ag ! T ag !

Collecting all terms in (2.193b) which are proportional to s, inserting the auxiliary
formulae just given, comparison of coefficients in (2.193b) gives the somewhat
lengthy expression
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oL oL
ET_’_X[:B(] !

AL (/i (L At
+Z_'i{<a_i+za;q + 3 554)

ag 7
iy ot ..;
( +Zaq1 JjLXJ:@q’I)}
. it ..,
+L(tqq)(8t+28ql +Z£rj f)

J

oM M M
_ (2 2.193
(8t+28qq Zaqq) (2.193¢)

At this point one imposes the condition on the terms containing accelerations ¢/
that was formulated above. This yields a first set of f equations. Indeed, collecting
all such terms for every value of the index j, one obtains

44— aila7 9 5 ) =55 -1raa
1.4 aq’ p ag' \dg’ 1 aq’ daq’

j=1...,f.

If these equations are fulfilled the lengthy equation (2.193c) reduces to one further
equation that will be important for identifying integrals of the motion. It reads

dL oL AL [ dx! ' j
ET-{-;—.KI-FZ—,I.{W"‘ZBC]] ( +Zaq1 )}

dq

oM oM

L. q)(a; +Z g7 . ) = g’ aa (2.1940)

Thus, one obtains in total ( f + 1) equations which hold for arbitrary smooth curves
t — q(t). These equations simplify when ¢g(#) = ¢(¢) is a solution of the Euler-
Lagrange equations for L,

d oL oL
a1 091 8qi—O, i=1,2,...,f, qt) = (1) .

The strategy aiming at uncovering integrals of the motion is the following:
Write eq. (2.193c¢), as far as possible, as a sum of terms which contain only total
time derivatives, and make use of the equations of motion, to replace where ever
this is necessary, by dt( ) Note that those expressions in (2.193c) that are
contained in round brackets are already in the form of total time derivatives. Only
the first two terms on the left-hand side still contain partial derivatives. Repeating
(2.193c), inserting the equations of motion in the second term, it becomes
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dL +Z(d BL) - AL di!
ot ~\dr 91/ " L og ar

_ZE d_T d_T_d_M_() (2.1952)
4 e dt '

The sum of the second and third terms of this equation is a total differential. Col-
lecting the first and the fourth terms, and making use once more of the equations
of motion, one has

_Za_qu_f
d d
T _Z<dt§qL) Xi:aL(dt )r_za_Lq(:l_:
zc(li_l;r_i (quqi) (2.195b)

Inserting this in (2.195a) transforms this equation into one that contains indeed
only total derivatives with respect to ¢,

d d iL d
E(Lr)+52i:|: 2 ( —g r>i|—aM=0. (2.195¢)

This shows that the dynamical quantity / : R, x TQ — R,

I(t,q,q) = L(t,q,q)t(t,q,q)

+Z [K (t.q,4) — c]"r(t,q,Q)]—M(t,q,c}) 2190

is constant when taken along solutions ¢g(¢#) = ¢(¢) of the equations of motions.
We call I, eq. (2.196), the Noether invariant.

The following examples serve the purpose of illustrating the nature of the
Noether invariant and its relationship to the symmetries of the mechanical sys-
tem described by the Lagrangian function.

Example (i) If the generating function 7 as well as the gauge function M vanish
identically,

t(t,q,4) =0, M(t,q,9)=0, (2.197)

then one is back to the case of strict invariance, Sect. 2.19. The invariant (2.196)
then is identical with the expression (2.56) for which several examples were given
in Sect. 2.19.

Example (ii) Consider the closed n-particle system described by the Lagrangian
function
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1 n
L= ];mkx(kﬂ —U@ED, . x®y, (2.198)

Obviously, this function is invariant under translations in time. By choosing, ac-
cordingly,

t(t,q,¢)=—1, k'(t,q.9)=0, M(t,q,4)=0 (2.199)

the Noether invariant (2.196) is found to be

oL
I=—L+ quf = —(Tiin — U) + 2Tin = Tikin + U = E . (2.200)
i aql

Thus, invariance under time translations implies conservation of the total energy.

Example (iii) For the same system (2.198) choose the generating functions and
the gauge function as follows,

n
w(t.q.9) =0, «O't.q.p=1. Mrt.q.9=) mx® (@201
k=1

with k numbering the particles from 1 to n. The number of degrees of freedom
being f = 3n the functions «' are numbered by that index k and the three cartesian
directions. Inserting (2.201) into (2.196) the Noether invariant is found to be

n n
I=t kax(")l — kax(k)l ) (2.202)
k=1 k=1

This is seen to be the 1-component of the linear combination
n
tMvg — Mrg(t) =tP — Mrs(1) , (M = ka)
k=1

of the center-of-mass’s momentum P and of its orbit rg(z) and is equal to the
1-component of Mr(0). This is the center-of-mass principle obtained earlier in
Sect. 1.12.

Remarks:

1. There are more examples for the use of the generalized version of Noether’s
theorem which apply to specific forms of the interaction. For instance, in the case
of the Kepler problem with its characteristic 1/r-potential, one can derive the con-
servation of the Hermann-Bernoulli-Laplace vector (usually called Lenz-Runge
vector) (see also exercise 2.22 and its solution). This example is worked out in
Boccaletti and Pucacco (1998).

2. The theorem of E. Noether has a converse in the following sense. Taking
the derivative of the function 7(g, ¢, t), eq. (2.196), with respect to c']j and using
the equations (2.194a) and (2.194b) one sees that
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The matrix of second, mixed partial derivatives that multiplies the right hand side,

3’L
g/ aq
is well-known from the Legendre transformation from L to H. Assume its deter-
minant to be different from zero,

D =detA #0,

(which is the condition for the Legendre transformation to exist!) so that A pos-
sesses an inverse. Denoting the entries of the inverse by

Al Akl , ie. ZA]kAkl—tsé,

the initial equation can be solved for k¥,

) al
g @) =) AM5s +d'tg.9). (2.203a)
1
Inserting this expression in (2.196) and solving for v one obtains
1 a1 9L
1.4, 1(t Mt AM 2.203b
(t,q,9) = {(qq)+ (t,q,9) — Z aqlaq} ( )

Thus, to every integral of the motion I (g, ¢, t) of the dynamical system described
by the Lagrangian function L(q, g, t) there correspond the infinitesimal transfor-
mations (2.203a) and (2.203b). For all solutions ¢t — ¢(¢) of the equations of
motion these generating functions leave Hamilton’s action integral invariant.

Note, however, that M (q, g, t), to a large extent, is an arbitrary function and
that, as a consequence, the function t(qg, ¢, t) ist not unique. For a given integral
of the motion there are infinitely many symmetry transformations.

3. There is a corollary to the statement given in the previous remark. Given
an integral I(q, ¢, 1) = 19(q, g, t) of the motion for the mechanical system de-
scribed by L(q, ¢, t), an integral that corresponds to the transformation generated
by

O =0, «"=c9q,¢, with M=MP,q,§) .
Then the following transformations

t=tt.q.9) .« =09 +709.9d"
together with the choice

M =MV q,9)+L(t,q, 9T, q,4)

lead to the same integral of the motion. The verification of this is left as an exercise.
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Appendix: Practical Examples

1. Small Oscillations. Let a Lagrangian system be described in terms of f gen-
eralized coordinates {g;}, each of which can oscillate around an equilibrium posi-
tion qlp. The potential energy U(qi, ..., qr) having an absolute minimum Uy at
(q?, e q?,) one may visualize this system as a lattice defined by the equilibrium
positions (q?, e q?p), the edges of which can oscillate around this configuration.
The limit of small oscillations is realized if the potential energy can be approxi-
mated by a quadratic form in the neighborhood of its minimum, viz.

;
1
Ulgr - ap) = 5 3 wik(gi — 4 ax — qy) - (A.1)
i,k=1

Note that for the mathematical pendulum (which has f = 1) this is identical with
the limit of small deviations from the vertical, i.e. the limit of harmonic oscillation.
For f > 1 this is a system of coupled harmonic oscillators.

Derive the equations of motion and find the normal modes of this system.

Solution. It is clear that only the symmetric part of the coefficients u;; is dynam-

. def .. .
ically relevant, a;j = (uik + ugi) /2. As U has a minimum, the matrix
A = {ai}
is not only real and symmetric but also positive. This means that all its eigenvalues
are real and positive-semidefinite. It is useful to replace the variables g; by the

deviations from equilibrium, z; = g; — ql.o. The kinetic energy is a quadratic form
of the time derivatives of g; or, equivalently of z;, with symmetric coefficients:

1 ..
T = 3 Zk:fikZiZk .
L,

The matrix {#;;} is not singular and is positive as well. Therefore, one can choose
the natural form for the Lagrangian function

1 . .
L=3 Z(rikZiZk — aizizk) (A2)
i,k
from which follows the system of coupled equations
f f
dotE+ Y ayzj =0, i=1...f. (A3)
k=1 j=1

For f =1 this is the equation of the harmonic oscillator. This suggests solving
the general case by means of the substitution
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7 =a; el.Qt )

The complex form is chosen in order to simplify the calculations. In the end we
shall have to take the real part of the eigenmodes. Inserting this expression for z
into the equations of motion (A.3) yields the following system of coupled linear
equations:

!
> (=% +aijaj =0. (A.4)
j=1

This has a nontrivial solutions if and only if the determinant of its coefficient
vanishes,

det(a;; — 2%4;j) =0 . (A.5)
This equation has f positive-semidefinite solutions

QF, I=1,....f,

which are said to be the eigenfrequencies of the system.

As an example we consider two identical harmonic oscillators (frequency wg)
that are coupled by means of a harmonic spring. The spring is not active when
both oscillators are at rest (or, more generally, whenever the difference of their
positions is the same as at rest). It is not difficult to guess the eigenfrequencies
of this system: (i) the two oscillators swing in phase, the spring remains inactive;
(i) the oscillators swing in opposite phase. Let us verify this behavior within the
general analysis. We have

T=1imGE+3) .

U = 3mog(ai +23) + ymej @ —2)°.

Taking out the common factor m, the system (A.4) reads

(a)(z) + w%) — 22 —w% ar\ _ ,
( —w% (a)(z) — w%) - 22 ) \ap) — 0. (A4)

The condition (A.5) yields a quadratic equation whose solutions are
Q%:wg, Q%:wg—{—Zw%.
Inserting these, one by one, into the system of equations (A.4"), one finds

for £y =wo, aél) = af” )

for £2p = ,/w(z) + 20)% , 052) = —aiz) .

(The normalization is free. We choose aY) =1 /\/5, i = 1,2). Thus, we indeed
obtain the expected solutions. The linear combinations above, i.e.
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def
Q1 é «/EZ@Z.(UZ,' = (Zl +22)\/m ’
i

0, ¢ Vm Y a'zi = @1 - 22)/m/2

decouple the system completely. The Lagrangian function becomes
12
52 2 2
L=5§(Ql - 270D .

It describes two independent linear oscillators. The new variables Q; are said to
be normal coordinates of the system. They are defined by the eigenvectors of the
matrix (a;j — .let,- ) and correspond to the eigenvalues .le

In the general case (f > 2) one proceeds in an analogous fashion. Determine
the frequencies from (A.5) and insert them, one by one, into (A.4). Solve this

system and determine the eigenvectors (afl), e a;l)) (up to normalization) that

pertain to the eigenvalues .le
If all eigenvalues are different, the eigenvectors are uniquely determined up to
normalization. We write (A.4) for two different eigenvalues,

Y (22 +aa? =0, (A.6a)
j

Y (22 +aija” =0, (A.6b)
i

and multiply the first equation by al.(p ) from the left, the second by a;q) from the
left. We sum the first over i and the second over j and take their difference. Both
t;j and q;; are symmetric. Therefore, we obtain

@22 - 21 a"t;d" =0.
ij

As 52]2, * .qu, the double sum must vanish if p # ¢g. For p = ¢, we can normalize
the eigenvectors such that the double sum gives 1. We conclude that

Zai(mtija;-q) = 5pq .
iJ
Equation (A.6a) and the result above can be combined to obtain
Zai(p)aijaﬁq) = .(212, Zai(p)tija;q) = anpq .
i,J

This result tells us that the matrices #;; and a;; are diagonalized simultaneously.
We then set
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=y a”0, (A7)

p

and insert this into the Lagrangian function to obtain
1.
L=35) (0, -2,07). (A8)
p=1

Thus, we have achieved the transformation to normal coordinates.

If some of the frequencies are degenerate, the corresponding eigenvectors are
no longer uniquely determined. It is always possible, however, to choose s linearly
independent vectors in the subspace that belongs to £2,, = §2,, = ... = £, (s
denotes the degree of degeneracy). This construction is given in courses on linear
algebra.

One can go further and try several examples on a PC: a linear chain of n oscil-
lators with harmonic couplings, a planar lattice of mass points joined by harmonic
springs, etc., for which the matrices #;; and a;j are easily constructed. If one has at
one’s disposal routines for matrix calculations, it is not difficult to find the eigen-
frequencies and the normal coordinates.

2. The Planar Mathematical Pendulum and Liouville’s Theorem. Work out
(numerically) Example (ii) of Sect.2.30 and illustrate it with some figures.

Solution. We follow the notation of Sect. 1.17.2, i.e. we take z; = ¢ as the gener-
alized coordinate and z2 = ¢/w as the generalized momentum, where w = /g/!
is the frequency of the corresponding harmonic oscillator and T = wt. Thus, time
is measured in units of (w)~!, The energy is measured in units of mgl, i.e.

E_lzia ) (A9)
£ =—— ==z —coszy) . .
mg ! ) 29 21
¢ is positive-semidefinite. ¢ < 2 pertains to the oscillating solutions, ¢ = 2 is the
separatrix, and ¢ > 2 pertains to the rotating solutions. The equations of motion
(1.40) yield the second-order differential equation for z;

d’z

2 = —sinzi(7) . (A.10)

First, one verifies that z; and z; are indeed conjugate variables, provided one uses
T as time variable. In order to see this start from the dimensionless Lagrangian
function

def L 1 (de)* 1 (dz1)?
mgl 207 (dt) (I=cosg)=71g ) — (I -cosa)

and take its derivative with respect to z; = (dz;/dt). This gives zp = (dz;/dt) =
(dp/dt)/w, as expected.
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For drawing the phase portraits, Fig. 1.10, it is sufficient to plot z; as a function
of z1, as obtained from (A.9). This is not sufficient, however, if we wish to follow
the motion along the phase curves, as a function of time. As we wish to study the
time evolution of an ensemble of initial conditions, we must integrate the differ-
ential equation (A.10). This integration can be done numerically, e.g. by means of
a Runge—Kutta procedure (cf. Abramowitz, Stegun 1965, Sect. 25.5.22). Equation
(A.9) has the form y” = —siny. Let & be the step size and y, and y; the values
of the function and its derivative respectively at t,,. Their values at t,+1 =1, +h
are obtained by the following series of steps. Let

ki = —h siny, ,

. h , h
ky = —h sin y,,+§yn+§k1 , (A.11)

h
k3 = —h sin (y,, + hy,/l —+ Ekz) .

Then

Yot = Yn +hly, + L(ky + 2k)] + O(h*) |
Yosr = Yp + cki + 2ko + ths +O(%) (A.12)

Note that y is our z; while y’ is zo and that the two are related by (A.9) to the
reduced energy ¢. Equations (A.12) are easy to implement on a computer. Choose
an initial configuration (yp = z1(0), y(’) = 72(0)), take h = 7 /30, for example,
and run the program until the time variable has reached a given endpoint 7. Using
the dimensionless variable 7, the harmonic oscillator (corresponding to small os-
cillations of the pendulum) has the period T® = 27, It is convenient, therefore,
to choose the end point to be T or fractions thereof. This shows very clearly
the retardation of the pendulum motion as compared to the oscillator: points on
pendulum phase portraits with 0 < & < 2 move almost as fast as points on the os-
cillator portrait; the closer ¢ approaches 2 from below, the more they are retarded
compared to the oscillator. Points on the separatrix (¢ = 2) that start from, say,
(z1 = 0, zo = 2) can never move beyond the first quadrant of the (z1, z2)-plane.
They approach the point (v, 0) asymptotically, as T goes to infinity.

In the examples shown in Figs. 2.13—15 we study the flow of an initial ensemble
of 32 points on a circle with radius » = 0.5 and the center of that circle, for the
time intervals indicated in the figures. This allows one to follow the motion of
each individual point. As an example, in Fig.2.14 we have marked with arrows
the consecutive positions of the point that started from the configuration (0, 1).

Of course, one may try other shapes for the initial ensemble (instead of the
circle) and follow its flow through phase space. A good test of the program is to
replace the right-hand side of (A.10) with —z;. This should give the picture shown
in Fig.2.12.



3. The Mechanics of Rigid Bodies

The theory of rigid bodies is a particularly important part of general mechanics.
Firstly, next to the spherically symmetric mass distributions that we studied in
Sect. 1.30, the top is the simplest example of a body with finite extension. Sec-
ondly, its dynamics is a particularly beautiful model case to which one can apply
the general principles of canonical mechanics and where one can study the con-
sequences of the various space symmetries in an especially transparent manner.
Thirdly, its equations of motion (Euler’s equations) provide an interesting exam-
ple of nonlinear dynamics. Fourthly, the description of the rigid body leads again
to the compact Lie group SO(3) that we studied in connection with the invari-
ance of equations of motion with respect to rotations. The configuration space of
a nondegenerate top is the direct product of the three-dimensional space R* and of
the group SO(3), in the following sense. The momentary configuration of a rigid
body is determined if we know (i) the position of its center of mass, and (ii) the
orientation of the body relative to a given inertial system. The center of mass is
described by a position vector rs(z) in R3, the orientation is described by three,
time-dependent angles which span the parameter manifold of SO(3).

Finally, there are special cases of the theory of rigid bodies which can be in-
tegrated analytically, or can be analyzed by geometrical means. Thus, one meets
further nontrivial examples of integrable systems.

3.1 Definition of Rigid Body

A rigid body can be visualized in two ways:

(A) A system of n mass points, with masses my, ..., m,, which are joined by
rigid links, is a rigid body. Figure 3.1 shows the example n = 4.

(B) A body with a given continuous mass distribution o(r) whose shape does
not change, is also a rigid body. The hatched volume shown in Fig.3.2 is an
example.

In case (A) the total mass is given by

M = Zmi (3.1
i=1
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L4

Fig. 3.1. A finite number of mass points whose
distances are fixed at all times form a rigid

X

Fig. 3.2. A rigid body consisting of a fixed,
invariable mass distribution

body. The figure shows the example n =4

while for case (B) it is

M= /d3rg(r), (3.2)

(cf. Sect. 1.30).

The two definitions lead to the same type of mechanical system. This depends
in an essential way on the assumption that the body has no internal degrees of
freedom whatsoever. If the distribution o(r) of case (B) is allowed to be deformed,
there will be internal forces. This is the subject of the mechanics of continua. One
can easily imagine that the dynamics of an extended object with continuous mass
distribution is quite different from that of the system shown in Fig. 3.1 when the
object is not rigid.

It is useful to introduce two classes of coordinate system for the description
of rigid bodies and their motion:

(i) a coordinate system K that is fixed in space and is assumed to be an inertial
system;

(i) an intrinsic (or body-fixed) coordinate system K which is fixed in the body
and therefore follows its motion actively.

Figure 3.3 shows examples of these two types of reference system. The inertial
system K (which we may also call the observer’s or “laboratory” system) is use-
ful for a simple description of the motion. The intrinsic, body-fixed system K in
general is not an inertial system because its origin follows the motion of the body
as a whole. It is useful because, with respect to this system, the mass distribution
and all static properties derived from it are described in the most simple way. Take
for example the mass density. If looked at from K, o(r) is a given function, fixed
once and for ever, irrespective of the motion of the body. With respect to K, on
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z Fig. 3.3. Coordinate system K fixed in space and intrin-
sic system K, which is fixed in the body and follows its
T motion
K
Ao v
o AN e
s S e i
i
y

the other hand, it is a time-dependent function o(r, t) that depends on how the
body moves in space. (For an example see Exercise 3.9.)

The origin S of K is an arbitrary but fixed point in the body; (it will often be
useful to choose the center of mass for S). Let rg(¢) be the position vector of §
with respect to the inertial system K. Another point P of the body has position
vector r(r) with respect to K, and x with respect to K. As it describes P relative
to S, x is independent of time, by construction.

The number of degrees of freedom of a rigid body can be read off Fig.3.3.
Its position in space is completely determined by the following data: the position
rs(t) of S and the orientation of the intrinsic system K with respect to another
system centered on S whose axes are parallel to those of K. For this we need six
quantities: the three components of rg, as well as three angles that fix the relative
orientation of K. Therefore, a nondegenerate rigid body has six degrees of freedom.

(The degenerate case of the rod is an exception. The rod is a rigid body whose
mass points all lie on a line. It has only five degrees of freedom.) It is essential
to distinguish carefully the (space-fixed) inertial system K from the (body-fixed)
system K. Once one has understood the difference between these two reference
systems and the role they play in the description of the rigid body, the theory of
the top becomes simple and clear.

3.2 Infinitesimal Displacement of a Rigid Body

If we shift and rotate the rigid body infinitesimally, a point P of the body is dis-
placed as follows:

dr =drs+de x x , (3.3)

where we have used the notation of Fig.3.3. The displacement drg of the point
S is the parallel shift of the body as a whole. The direction 7 = de/|dg| and
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the angle |d¢| characterize the rotation of the body, for a fixed position of S.
The translational part of (3.3) is immediately clear. The second term, which is
due to the rotation, follows from (2.68) of Sect.2.21 and takes account of the fact
that here we are dealing with an active rotation, while the rotation discussed in
Sect. 2.21 was a passive one — hence the difference in sign. Alternatively, the action
of this infinitesimal rotation can also be understood from Fig. 3.4. We have |dx| =
|x| - |dg|sina, (2, x,dx) forming a right-hand system. Therefore, as claimed in
3.3), dx =de x x.

—_—

r=dp/ |dyp]

b

Fig. 3.4. Drawing of the action of a small rotation of the rigid body
and from which relation (3.3) can be read off

From (3.3) follows an important relation between the velocities of the points
P and S,

def dr def drg
= — d V=—, 34
dt an dt (3.42)
respectively, and the angular velocity
def do
= — | 3.4b
w=_ (3.4b)
It reads
v=V+4+wxx. 3.5)

Thus, the velocity of P is the sum of the translation velocity of the body as a whole
and of a term linear in the angular velocity . We now show that this angular
velocity is universal in the sense that it characterizes the rotational motion of the
body but does not depend on the choice of S, the origin of K. In order to see
this, choose another point S” with coordinate r’S = rs +a. The relation (3.5) also
applies to this choice,

v=V 4+ xx.

On the other hand we have r = rg +x' = rs +a + x’, and hence x = x' +a
and v =V 4+ @ x a + w x x’. These two expressions for the same velocity hold
for any x or x’. From this we conclude that
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V. = V4+wxa, (3.62)
o =w. (3.6b)

This shows the universality of the angular velocity.

3.3 Kinetic Energy and the Inertia Tensor

From now on we place S, the origin of the intrinsic system K, at the center of mass
of the body. (Exceptions to this will be mentioned explicitly.) With the definition
(1.29) of the center of mass, this implies in case (A) that

n
> mix®@ =0 (3.7a)
i=1
and in case (B) that
/d3xxg(x) =0. (3.7b)
We calculate the kinetic energy for both cases (A) and (B), for the sake of

illustration.
(i) In the discrete model of the rigid body and making use of (3.5) we find

n
% z:miv(”2 = % > mi(V+ex x®Y
i=1

1

=3 <Zml) V24V, Zmi(“’ x x®) +%Zmi(“’ % x(i))2 _ 3.8)

In the second term of this expression one may use the identity

T

Vo (xxD)=xD.(V xw)
to obtain
V. Zmi(w X x(i)) =(V X w) - Zmix(i) —-0.

This term vanishes because of the condition (3.7a).
The third term on the right-hand side of (3.8) contains the square of the vector

wxx® . Omitting for a moment the particle index, we can transform this as follows:
(@ x x)2 = wx?sina = w2x2(1 — cos? a)

3 03
=wx’— (@-x) = Z Zw“(xzéw, — x,Lx,))a)” .

n=1v=1

The decomposition of this last expression in Cartesian coordinates serves the
purpose of separating the coordinates x) from the components of the angular
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velocity w. The former scan the rigid body, while the latter are universal and hence
independent of the body. Inserting these auxiliary results into (3.8) we obtain a
simple form for the kinetic energy,

3 3

1 1

T = 5MV2 +5 DY ot de” (3.9)
n=1v=1

where we have set

n
Jus def Zmi [x(i)zaw _ X,(f)xﬁi)] ) (3.10a)

i=1

(ii) The calculation is completely analogous for the continuous model of the rigid
body,

1 3 2
T_E/d xo(x)(V 4+ o x x)

Lo [ 3 3
EV /d xo(x)+ (V xw)/d xo(x)x

1
+§ / d3xQ(x)w“ [x28,“, - xuxv] o’

The integral in the first term is the total mass. The second term vanishes because
of the condition (3.7b). Thus, the kinetic energy takes the same form (3.9), with
Jy» now given by!

S ™ /d3xg(x) [x28,w —xux,,] . (3.10b)

As a result, the kinetic energy of a rigid body (3.9) has the general decomposition
T = Tians + Trot (3.11)
whose first term is the translational kinetic energy
Tirans = sMV? (3.12)

and whose second term is the rotational kinetic energy

Tt = 0do . (3.13)

J= {JW} is a tensor of rank two, i.e. it transforms under rotations as follows. If

3
/ [—
Xy —> X, = E Ryuvxy
v=1

U'1n general, Jy, depends on time, whenever the x; refer to a fixed reference frame in space and
when the body rotates with respect to that frame (see Sect.3.11).
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with R € SO(3), then

3 3
Juv = T =3 RunRug g - (3.14)
r=1p0=1

Being completely determined by the mass distribution, this tensor is characteristic
for the rigid body. It is called the inertia tensor. This name reflects its formal
similarity to the inertial mass (which is a scalar, though).

The tensor J is defined over a three-dimensional Euclidean vector space V.
Generally speaking, second-rank tensors are bilinear forms over V. Inertia tensors
belong to the subset of real, symmetric, (and as we shall see below) positive tensors
over V. We shall not go into the precise mathematical definitions here. What is
important for what follows is the transformation behavior (3.14); that is, omitting
indices J'= RJ RT.

3.4 Properties of the Inertia Tensor

In this and the two subsequent sections we study the inertia tensor as a static
property of the rigid body. This means we assume the body to be at rest or, equiv-
alently, make use of a coordinate system that is rigidly linked to the body. The
inertia tensor contains an invariant term that is already diagonal,

/d3xg(x)x28w ,

and a term that depends on the specific choice of the intrinsic reference system,

—/d3xQ(x)xﬂxv,

and that in general is not diagonal. The following properties of the inertia tensor
can be derived from its definition (3.10).

(1) J is linear and therefore additive in the mass density o(x). This means that
the inertia tensor of a body obtained by joining two rigid bodies equals the sum
of the inertia tensors of its components. Quantities that have this additive property
are also said to be extensive.

(i1) J is represented by a real, symmetric matrix that reads explicitly

x% + x32 —X1X2 —X1X3
J= / Pro@) | —xxi 2 +x? —xxs | . (3.15)
—X3X1 —X3X2 x% + x%

Every real and symmetric matrix can be brought to diagonal form by means
of an orthogonal transformation Ry € SO(3)
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. L 0 0
RJR,'=Jd=|0 L 0. (3.16)
0 0 Iz

In other words, by a suitable choice of the body-fixed system of reference the
inertia tensor can be made diagonal. Reference systems that have this property are
again orthogonal systems and are said to be principal-axes systems. Of course, the
same representation (3.15) is also valid in a system of principal axes. As J is then
diagonal, we have

o \ yi+y2 0 0
J= /d o[ 0 y+y 0 : (3.17)
0 0 yl2 + yz2

from which we derive the following properties of the eigenvalues:
>0, i=1,2,3, (3.18a)
h+h>L, h+h>hL, B+L>Dh. (3.18b)
Thus, the matrix J is indeed positive. Its eigenvalues I; are called (principal) mo-
ments of inertia.

Diagonalization of the inertia tensor is a typlcal eigenvalue problem of linear
algebra. The problem is to find those directions (’), i =1, 2, 3, for which

Jo® = ;6" . (3.19)

This linear system of equations has a nontrivial solution provided its determinant
vanishes,

det(d — ;1) = 0. (3.20)

Equation (3.20) is a cubic equation for the unknown /;. According to (3.17) and
(3.18a) it has three real, positive semidefinite solutions. The eigenvector &% that
belongs to the eigenvalue i is obtained from (3.19), which is to be solved three
times, for k = 1, 2, and 3. The matrix Rg in (3.16) is then given by

A(l) A(l) A(l)

R, — A<2> A<2> A<2> _ (3.21)
Aa) A(3> A(3>

It is not difficult to show that two eigenvectors &7, &%, which belong to distinct
elgenvalues I; and I, respectively, are orthogonal For this take the difference
P — o®Jo®  With (3.19) this becomes

8DJa® — 5®JoD = (1, — 1)(@® - &) .

The left-hand side vanishes because J is symmetric. Therefore, if Iy # I;, then
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oM. 6" =0. (3.22)

It may happen that two (or more) eigenvalues are equal, I; = I, in which case
we cannot prove the above orthogonality. However, as the system (3.19) is linear,
any linear combination of &® and of é)(k), say &P cosa + &® sin o, is also an
eigenvector of J, with eigenvalue I; = Ii. It is then clear that we can always
choose, by hand, two orthogonal linear combinations. The degeneracy just tells
us that there is no preferred choice of principal axes. We illustrate this by means
of the following model. Suppose the inertia tensor, after diagonalization, has the
form

. (A0
J=[0 4
0 0

oo

with A # B. Any further rotation about the 3-axis has the form

cosf® sinfd O
R=| —sin® cosf® O
0 0 1

and leaves J invariant. Thus any direction in the (1,2)-plane is a principal axis,
too, and corresponds to the moment of inertia A. In this plane we choose two
orthogonal axes. Because B # A the third principal axis is perpendicular to these.

(iii) The inertia tensor and specifically its eigenvalues (the moments of inertia)
are static properties of the body, very much like its mass. As we shall see below,
the angular momentum and the kinetic energy are proportional to Iy when the body
rotates about the corresponding eigenvector oW,

A body whose moments of inertia are all different, I1 # I, # I3, is said to be
an asymmetric, or triaxial, top. If two of the moments are equal, I) = I, # I3,
we talk about the symmetric top. If all three moments are equal, I} = I = I3,
we call it a spherical top?.

@iv) If the rigid body has a certain amount of symmetry in shape and mass
distribution, the determination of its center of mass and its principal axes is a lot
easier. For instance, we have the following.

Proposition: If the shape and mass distribution of a rigid body is symmet-
ric with respect to reflection in a plane (see Fig.3.5), its center of mass
and two of its principal axes lie in that plane. The third principal axis is
perpendicular to it.

Proof. As a first trial choose an orthogonal frame of reference whose 1- and 2-axes
are in the plane and whose 3-axis is perpendicular to it. For symmetry reasons, to
any mass element with positive x3 there corresponds an equal mass element with

2 This does not necessarily mean that the rigid body has a spherical shape.



194 3. The Mechanics of Rigid Bodies

Fig. 3.5. A rigid body that is symmetric under reflection in the plane shown in the figure

negative x3. Therefore, f d3xx3g(x) = 0. Comparison with (3.7b) shows that the
first part of the proposition is true: S lies in the plane of symmetry. Suppose now
S is found and the system (x1, x2, x3) is centered in S. In the expression (3.15)
for J the following integrals vanish:

/d3xg(x)x1x3 =0, fd3g(x)x2x3 =0.

This is so because, for fixed x| (or x;, respectively), the positive values of x3
and the corresponding negative values —x3 give equal and opposite contributions.
What remains is

Ju Jio 0
J=|Ji2 J O
0 0 I

However, this matrix is diagonalizable by a rotation in the plane of symmetry (i.e.
one about the 3-axis). This proves the second part of the proposition. |

Similar arguments apply to the case when the body possesses axial symmetry,
i.e. if it is symmetric under rotations about a certain axis. In this case the center of
mass S lies on the symmetry axis and that axis is a principal axis. The remaining
two are perpendicular to it. The corresponding moments of inertia being degener-
ate, they must be chosen by hand in the plane through S that is perpendicular to
the symmetry axis.

Remark: In calculations involving the inertia tensor the following symbolic no-
tations can be very useful.

Let any vector or vector field a over R? be written as |a). Its dual which when
acting on any other vector (field) |c¢) is denoted (a| and so looks like a kind of
mirror image of |a). With this notation an expression such as (a|c) is nothing but
the ordinary scalar product a - ¢. On the other hand, an object such as |b)(a| is
a tensor which acts on other vectors ¢ by |b){a|c) = (a - ¢)b, thus yielding new
vectors parallel to b. This is to say that |a) = (ai, ar, a3)T is a column vector
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while its dual (a| = (ai, a2, a3) is a row vector. Applying standard rules of matrix
calculus, one has

ai 3
(bla) = (bl by b3) ay | = Zbkak =b-a,
as k=1
by biay biay biaz
b)(al = | ba | (a1 a2 a3) = |brar bray boa3
b3 b3a1 b3a2 b3a3

For example the definition (3.10b) written in this notation, becomes

J= /d3x o(0)[(x1x) 13 — [x)(x]],

where 13 is the 3 x 3 unit matrix. This notation emphasizes the fact that J is an
object that acts on vectors (or vector fields) and yields as the result another vector
(or vector field).

In fact, this notation is the same as Dirac’s “ket” and “bra” notation that the
reader will encounter in quantum theory. In the older literature on vector analysis
the tensor |b)(a| was called dyadic product of b and a.

3.5 Steiner’s Theorem

Let J be the inertia tensor as calculated according to (3.15) in a body-fixed

system K with origin S, the center of mass. Let K be another body-fixed
system which is obtained by shifting K by a given translation vector a, as
shown in Fig.3.6. Let J' be the inertia tensor as calculated in the second
system,

I, = / Er'o) [¥26 — ¥/,
with x’ = x 4+ a. Then J’ and J are related by
Ty = Juw+ M a8 — a0, . (3.23)

In the compact “bracket” notation introduced above, it reads J' = J + J,,,
with J, = M [(a]a)1; — |a){a]].

The proof is not difficult. Insert x’ = x +a into the first equation and take account
of the fact that all integrals with integrands that are linear in x vanish because of
the center-of-mass condition (3.7b). In Fig. 3.6 K has axes parallel to those of K.
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Fig. 3.6. The system K is attached to the center of mass
S. One wishes to determine the inertia tensor with respect
to another body-fixed system K/, which is centered on
the point S’

If K is rotated from K by the rotation R, in addition to the shift, (3.23) generalizes
to

3
J/:,u = Z Ryuo Rye (Jcrr +M I:azgnr - agar]) , or (3.24)

o,7=1
J'=RWJ+J,)R™'.

The content of this formula is the following. First, K is rotated by R 'toa position
where its axes are parallel to those of K. At this point, Steiner’s theorem is applied,
in the form of (3.23). Finally, the rotation is undone by applying R.

3.6 Examples of the Use of Steiner’s Theorem

Example (i) For a ball of radius R and with spherically symmetric mass distri-
bution o(x) = o(r) and for any system attached to its center, the inertia tensor is

diagonal. In addition, the three moments of inertia are equal, I} = L, = I3 = I.
Adding them up and using (3.17), we find that

R
3] = Z/Q(r)r2d3x = 871'/ Q(r)r4dr
0
and therefore
87 (R 4
I =— o(r)r¥dr .
3 Jo
We also have the relation
R
M :4n/ Q(r)rzdr
0

for the total mass of the ball. If, furthermore, its mass distribution is homoge-
neous, then
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3IM
47 R3’

Example (ii) Consider a body composed of two identical, homogeneous balls of
radius R which are soldered at their point of contact 7. This point is the center
of mass and, obviously, the (primed) axes drawn in Fig.3.7 are principal axes.
We make use of the additivity of the inertia tensor and apply Steiner’s theorem.
The individual ball carries half the total mass. Hence its moment of inertia is Iy =
M R?/5. In a system centered in T whose 1- and 3-axes are tangent, one ball would
have the moments of inertia, by Steiner’s theorem,

2
o(r) = for r <R, and I=§MR2.

M
I{=I§=Io+7R2; L=1I.

The same axes are principal axes for the system of two balls and we have

M, 702
LI =13=2 I()+?R =§MR ,

2 2
12=2[0=§MR .

Example (iii) The homogeneous children’s top of Fig. 3.8 is another example for
Steiner’s theorem, in its form (3.23), because its point of support O does not coin-
cide with the center of mass S. The mass density is homogeneous. It is not difficult
to show that the center of mass is at a distance 34/4 from O on the symmetry
axis. The inertia tensor is diagonal in the unprimed system (centered in S) as well
as in the primed system (centered in Q). The volume is V = 7 R?h/3, and the
density is 0 = 3M/m R*h. Using cylindrical coordinates,

x;p=rcosg, xy=rsing, xj=z,

Fig. 3.7. A rigid body consisting of two iden- Fig. 3.8. The children’s top is an example of
tical balls that are tangent to each other. The the application of Steiner’s theorem
primed axes are principal axes
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the moments of inertia are easily calculated within the primed system. One finds
that

[ =1=o / & (xf +x2) = G/5M ($R? +1?)
=g / d*x' <x;2 + xf) = (3/10)MR* .

The moments of inertia in the unprimed system are obtained from Steiner’s theo-
rem, viz.

I =h=1I —Md*, with a=3h/4,
and thus

I =5h=@3200M (R2 + h2/4) and 15 = I, = (3/10)MR? .

Example (iv) Inside an originally homogeneous ball of mass M and radius R a
pointlike mass m is placed at a distance d from the ball’s center, 0 < d < R.
The inertia tensor is an extensive quantity, hence the inertia tensors of the ball and
of the point mass add. Let a be the distance of the ball’s center to the center of
mass S, and b be the distance from the point mass to S. With these notations also
shown in Fig. 3.9a and making use of the center of mass condition mb — Ma =0
one finds

a=md/m+M), b=Md/im+M)=M/m)a.

A sytem of principal axes is obvious: Let the line joining the ball’s center and the
point mass be the 3-axis (symmetry axis), then choose two orthogonal directions
in the plane orthogonal to the 3-axis through the center. Using Steiner’s theorem
one has

2 2
I =ZMR*,
5

2
L=0L= gMR2 + Ma? + mb?

_ 20 M, ,
= SMR*+M(1+ —)a”.

In view of an application to a toy model to be discussed in Sect. 3.18, we add the
following remark. Define the ratios

a d m+M
a:—7 5:—:
R R m

o.

A condition that will be of relevance for the analysis of that model will be

l—a)h<Li=h<((+4+a)ls. (%)
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In the example worked out here this condition reads

2 m+ M
—_— < —q

3 <2/5

which says, when expressed in terms of §, that this parameter should be less than
2/5. Note that it is the upper limit in (x) which gives this bound.

Fig. 3.9. (a): A point mass is added
to a ball of homogeneous mass
density thus changing the original
spherical top into a symmetric top
(b): In the same homegeneous ball
a hole is cut out that makes the top
a symmetric but no more a spher-
(@) (®) ical one

Example (v) Consider the same ball (M, R) as in the previous example but suppose
that this time a small hollow sphere is cut out of it whose center B is at a distance
d from the ball’s center and whose radius is r, cf. Fig. 3.9b. Referring to that figure
the center of mass now lies below the center of the ball. The mass of the ball which
is cut out is

r\3
m= (—) M
R
As in example (iv) let a and b denote the distances from the ball’s center to the

center of mass S, and from the center of the hollow sphere to S, respectively. Then
d = b — a, and the center of mass condition reads

Ma+ (—m)b=0.

(Remember that the mass and the inertia tensor are extensive quantities. The minus
sign stems from the fact that one has taken away the mass of the hole!) Choosing
principal axes like in the previous case the moments of inertia are

2 2 2 9

Iz =-MR —mr<,
5 5

2 2
h=5L= gMR2 + Ma? - gmrz — mb? .

It is interesting to follow up the inequality () also in this example. Inserting the
formulae for the moments of inertia it reads
2

—otg(MR2 —mrz) < Ma?* —mb* < oz%(MR2 —mrz) .
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The middle part is seen to be negative,

M —m
Ma? — mb* = —Ma? ,
m

so that the inequality should be multiplied by (—1). This yields

2 mr? M—m 2 mr?
—(1— )> a>——<1——).
5 MR? m 5 MR?

Comparison to example (iv) shows that here the lower bound of (x) gives the
essential restriction. Converting again to § = d/R one finds

5 < 2/5(1 - rS/RS) .

This result will be useful in discussing the toy model of Sect. 3.18 below.

Example (vi) As a last example we consider a brick with a quadratic cross section
(side length a1) and height az whose mass density is assumed to be homogeneous.
If one chooses the coordinate system K shown in Fig.3.10, the inertia tensor is
already diagonal. With o9 = M /ajaza3 one finds I} = M (a% + a%) /12, cyclic in
1,2,3. The aim is now to compute the inertia tensor in the body-fixed system K/,
whose 3-axis lies along one of the main diagonals of the brick. As a; = ap, we
find I} = I,. Therefore, as a first step, one can rotate the 1-axis about the initial
x3-axis by an arbitrary amount. For example, one can choose it along a diagonal
of the cross section, without changing the inertia tensor (which is diagonal). In

29
A -
(R o
a | ~ -
I S <
_ -t e
- | | Ne
o T 3
L%XGh k)
 —
K KL
I K'| x5
I L
| -
) - X2
I
% i
x; | x
|
| |
) IR S I
: |
s
/
S
// Fig. 3.10. A brick with homogeneous mass density, as an
i example of a symmetric rigid body
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a second step, K is reached by a rotation about the x}-axis by the angle ¢ =

arctan(a; «/E/ag)

. . cos¢p 0 —sing
K—K', Rg= 0 1 0
Ro sing 0 cos¢

According to (3.24) the relation between the inertia tensors is J' = RJRT- J’

is not diagonal. One finds that
M 4at + a*a3 + at
J, = I cos® Lsinfgp=— 113 -3
=" ¢+ I3sin” ¢ 2 2d+d

M
K=t = 2 (i)

7 Isin g + 1 24 M2a‘f+4a%a§
= [ sin cos ¢ = — ———5—,
3 ! 3 12 Za% + a%
J=0=10=1J5=17;.
. M (a% — alz)ala3«/§

S = (=) singeosg = T

The xj3-axis is a principal axis; the x{- and x3-axes are not, with one exception:
if the body is a cube, i.e. if a; = a3, Jl’3 and Jé | vanish. Thus, for a homogeneous
cube, any orthogonal system attached to its center of gravity is a system of principal
axes. For equal (and homogeneous) mass densities a cube of height a behaves like
a ball with radius R = a/5/16m =~ 0.630a. In turn, if we require the moments
of inertia to be equal, for a cube and a ball of the same mass M, we must have
R = av/5/2+/3 ~ 0.645a.

3.7 Angular Momentum of a Rigid Body

The angular momentum of a rigid body can be decomposed into the angular
momentum of its center of mass and the relative (internal) angular momentum.
This follows from the general analysis of the mechanical systems we studied in
Sects. 1.8—1.12. As we learnt there, the relative angular momentum is independent
of the choice of the laboratory system and therefore is the dynamically relevant
quantity.

The relative angular momentum of a rigid body, i.e. the angular momentum
with respect to its center of mass, is given by

n
L= Zmiri X Fi (3.25a)
i=1

if we choose to describe the body by the discrete model (A). For case (B) it is,
likewise,
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L= / dPxo@x)x x x . (3.25b)

From (3.5) we have x = @ x x. Adopting the continuous version (B) from now
on, this becomes

L = /d3xg(x)x X (0 X x) = /d3xg(x)[x2w —(x ~w)x] .

The last expression on the right-hand side is just the product of the inertia tensor
and the angular velocity @, viz.

: (3.26)

Indeed, writing this in components and making use of (3.10b), we have

3
L, = Z/d3xg(x)[x28w — X%y oy . (3.26))
v=1

€

Fig. 3.11. The momentary angular velocity @ and the angular momentum
L of a rigid body, in general, do not point in the same direction

The relation (3.26) tells us that the angular momentum is obtained by applying
the inertia tensor to the angular velocity. We note that L does not point in the same
direction as w, cf. Fig. 3.11, unless w is one of the eigenvectors of the inertia tensor.
In this case

L=lo, (0]o?). (3.27)

Thereby, the eigenvalue problem (3.19) receives a further physical interpretation: it
defines those directions of the angular velocity @ for which the angular momentum
L is parallel to w. In this case, if L is conserved (i.e. fixed in space), the top rotates
about this direction with constant angular velocity.

The expression (3.13) for the rotational energy can be rewritten by means of
relation (3.26):

T =3s0-L (3.28)

i.e. 2T is equal to the projection of w onto L. If @ points along one of the
principal axes, (3.28) becomes, by (3.27),



3.8 Force-Free Motion of Rigid Bodies 203
1 2 i
Tt = 31i0% . (wll0?) . (3.29)

This expression for T shows very clearly the analogy to the kinetic energy of
the translational motion, (3.12).

To conclude let us write the relationship between angular momentum and an-
gular velocity by means of the “bracket” notation,

L= [ &x [t = [x)fe[]fo) = dlo).

This formula shows very clearly the action of the 3 x 3-matrix J on the column
vector ]w) and may be more transparent than the expression (3.26') in terms of
coordinates.

3.8 Force-Free Motion of Rigid Bodies

If there are no external forces, the center of mass moves uniformly along a straight
line (Sect. 1.9). The angular momentum L is conserved (Sects. 1.10-11),

d
—L=0. 3.30
a (3.30)

Similarly the kinetic energy of the rotational motion is conserved,

d

1d 1d
ETrOt: EE(wa):——(w‘L)zO. (3.31)

2 dt
(This follows from conservation of the total energy (Sect. 1.11) and of the total mo-
mentum. The kinetic energy of translational motion is then conserved separately.)
We study three special cases.

(1) The spherical top. The inertia tensor is diagonal, its eigenvalues are degen-
erate, Iy = I, = I3 = 1. We have L = ;. As L is constant, this implies that @
is constant too,

1
L =const = w = 7L = const .

The top rotates uniformly about a fixed axis.
(ii) The rigid rod. This is a degenerate top. It is a linear, i.e. one-dimensional,
rigid body for which

L=hL=1,
=0,
where the moments of inertia refer to the axes shown in Fig.3.12. As it has no

mass outside the 3-axis, the rod cannot rotate about that axis. From (3.27) we
have L = lwy, Ly = Iwy, L3 = 0. Therefore, leaving aside the center-of-mass
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I

Fig. 3.12. The rigid rod as an example of a Fig. 3.13. Example of a symmetric body;
degenerate rigid body h=h#1

motion, force-free motion of the rod can only be uniform rotation about any axis
perpendicular to the 3-axis.

(iii) The (nondegenerate) symmetric top. This is an important special case and
we shall analyze its motion in some detail, here and below, using different ap-
proaches. Taking the 3-axis along the symmetry axis, we have I} = I, # Is.
Suppose L, the angular momentum, is given. We choose the 1-axis in the plane
spanned by L and the 3-axis. The 2-axis being perpendicular to that plane, we
have L, = 0 and hence w> = 0. In other words, @ is also in the (1,3)-plane, as
shown in Fig.3.13. It is then easy to analyze the motion of the symmetric top for
the case of no external forces. The velocity X = @ x x of all points on the symme-
try axis is perpendicular to the (1,3)-plane (it points “backwards” in the figure).
Therefore, the symmetry axis rotates uniformly about L, which is a fixed vector
in space. This part of the motion is called regular precession. It is convenient to
write @ as the sum of components along L and along the 3-axis,

® =W + p . (3.32)

Clearly, the longitudinal component wj is irrelevant for the precession. The compo-
nent p, is easily calculated from Fig. 3.14a. With wpr = |y | and | = wp; sin 6,
as well as w; = L1/} and Ly = |L|sin 8, one obtains

_ L]
@pr = — . (3.33)
I

Because the symmetry axis (i.e. the 3-axis) precesses about L (which is fixed
in space) and because at all times L, @, and the 3-axis lie in a plane, the angu-
lar velocity @ also precesses about L. In other words, @ and the symmetry axis
rotate uniformly and synchronously about the angular momentum L, as shown in
Fig. 3.14b. The cone traced out by w is called the space cone, while the one traced

out by the symmetry axis is called the nutation cone.
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—
w
—
X3
Fig. 3.14a. The angular velocity @ is written Fig. 3.14b. The symmetry axis (x3) of the sym-
as the sum of its component w; along the sym- metric top and the momentary angular velocity
metry axis and its component wpy along the precess uniformly about the angular momen-
angular momentum tum, which is fixed in space

In addition to its precession as a whole, the body also rotates uniformly about
its symmetry axis. The angular velocity for this part of the motion is

L3 |L|cost

3.34
I I (3.34)

w3 =
Note that the analysis given above describes the motion of the symmetric rigid
body as it is seen by an observer in the space-fixed laboratory system, i.e. the
system where L is constant. It is instructive to ask how the same motion appears
to an observer fixed in the body for whom the 3-axis is constant. We shall return
to this question in Sect.3.13 below.

3.9 Another Parametrization of Rotations: The Euler Angles

Our aim is to derive the equations of motion for the rigid body. As we stressed in
the introduction (Sect. 3.1), it is essential to identify the various reference systems
that are needed for the description of the rigid body and its motion and to distin-
guish them clearly, at any point of the discussion. We shall proceed as follows.
At time t = 0, let the body have the position shown in Fig.3.15. Its system of
principal axes (below, we use the abbreviation PA for ‘principal axes’) K, at r = 0,
then assumes the position shown in the left-hand part of the figure. We make a
copy of this system, call it K, keep that copy fixed, and use this as the inertial
system of reference. Thus, at t = 0, the body-fixed system and the inertial system
coincide. At a later time ¢ let the body have the position shown in the right-hand
part of Fig. 3.15. Its center-of-mass, by the action of the external forces, has moved
along the trajectory drawn in the figure (if there are no external forces, its motion
is uniform and along a straight line). In addition, the body as a whole is rotated
away from its original orientation.
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- - Fig. 3.15. Two positions of a rigid body, at time t =0
““““ and at ¢ # 0. The coordinate system K, which is fixed
in the body, is translated and rotated

Choose now one more reference system, denoted Ko, that is attached to S, its
axes being parallel, at all times, to the axes of the inertial system K. The actual
position of the rigid body at time ¢ is then completely determined once we know
the position rg(¢) of the center of mass and the relative position of the PA system
with respect to the auxiliary system Ko. The first part, the knowledge of rs(t), is
nothing but the separation of center-of-mass motion that we studied earlier, in a
more general context. Therefore, the problem of describing the motion of a rigid
body is reduced to the description of its motion relative to a reference system
centered in S, the center of mass, and whose axes have fixed directions in space.

The relative rotation from Ko to K can be parametrized in different ways. We
may adopt the parametrization that we studied in Sect.2.22, i.e. write the rotation
matrix in the form R(¢(¢)), where the vector ¢ is now a function of time. We
shall do so in Sects.3.12 and 3.13 below.

An alternative, and equivalent, parametrization is the one in terms of Eulerian
angles. It is useful, for example, when describing rigid bodies in the framework of
canonical mechanics, and we shall use it below, in Sects. 3.15-3.16. It is defined as
follows. Write the general rotation R(z) € SO(3) as a product of three successive
rotations in the way sketched in Fig. 3.16,

R(t) = R3(¥)R,(B)R3,(a) . (3.35)

The coordinate system is rotated first about the initial 3-axis by an angle «. In a
second step it is rotated about the intermediate 2-axis by an angle §, and lastly it
is rotated about the new (and final) 3-axis by an angle y.

With this choice, the general motion of a rigid body is described by six func-
tions of time, {rs(z), a(t), B(¢), y(¢)}, in accordance with the fact that it has six
degrees of freedom. Both parametrizations, i.e. by means of

{rs®, R} with @) = {e1(D), p2(1), 31} , (3.36)
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Fig. 3.16. Definition of Eulerian an-
gles as in (3.35). The second rotation
is about the intermediate position of
the 2-axis

which is the one developed in Sect.2.21 (2.67), and the one just described, i.e. by
means of

{rs@®, 6:(n} with 61(1) = a(t), 62(t) = (1), 63(1) =y (1), (3.37)

are useful and will be used below. We remark, further, that the definition of the
Eulerian angles described above is the one used in quantum mechanics.

3.10 Definition of Eulerian Angles

Traditionally, the dynamics of rigid bodies makes use of a somewhat different
definition of Eulerian angles. This definition is distinguished from the previous
one by the choice of the axis for the second rotation in (3.35). Instead of (the
intermediate position of) the 2-axis 1, the coordinate frame is rotated about the
intermediate position of the 1-axis &,

R(1) = R3(¥)R: (6)R3, (@) . (3.38)

Figure 3.17 illustrates this choice of successive rotations. For the sake of clarity,
we have suppressed the two intermediate positions of the 2-axis. The transforma-
tion from one definition to the other can be read off Figs.3.16 and 3.17, which
were drawn such that Ko and K have the same relative position. It is sufficient to
exchange 1- and 2-axes in these figures as follows:

Fig.3.16 Fig.3.17
(2p-axis) —> (1p-axis)
(1p-axis) —>  —(2¢-axis)

keeping the 3-axes the same. This comparison yields the relations
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Fig. 3.17. Another definition of Eulerian an-
gles, following (3.38). Here the second rotation
is about the intermediate position of the 1-axis

¢ =a+F(mod2r), 6=p, ¥ =y—F(mod2r). (3.39)
It is easy to convince oneself that the intervals of definition for the Eulerian angles
O0<a<2r, 0<B<m, and O0<y <2m (3.40)

allow us to describe every rotation from Ky to K. If one chooses intervals for
@D, 0, and Y,

0<®<2nr, 0<0<m, and 0<V¥ <27, (3.40)

it is clear that the additive terms 27 in (3.39), must be adjusted so as not to leave
these intervals (see the Appendix on some mathematical notions).

3.11 Equations of Motion of Rigid Bodies

When the rigid body is represented by a finite number of mass points (with fixed
links between them), the formulation of center-of-mass motion and relative mo-
tion follows directly from the principles of Sects. 1.9 and 1.10. If one chooses a
representation in terms of a continuous mass distribution this is not true a priori.
Strictly speaking, we leave here the field of mechanics of (finitely many) particles.
Indeed, the principle of center-of-mass motion follows only with Euler’s general-
ization (1.99), Sect. 1.30, of (1.8b). Similarly, for finitely many point particles the
principle of angular momentum is a consequence of the equations of motion (1.28).
Here it follows only if the additional assumption is made that the stress tensor (to
be defined in the mechanics of continua) is symmetric. Alternatively, one may in-
troduce this principle as an independent law. It seems that this postulate goes back
to L. Euler (1775).
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Let P = MV denote the total momentum, with V = ig(¢), and let F be the
resultant of the external forces. The principle of center-of-mass motion reads

d - .

—P=F, where F=) F". 3.41

o ; (3.41)
If, in addition, F is a potential force, F = —V U (rg), we can define a Lagrangian,

L=IMi§+ T — U(rs) . (3.42)

Here, it is important to keep in mind the system of reference with respect to which
one writes down the rotational kinetic energy. Choosing Ky (the system attached
to S and parallel to the inertial system fixed in space), we have

Trot = 30(OIN(1) . (3.432)

Note that the inertia tensor depends on time. This is so because the body rotates
with respect to Kg. Clearly, Ty, is an invariant form. When expressed with respect
to the PA system (or any other body-fixed system), it is

Trot = 3@(H)J@(1) . (3.43b)

J is now constant; if we choose the PA system, it is diagonal, Jy,;, = I, 8mn- In
(3.43a) the angular velocity w(z) is seen from Ko, and hence from the laboratory,
while in (3.43b) it refers to a system fixed in the body. As we learnt in studying
the free motion of the symmetric top, the time evolution of the angular velocity
looks different in a frame with axes of fixed direction in space than in a frame
fixed in the body.

2 A 20}?
0
B x2 ______ -+ A
K I
I
I
[
| N
) P
l
£ )'( "=1— Fig. 3.18. Rotation of the body-fixed system about the
7 0 3-axis

In order to clarify the situation with the two kinds of system of reference, we
consider first the simplified case of a rotation about the 3-axis. Here we have to
study only the transformation behavior in the (1,2)-plane. Consider first a given
point A, with fixed coordinates (x1, x , x3) with respect to Ko. If described with
respect to K, cf. Fig.3.18, the same point has the coordinates

X1 = X1C08¢ + xp8ing ,
Xy = —Xx18ing + xpcos ¢ , (3.44a)

X3 =Xx3.
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These equations express the passive form of rotation that we studied in Sects.2.21
and 2.22. Take now a point P, fixed on the 1-axis of K, and assume that this latter
system rotates uniformly with respect to Kg. We then have

p=¢pt)=wt; P:x1=a, X=0=x3;
and, by inverting the formulae (3.44a),
X] = X] COSwt — Xp sin wt ,
Xp = X1 sinwt + Xy coswt , (3.44b)
X3 =13,
so that the point P moves according to (P: x; = acoswt, x» = asinwt, x3 = 0).

This is the active form of rotation. Turning now to an arbitrary rotation, we replace
(3.44a) by

3
R(p) = exp (— Z‘Pidi) ; (3.45a)
i=1

where J = {J1, Jy, J3} are the generators for infinitesimal rotations about the
corresponding axes (cf. (2.73) in Sect.2.22). Equation (3.44b) is the inverse of
(3.44a). Hence, in the general case,

3
(R@)™ = R@)" =R(—p) =exp (Z m) : (3.45b)

i=1
The vectors @ (angular velocity) and L (angular momentum) are physical quanti-
ties. They obey the (passive) transformation law

@®=Rw, L=RL, (3.46)

w and L referring to Ko, @ and L referring to K. The inertia tensor J with respect
to K (where it is constant) and the same tensor taken with respect to Ko (where
it depends on time) are related by

J=RJRT, Ji) =RT()JR(). (3.47)

This follows from the proposition (3.24), with @ = 0. Clearly, T} is a scalar and
hence is invariant. Indeed, inserting (3.46) into (3.43b), we obtain (3.43a),

Trot = %(RQ)J(R(") = %Q(RTJR)(H = %w:lw .

The equation of motion describing the rotation is obtained from the principle of an-
gular momentum. With reference to the system Ko, it tells us that the time change
of the angular momentum equals the resultant external torque,

d
—L=0D. 3.48
” (3.48)
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Thus, adopting the discrete model (A) for the rigid body, we have

n

L=> mx®xx?, (3.49)
i=1
n . .

D= Zx(’) x F© (3.50)
i=1

In summary, the equations of motion (3.41) and (3.48) have the general form

MFs(t) = F(rs, s, 0;, 6;, 1), 3.51)
L=D(rs, is, 6, 6;. 1), (3.52)

where (3.51) refers to the inertial system of reference and (3.52) refers to the sys-
tem Ko, which is centered in § and has its axes parallel to those of the inertial
system.

3.12 Euler’s Equations of Motion

In this section we apply the equation of motion (3.52) to the rigid body and, in
particular, work out its specific form for this case. Inverting the second equation
of (3.46) we have

L=R"(L =Jne().
Differentiating with respect to time, we obtain
L=Jdo+Jo
and, by means of (3.47), also
2 d . .
Ji) = E[RT(t)JR(t)] =R"JR+R'JR.
If we again replace J by J in this last expression, this becomes
J() = (R"R)J + J(RTR) .

We now study the specific combination of the rotation matrix and the time
derivative of its transpose that appears in the time derivative of J(¢). Let us define

20 ¥ RTHRG) = R ()R . (3.53)

The transpose of this matrix, 27 = RTR, is equal to —$2. This follows by taking
the time derivative of the orthogonality condition R'R=1, whereby
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R'R+RTR=0,
and hence
2+27=0.

Thus, we obtain

J=@J+JeT=0)-Je2 =(2,7J]. (3.54)
where [, ] denotes the commutator, [A, B] dof AB — BA. In order to compute the
action of §2 on an arbitrary vector, one must first calculate the time derivative of
the rotation matrix (3.45a). The exponential is to be understood as a shorthand for
its series expansion, cf. Sect. 2.20. Differentiating termwise and assuming ¢ to be
parallel to @, one obtains

d N 3
3 Re®) = - [Z Pi (t)Jz} Rip() = — [; a)iJg:| R. (3.55)

i=1

From Sect.2.22 we know that the action of (21‘3:1 w;J) on an arbitrary vector b
of R3 can be expressed by means of the cross product, viz.

3
(Zwi‘ji)b =wxb.
i=1

Obviously, an analogous formula applies to the inverse of R,

3
d
R 00) = (Z widi) R'(p()) .

i=1

Therefore, taking b = RTa, we have

RT(H)a = w x (RTa) , (3.56a)
and from this

2(a=R"Ra=wx (RTRa) =w x a . (3.56b)
This gives us

i=do+do=(2]-I2w+Io

=Q2Jo+Jdo=wx o) +Jdo=w x L +Jo (3.57)

where we have used the equation 2@ = 0, which follows from (3.56b). It remains

to compute @,

o= %(RT@) =R"&+R"&.
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The second term vanishes because, by (3.56a),
Ro=wox(R™@)=0oxw=0.
Thus, @ = RT@. Inserting (3.57) into the equation of motion (3.52), we obtain
L=wxL+JR"@=D.

This form of the equations of motion has the drawback that it contains both quan-
tities referring to a system of reference with space-fixed directions and quantities
referring to a body-fixed system. However, it is not difficult to convert them com-
pletely to the system fixed in the body: multiply these equations with R from the
left and note that R(w x L) = Rw x RL = & x L. In this way we obtain Euler’s
equations in their final form,

Jo+a@xL=D]|. (3.58)

All quantities now refer to the body-fixed system K. In particular, J is the
(constant) inertia tensor as computed in Sect.3.4 above. If the intrinsic system
K is chosen to be a PA system, J is diagonal. Finally, we note that L = Jé&.
This shows that the equations of motion (3.58) for the unknown functions @(t)
are nonlinear.

Remark: Because of its antisymmetry, the action of the matrix £ on any vector
a is always the one given in (3.56b), with @ to be calculated from the rotation
R(#) = exp{—S}, with S = >_ ¢; (t)J;. We have

2 =R'()R() = (%es) ¢S

. 1. 1 .
=(S+=SS+=SS+...)(1-S+..)
2 2
. 1 .
=S+ 218,81+ 0%.
Making use of the commutators [J;, J;] = Zk &ijkJx one derives the identity

[S, S1=[S(9), S(9)] = S(¢ x @),

from which one computes w. If we make the assumption (as we did in Sect. 2.22
and also in this section above) that ¢ = ¢ 2 and ¢ have the same direction, then
S commutes with $ so that @ and @ coincide.

One may, of course, also consider a situation where both the modulus and the
direction of ¢ change with time. In this case ¢ and ¢ are no longer parallel, and
S and S no longer commute. It then follows from (3.56b), from Sa = ¢ x a, and
from the calculation above that

.o 1 )
w=¢+§¢><¢+(’)(w2).
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In very much the same way one shows that
| . 2
@=¢—70x0+07).

In deriving Euler’s equations the difference to the situation where ¢ and ¢ are
taken to be parallel is irrelevant because we may always add a constant rotation
such that the modulus ¢ of ¢ is small, and w ~ ¢ (see also Sect. 5.7.4).

3.13 Euler’s Equations Applied to a Force-Free Top

As a first illustration of Euler’s equations we study the force-free motion of rigid
bodies. If no external forces are present, the center of mass, by (3.51), moves with
constant velocity along a straight line. The right-hand side of Euler’s equations
(3.58) vanishes, D = 0. If K is chosen to be the PA system, then J;; = [I;8;; and
L; = I;®;, so that (3.58) reads

i+ @xL); =0.

More explicitly, because (@ x l_,)l = lian w3 — hwywy = (I3 — Dh)wy @3 (with
cyclic permutation of the indices), the equations of motion read

Loy = (L — )anas
Lin = (I — I)a3d;
135)3 = ([1 — 12)5)15)2 . (3.59)

(1) The asymmetric or triaxial top. Here I} # I, # I3 # I1. The equations (3.59)
being nonlinear, their solution in the general case is certainly not obvious. Yet, as
we shall see below, their solution can be reduced to quadratures by making use of
the conservation of energy and angular momentum. Before turning to this analysis,
we discuss a qualitative feature of its motion that can be read off (3.59). Without
loss of generality we assume the ordering

L<h<Is. (3.60)

Indeed, the principle axes can always be chosen and numbered in such a way
that the 1-axis is the axis of the smallest moment of inertia, the 3-axis that of
the largest. The right-hand sides of the first and third equations of (3.59) then
have negative coefficients, while the right-hand side of the second equation has a
positive coefficient. Thus, the stability behavior of a rotation about the 2-axis (the
one with the intermediate moment of inertia) will be different, under the effect of
a small perturbation, from that of rotations about the 1- or 3-axes. Indeed, in the
latter cases the rotation is found to be stable, while in the former it is unstable,
(see Sect.6.2.5).

def _ .
We now set x(t) = w3(t) and make use of the two conservation laws that hold
for free motion:
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3
2Tt = Z ;&7 = const , (3.61)
i=1
3
L> =" (Lia;) = const . (3.62)

i=1
Taking the combinations
L* 2Ty 0y = L(L — 1)@3 + I3(Is — I)x*
L* —2Tioly = =11 (I — 1)@} + B(13 — L)x”

we deduce the following equations:

1
-2 2 2 2
=————|L°—2Totlh — (I3 — I ]E— ,
] 11(12_11)[ rot 12 3( 3 2)X ap +ogx
2 1

= L = 2Tdy — (I — 1 xz:IE — Box?.

3 12(12_11)[ ot — 13(I3 — 1) Bo — B2

With the convention (3.60), all differences of moments of inertia are written so as
to make the coefficients oo, oz, Bo, B2 positive. Inserting these auxiliary relations
into the third equation of (3.59) yields the differential equation

135 = (I = L),/ (Bo — B2x?) (—a + anx?) (3.63)

for x(¢). It can be solved by separation of variables and hence by ordinary integra-
tion (quadrature). Clearly, @1(¢) and w;(¢) obey analogous differential equations
that are obtained from (3.63) by cyclic permutation.

(ii) The symmetric top. Without loss of generality we assume
Lh=h#1I and 1 #0, L #0. (3.64)
The solution of the equations (3.59) is elementary in this case. First, we note that
135)3 =0, ie. @3 =const.
Introducing the notation

def ~ I3 — 1
=C()3
I

wo (= const) (3.65)

we see that the first two equations of (3.59) become
w] = —wowy and 67)2 = wywi ,

their solutions being

o1(t) =w) cos(a)ot + r) , wm)=wy sin(a)ot + r) . (3.66)
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Here w, and t are integration constants that are chosen at will. @y, in turn, is
already fixed by the choice of the integration constant w3 in (3.65). As a result,
one obtains

@ = (w1 cos(wot + 1) , wLsin(wor +7), @3)

and @ = a)i + d)%. The vector @ has constant length: it rotates uniformly about
the 3-axis of the PA system. This is the symmetry axis of the top.
As to the angular momentum with respect to the intrinsic system, one has

Ll =lLw cos(a)ot + r) ,
1:2 = lLw, sin(wpt + 1) ,
_ _ ( ) (3.67)
Ly = has,
L =1 + a3 .
This shows that L rotates uniformly about the symmetry axis, too. Furthermore,

at any time the symmetry axis f, @ and L lie in one plane.

It is not difficult to work out the relation of the constants of integration w,,
@3 (or wp) to the integrals of the motion that are characteristic for motion without
external forces: the kinetic energy T, and the modulus of angular momentum.
One has

3
LI
2Tror = le —Ila)l+l3a)3—11|: -}-L 2i| ,

pr (I — 12
2 _ 72 _ 2| 2 [2 2
L-=1L la)l+13a)3:11 | +mo )
from which one obtains
P I N [L2 24T, ] (3.68)
L7 L - ) ot ’
L -1
2 _ 1 3 2
b=, [211Trot L ] . (3.69)

Finally, one may wish to translate these results to a description of the same motion
with respect to the system Ky of Fig.3.15. Because there are no external forces,
this is an inertial system. Denoting the symmetry axis of the top by f (this is the
3-axis of K), the same unit vector, with respect to K, depends on time and is
given by

fo=R"0f .
Since L, @, andf are always in a plane, so are L = R'L, w = RTE),f. Being

conserved, the angular momentum L is a constant vector in space, while @ and f
rotate uniformly and synchronously about this direction.
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| [ Fig. 3.19. For a free symmetric top the angular momentum L is conserved and
hence fixed in space. The axis of symmetry f, the angular velocity w, and L
always lie in a plane. f and @ perform a uniform precession about L

€l

As shown in Fig. 3.19, we call 01, 6, the angles between L and  and between
® and f, respectively, and let

06, +6, .
We show that cos and cos 8, must always have the same sign. This will help us
to find the possible types of motion. We have

2Trot

2Tt =L -®w and cosf) = .
rot 1 |L||w|

As Trot is conserved and positive, cos 0 is constant and positive. Thus

b/ T
-3 <t <3.

Furthermore, making use of the invariance of the scalar product, we have

A

©-f =&-f = wlcosty = a3 = L3/
=L 'J%/I3 =L ~f/13 =|L|cos8/I3 .

It follows, indeed, that cos 6 and cos 6, have the same sign, at any moment of the
motion. As a consequence, there can be only two types of motion, one where this
sign is positive (Fig. 3.20a) and one where the sign is negative (Fig. 3.20b), 01 being
constrained as shown above, —% <0 < % Figure 3.20 shows the situation for
I3 > I} = I, i.e. for a body that is elongated like an egg or a cigar. If I3 < I} = I3,
i.e. for a body that has the shape of a disc or a pancake, the angular momentum
lies between @ and the symmetry axis of the top. Finally, we can write down one
more relation between the angles 6 and 6. Take the 1-axis of the intrinsic system
in the plane spanned by L and f (as in Sect. 3.8 (iii)). Then we have

l_,l/l_,3 =tanf = Lo/ w3 = (11/13)tan92 .

(iii) A practical example: the Earth. To a good approximation the Earth can be
regarded as a slightly flattened, disklike, symmetric top. Its symmetry axis is de-
fined by the geographic poles. Because its axis of rotation is slightly inclined, by
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Fig. 3.20. The two types of motion of the axis of symmetry f and the angular velocity @ about
the angular momentum L

about 0.2”, with respect to the symmetry axis, it performs a precession motion.
Neglecting the external forces acting on the Earth, we can estimate the period of
this precession as follows. We have

=L < with (I3—1)/1 ~1/300. (3.70)
The frequency of precession is given by (3.65). Thus, the period is

2 2n 1y

T:—:—_.
wy (I3 —I)as

Inserting 27 /w3 = 1 day and the ratio (3.70) one gets T ~ 300 days. Experimen-
tally, one finds a period of about 430 days and an amplitude of a few meters. The
deviation of the measured period from the estimate is probably due to the fact that
the Earth is not really rigid.

In fact, the Earth is not free and is subject to external forces and torques exerted
on it by the Sun and the Moon. The precession estimated above is superimposed
upon a much longer precession with a mean period of 25 800 years (the so-called
Platonic year). However, the fact that the free precession estimated above is so
much faster than this extremely slow gyroscopic precession justifies the assumption
of force-free motion on which we based our estimate.

3.14 The Motion of a Free Top and Geometric Constructions
The essential features of the motion of a free, asymmetric rigid body can be un-

derstood qualitatively, without actually solving the equations (3.63), by means of
the following constructions. The first of these refers to a reference system fixed
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in space; the second refers to the intrinsic PA system and both make use of the
conservation laws for energy and angular momentum.

(i) Poinsot’s construction (with respect to a space-fixed system). The conservation
law (3.61) can be written in two equivalent ways in terms of quantities in the
reference system fixed in space,

2Tiot = w(t) - L = w(t)\](t)a)(t) = const . (3.71)

As L is fixed, (3.71) tells us that the projection of @(#) onto L is constant. Thus,
the tip of the vector w(¢) always lies in a plane perpendicular to L. This plane is
said to be the invariant plane. The second equality in (3.71) tells us, on the other
hand, that the tip of w(¢#) must also lie on an ellipsoid, whose position in space
changes with time, viz.

3
Jik ()i (1) (1) = 2Tror -
i,k=1

These two surfaces are shown in Fig.3.21. As we also know that

3
2o =) lid}
i=1

the principal diameters a; of this ellipsoid are given by a; = +/2T;o/1;. For fixed
energy, the ellipsoid has a fixed shape,

3 -
2

— L 1. (3.72)
im1 2Trot/1i

When looked at from the laboratory system, however, the ellipsoid moves as a
whole. To understand this motion, we note the relation

3 3

0T, 1 0 - -

o E wpJyw; | = E Jimwm = L ,
m=1

doi 2 dw; Rt
b
g i
)
/
v d

Fig. 3.21. The tip of w(f) wanders on the invariant plane and
7 on a time-dependent ellipsoid tangent to that plane
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which tells us that L = V,,T;o;. Thus, at any moment, L is perpendicular to the
tangent plane to the ellipsoid at the point P. In other words, the invariant plane
is tangent to the ellipsoid. The momentary axis of rotation is just @(¢). Therefore,
the motion of the ellipsoid is such that it rolls over the invariant plane without
gliding. In the course of the motion, the point P traces out two curves, one on the
invariant plane and one on the ellipsoid. These curves are somewhat complicated
in the general case. In the case of a symmetric body with, say, I} = I, > I3, they
are seen to be circles.

(ii) General construction within a principal-axes system. Using a PA system, we

have L; = I;®;, so that the conserved quantities (3.61-3.62) can be written as
follows:
3 Lz
— Zi
2l =) 7 (3.73)
i=1
3
L*=>)"1L7. (3.74)

The first of these, when read as an equation for the variables L 1, Lz, l_,3, describes
an ellipsoid with principal axes

ai =\2Tl;, i=1,23. (3.75)

With the convention (3.60) they obey the inequalities a; < a» < a3. From (3.60)
one also notes that

2Thody < LP = L < 2Tyi 15 . (3.76)

The second equation, (3.74) is a sphere with radius

R=VL? and aj<R<a3. 3.77)

Taking both equations together, we conclude that the extremity of L (this is the
angular momentum as seen from the body-fixed PA system) moves on the curves
of intersection of the ellipsoid (3.73) and the sphere (3.74). As follows from the
inequalities (3.76), or equivalently from (3.77), these two surfaces do indeed inter-
sect. This yields the picture shown in Fig.3.22. As the figure shows, the vector L
performs periodic motions in all cases. One also sees that rotations in the neigh-
borhood of the 1-axis (principal axis with the smallest moment of inertia), as well
rotations in the neighborhood of the 3-axis (principal axis with the largest moment
of inertia) are stable. Rotations with L close to the 2-axis, on the other hand, look
unstable. One is led to suspect that even a small perturbation will completely upset
the motion. That this is indeed so will be shown in Sect.6.2.5.
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Fig. 3.22. The angular momentum L, as seen from a reference system fixed in the body, moves
along the curves of intersection of the spheres (3.74) and of the ellipsoids (3.73)

3.15 The Rigid Body in the Framework
of Canonical Mechanics

The aim of this section is to derive once more the equations of motion of rigid
bodies, this time by means of a Lagrangian function that is expressed in terms of
Eulerian angles. In a second step we wish to find the generalized momenta that are
canonically conjugate to these variables. Finally, via a Legendre transformation,
we wish to construct a Hamiltonian function for the rigid body.

(1) Angular velocity and Eulerian angles. In a first step we must calculate the
components of the angular velocity @ with respect to a PA system, following (3.35),
and express them in terms of Eulerian angles as defined in Sect.3.10. A simple,
geometric way of doing this is to start from Fig.3.16 or 3.23. To the three time-
dependent rotations in (3.35) there correspond the angular velocities @y, wg, and
®, . Here, w, points along the 3¢-axis, wg along the axis Sn, and w, along the
3-axis. If 1, 2, and 3 denote the principal axes, as before, and if (wy); denotes
the component of @, along the axis i, the following decompositions are obtained
from Fig. 3.23:

(wp), = Bsiny , (wp),=PBcosy, (wp);=0, (3.78)

(@a)y =dcos B, (@), =—asinp, (3.79a)
from which follows

(wo), = —&sinfcosy , (wq),=dsinpBsiny , (3.79b)
and finally

(@), =0, (@),=0, (0y);=7. (3.80)

Thus, the angular velocity @ = wy +w®g + @, is given by @ = (@1, @2, @3)T with



222 3. The Mechanics of Rigid Bodies

» 30

Fig. 3.23. Construction that helps to express @ by the time derivatives of the Eulerian angles.
Definition as in Fig.3.16

@, = Bsiny —d&sinBcosy ,

@y = fcosy +asinBsiny , (3.81)

w3 =dacosP+y .

It is easy to translate these results to the definition of Eulerian angles as given
in Sect. 3.10. The transformation rules (3.39) tell us that in (3.81) cos y must be
replaced by —sin ¥ and siny by cos ¥, giving

@1 =0cosW + dsinfsin¥

@y = —0sin¥ + dsinhcos ¥ , (3.82)

w3 = b cost + ¥ .

The functions w; (1) obey the system of differential equations (3.58), Euler’s equa-
tions. Once they are known, by inverting (3.82) and solving for @, 6, and ¥, one
obtains the following system of coupled differential equations

® = [J)l siny + cI)gcoslI/]/ sin@ ,

0 = cos¥ —apsin¥ , (3.83)

Vo= a3 — [@1sin¥ + @s cos ¥ ] cot b .

The solutions of this system {@(¢), 6(¢), ¥ (¢)} describe the actual motion com-
pletely.

Making use of (3.82) we can construct a Lagrangian function in terms of Eu-
lerian angles. Its natural form is

L=T-U, (3.84)
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where the kinetic energy is given by

T =To=

N =

3
1. .
Zlid)iz = EI] (@ cos ¥ + @ sin O sin lI/)2
i=1

1 . . 1 ..
+5D(=6sin¥ + & sinf cos )2 + 5 13(¥ + @ cos 6)> . (3.85)

Note that we use the second definition of Eulerian angles (see Sect.3.10 and
Fig.3.17) and that we assume that the center-of-mass motion is already separated
off.

The first test is to verify that L, as given by (3.84), yields Euler’s equations
in the form (3.59) when there are no external forces (U = 0). We calculate

oL 0T Jdws _

— = — = s,

oy 3a)3 v

oL 0T dw 0T dwy o
:—_—+—_—:(11—12)a)1a)2.

AW 9w A | iy AW

Indeed, the Euler—Lagrange equation (d/dr)(dL/d¥) = dL/d¥ is identical with
the third of equations (3.59). The remaining two follow by cyclic permutation.

(ii) Canonical momenta and the Hamiltonian function. The momenta canonically
conjugate to the Eulerian angles are found by taking the partial derivatives of L
with respect to @, 6, and ¥. The momentum py is the easiest to determine:

def OL .
py = a—w_l3(l1/—|—<bcos€)_L3 L-e3

= Lisinfsin® — Lysinfcos® + Lzcosb . (3.86)

In the last step, €3, the unit vector along the 3-axis, is written in components with
respect to Ko (whose axes are fixed in space). The momentum p¢ is a little more
complicated to calculate,

def_a = 3 —8 —8 = 0 v+ 0 v+ 0
= = I sin 0 sin Wy sin 0 cos w3 COS
Po 3 - 30), EY) 101 202 33

=L-é3=1Ls. (3.87)

Here, we made use of the equation L; = I;@; and of the fact that (sin 6 sin ¥, sin 0
cos ¥, cos @) is the decomposition of the unit vector €3, along the principal axes.
Finally, the third generalized momentum is given by

oL
Do def— =Licos¥ — Lrsin¥ =L - e;: , (3.88)

36

where é¢ is the unit vector along the line S& of Fig.3.17. One verifies that

3T
det | ——— 75 0 s
30; 06y
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V_vhich means that (3.86-3.88) can be solved for the w;, or, equivalently, for the
L;. After a little algebra one finds

- 1

Ly = .—(Pcb — Pw cos@) sin¥ + pgcos¥ ,
sin @

- 1

Ly, = ._(Pd> — Py COS 9) cos¥ — ppsin¥ , (3.89)
sin 6

L3y = py .

With T = (3 Zl.z/li)/Z this allows us to construct the Hamiltonian function. One
obtains the expression

H— 1 (qu ~ py cos 9)2 <sin2 ¥ cos? l1/>
2sin” 6 I 14}
+lp§ (0052 '4 n sin? LI/) (3.90)
2 I I
sin ¥ cos ¥ 1 1 1,
ng(pq) — pw COS@) <1_1 — I—2> + 2—]3]711, +U.

We note that pg is the projection of the angular momentum onto the space-fixed 3¢
axis, while py is its projection onto the body-fixed 3-axis. If the potential energy
U does not depend on @, this variable is cyclic, so that pg is constant, as expected.
The expression (3.90) simplifies considerably in the case of a symmetric top for
which we can again take /1 = I,, without loss of generality. If U vanishes, or
does not depend on ¥, then ¥ is also cyclic and py is conserved as well.

(iii) Some Poisson brackets. If the Eulerian angles are denoted generically by
{©; (1)}, the Poisson brackets over the phase space (with coordinates &; and pg,)
are given by

3
of g df g
, 81O, po.) = —_——— —] . 3.91
1, 8}(@i, pe;) ;(ap@i 50, 96, ap&) (3.91)

The components of the angular momentum with respect to the systems K and Ko
have interesting Poisson brackets, both within each system and between them. One
finds

{Li, Lo} = —L3 (cyclic) , (3.92)
{Li, Lo} =+L3 (cyclic) , (3.93)
{Li. L;} =0 foralliandj. (3.94)

Note the remarkable signs in (3.92) and (3.93). Finally, one verifies that the brack-
ets of the kinetic energy with all L;, as well as with all L;, vanish,

{Li.T}=0={L;, T}, i=123. (3.95)
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3.16 Example: The Symmetric Children’s Top
in a Gravitational Field

The point of support O does not coincide with the center of mass S, their distance
being

oS=1.

Therefore, if 11 (= I») is the moment of inertia for rotations about an axis through
S that is perpendicular to the symmetry axis (the 3-axis in Fig. 3.24), then Steiner’s
theorem, Sect. 3.5, tells us that

=0=05L+MP?

is the relevant moment of inertia for rotations about an axis through O that is
also perpendicular to the symmetry axis. I; and I{ were calculated in Sect.3.6
(iii) above. Since I{ = I}, the first two terms in Tro (3.85) simplify, so that the
Lagrangian function for the spinning top in the earth’s gravitational field is given
by

L=1 (1l + Mlz) (62 + B2 sin®0) + L 3 + & cos 0)% — Mgl cos 6 . (3.96)

The variables @ and ¥ are cyclic, the momenta conjugate to them are conserved,
py = Ly = Ig(lj/ + @ cos 0) = const , (3.97a)
po = L3 = (I{ sin® @ + I3 cos® 0) @ + ¥ cos 6 = const . (3.97b)

As long as we neglect frictional forces, the energy is also conserved,

E = %I{(éz + @2 sin? 0) + %Ig(lj/ + @ cos 9)2 + Mglcos6 = const . (3.98)

X3
3. K
(%)
Mg‘ 0

X
! Fig. 3.24. The symmetric children’s top in a gravitational field
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From (3.97) we can isolate @ and ¥, viz.

. Li — l_,3 cosf . l_,3 .
¢=+2, Y =——@cosh. (3.99)
1{sin” 6 I3
Inserting these expressions into (3.98) we obtain an equation of motion that con-
tains only the variable 6(r). With the new abbreviations
I2
E¥E_ 3 Mg, (3.100)
213

(L3 — L 0)2
Uetr (0) % w — Mgl(1 — cos0) , (3.101)
211/ sin“ 6

(3.98) becomes the effective equation
E' = 1116% 4+ Uesr (9) = const , (3.102)

to which one can apply the methods that we developed in the first chapter. Here,
we shall restrict the discussion to a qualitative analysis.

From the positivity of the kinetic energy, the physically admissible domain of
variation of the angle is determined by the condition E’ > U (9). Whenever L3
differs from L3, Uef tends to plus infinity both for & — 0 and for  — . Let

u(®)® coso(r) (3.103)

and therefore 62 = 112 /(1—u?). Equation (3.102) is then equivalent to the following
differential equation for u(¢):

W= fu), (3.104)

where

fa® (1 —u?)[(2E'/1]) +2Mgl(1 —u)/1{] — (L3 — Z3u)2/1;2 . (3.105)
Only those values of u(¢) are physical which lie in the interval [—1, +1] and for
which f(u) > 0. The boundaries # = 1 or u = —1 can only be physical if in the
expression (3.105) L3 = L3 or L3 = —L3. Both conditions of motion (the top
standing vertically in the first case and being suspended vertically in the second
case) are called sleeping. In all other cases the symmetry axis is oblique compared
to the vertical.

The function f(u) has the behavior shown in Fig.3.25. It has two zeros, u;
and uy, in the interval [—1, +1]. For u; < u < us, f(u) > 0. The case u; = u»
is possible but arises only for very special initial conditions. The motion in the
general case u| < up can be described qualitatively quite well by following the

. . . f - .
motion of the symmetry axis on a sphere. Setting u¢ o L3/L3, the first equation
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flu)/f max

A L B C
-1 ; 1 u

Fig. 3.25. Graph of the function f(u)
(3.105) with u = cosf(t). See also
Practical Example 1 of the Appendix

(3.99) gives

. 1:3 uyg—u
=22 = 3.106
I 1 —u? ( )
Thus, whenever u; # up, the extremity of f moves on the unit sphere between
the parallels of latitude defined by

6; = arccosu; , i=1,2.

Depending on the position of ug relative to u and u, we must distinguish three
cases.

(i) uo > us (or ug < uy). From (3.106) we see that & always has the same
sign. Therefore, the motion looks like the one sketched in Fig. 3.26a.
(ii) u; < up < wup. In this case @ has different signs at the upper and lower
parallels. The motion of the symmetry axis f looks as sketched in Fig. 3.26b.
(iii) uo = uy or ug = uy. Here & vanishes at the lower or upper parallel, respec-
tively. In the second case, for example, the motion of f is the one sketched
in Fig. 3.26c.

The motion of the extremity of f on the sphere is called nutation.

3.17 More About the Spinning Top

The analysis of the previous section can be pushed a little further. For example,
one may ask under which condition the rotation about the vertical is stable. This
is indeed the aim when one plays with a children’s top: one wants to have it spin,
if possible vertically, and for as long as possible. In particular, one wishes to know
to what extent friction at the point of support disturbs the game.

(1) Vertical rotation (standing top). For & = 0 we have L3 = L3. From (3.101) one
finds that Uer(0) = 0 and therefore E' =0 or E = L§/2I3 + Mgl. The rotation
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Fig. 3.26. Symmetric children’s top in the gravitational field. The
figure shows the nutation of the extremity of the symmetry axis f

Ny

Al

@
8
¢

is stable only if Ueg(0) has a minimum at 6 = 0. In the neighborhood of 6 = 0
we have

Usit ~ [Z%/sl{ - Mgl/Z] 62 .
The second derivative of Uesr is positive only if l_% > 4MglI| or
=2 /72
w3 >4Mgll /15 . (3.107)

(ii) Including friction. The motion in the presence of frictional forces can be
described qualitatively as follows. Consider a top in an oblique position with
pw = L3 > pe = L. The action of friction results in slowing down py continu-
ously, while leaving pg practically unchanged until the two are equal, py = pg.
At this moment the top spins vertically. From then on both pg and py decrease
synchronously. The top remains vertical until the lower limit of the stability con-
dition (3.107) is reached. For @3 below that limit the motion is unstable. Even a
small perturbation will cause the top to rock and eventually to topple over.
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3.18 Spherical Top with Friction: The “Tippe Top”

The tippe top is a symmetric, almost spherical rigid body whose moments of in-
ertia I = I and I3 # I fulfill a certain inequality, see (3.112) below. It differs
from a homogeneous ball essentially only in that its center of mass does not coin-
cide with its geometrical center. If one lets this top spin on a horizontal plane in
the earth’s gravitational field and includes friction between the top and the plane
of support, it behaves in an astounding way. Initially it spins about the symmetry
axis of its equilibrium position such that its center of mass is below the center
of symmetry. The angular momentum points in an almost vertical direction and,
hence, is nearly perpendicular to the plane. By the action of gliding friction, how-
ever, the top quickly inverts its position so that, in a second stage, it rotates in an
“upside-down” position before eventually coming to rest again. After this rapid
inversion the angular momentum is again vertical. This means that the sense of
rotation with respect to a body-fixed system has changed during inversion. As the
center of mass is lifted in the gravitational field, the rotational energy and therefore
the angular momentum have decreased during inversion. When the top has reached
its upside-down position, it continues spinning while its center of mass is at rest
with respect to the laboratory system. During this stage only rotational friction is
at work. As this frictional force is small, the top remains in the inverted position
for a long time before it slows down and returns to the state of no motion.

Although this toy was apparently already known at the end of the nineteenth
century, it was thought for a long time that its strange behavior was too complicated
to be understood analytically and that it could only be simulated by numerically
solving Euler’s equations. This, as we shall see, is not true. Indeed, as was shown
recently, the salient features of this top can be described by means of the analytic
tools of this chapter and a satisfactory and transparent prediction of its strange
behavior is possible. This is the reason why I wish to add it to the traditional list
of examples in the theory of spinning rigid bodies.

The analysis is done in two steps: In a first step we prove by a simple geometric
argument that in the presence of gliding friction on the plane of support, a specific
linear combination of L3, i.e. the projection of the angular momentum onto the
vertical, and of L3, its projection onto the top’s symmetry axis, is a constant of the
motion. On the basis of this conservation law and of the inequality for the moments
of inertia, see (3.112) below, one shows that the inverted (spinning) position is
energetically favorable compared to the upright position.

In a second step one writes the equations of motion in a specific set of variables
which is particularly well adapted to the problem and one analyzes the dynamical
behavior as a function of time and the stability or instability of the solutions.

We make the following assumptions: Let the top be a sphere whose mass distri-
bution is inhomogeneous in such a way that the center of mass S does not coincide
with its geometrical center Z. The mass distribution is axially symmetric, but not
spherically symmetric, so that the moments of inertia referring to the axes perpen-
dicular to the symmetry axis are equal, but differ from the third, I1 = I, # I3. By
a suitable choice of the unit of length, the radius of the sphere is R = 1. The center
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3
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Fig. 3.27.

of mass is situated at a distance o from the center Z, with 0 < o < 1, as sketched
in Fig. 3.27. There are three types of frictional force that act on the instantaneous
point of support A in the plane: rolling friction which is active whenever the top
rolls over the plane without gliding; rotational friction which acts when the top
is spinning about a vertical axis about a fixed point in the plane; and gliding fric-
tion which acts whenever the top glides over the plane of support. We assume
that the support is such that the force due to gliding friction is much larger than
those due to the other two kinds of friction. Indeed, it turns out that it is the glid-
ing friction that is responsible for the inversion of the spinning top. Finally, for
the sake of simplicity, we assume that during the initial phase in which we are
interested the rotational energy Tio is much larger than the gravitational energy
U =mg(l —cosb).

3.18.1 Conservation Law and Energy Considerations

The instantaneous velocity of the point of support A is the sum of the center of
mass’s horizontal velocity (51, s2) (i.e. the component parallel to the plane) and of
the relative velocities which stem from changes of the Euler angles. From Fig. 3.27
we deduce that a change of ¥, i.e. a rotation about the body-fixed 3-axis, causes a
linear velocity of A in the plane whose magnitude is vy = ¥ sin @, while a change
of the angle @, i.e. a rotation about the space-fixed 3p-axis, causes a velocity whose
magnitude is v¢ = @ « sinf. Both act along the same direction in the plane, say
i. In contrast, a change in the angle 6 gives rise to a velocity with magnitude
vy = 6(1—a cos @) in the direction ¢ perpendicular to 7. Although it is not difficult
to identify these directions in Fig. 3.27 it is sufficient for our discussion to know
that the velocities related to ¥ and to @ have the same direction, while that due
to 0 is perpendicular to this direction.
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The effect of friction is described phenomenologically as in (6.28) below by
introducing dissipative terms R, Ry such that

Po = —Ro , pw = —Ry , (3.108)

(and an analogous equation for py). As we know the canonical momenta pg and
pw are the projections L3 and L3, respectively, of the angular momentum onto the
3p-axis and the 3-axis, respectively. Therefore, Ry and Ry are external torques,
equal to the cross product of the distance to the corresponding axis of rotation and
the frictional force. As the force is the same in both of them, independently of its
detailed functional dependence on the velocity, and as these torques are parallel,
their ratio is equal to the ratio of the distances,

Rep/Ry = asinf/sinf =«. (3.109)

As a consequence, while both pp = L3 and py = Lz decrease with time, the

specific linear combination L3 — L3 = 0 vanishes. This yields the integral of the
motion

A := L3 — o L3 = constant. (3.110)

We note in passing that this conservation law, which provides the key to an un-
derstanding of the tippe top, has an amusing history that can be traced back® to
1872! In fact, the quantity A is the projection of the angular momentum L onto

.
the vector 0 =AS. Indeed, from (3.86) and (3.87) we have
A=L- (&3 —af)=L-o, where § = R (1)é;.

Suppose the top is launched such that the conserved quantity (3.110) is large
in the following sense

A Jmgl (3.111)

with m the mass of the top. Suppose, furthermore, that the mass distribution is
chosen so that the moments of inertia fulfill the inequalities

(Il—a)h <1 <(I+a)l;. (3.112)

The first of these means that the gravitational energy can be neglected in compar-
ison to the rotational energy; the second assumption (3.112) implies that the top
has lower energy when it rotates in a completely inverted position (S above Z)
than when it rotates in its normal, upright position.

When the top has stopped gliding, its center of mass having come to rest, but
rotates about a vertical axis in a (quasi) stationary state, we can conclude that

3 St. Ebenfeld, F. Scheck: Ann. Phys. (New York) 243, 195 (1995). Note that the vector o equals
—a in this reference and that the choice of convention for the rotation R(¢), while consistent
with earlier sections of this chapter, is the inverse of the one employed there.
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§1=5 =0, 6=0, ¥+ad=0; (3.113)

with s(¢) denoting the trajectory of the center of mass.
Inserting I = I, # I3 into the expression (3.85) for the kinetic energy of
rotation one finds

U0 (NPT
Tror = 54 (92 + <1>2sin29) +5h(F+d cos6)” .

From this follow the generalized momenta

oL . .
Ly = pgp = PP =@ (Il sin® 6 + I3 00529> + LY cosh, (3.114a)
— oL . .
L3EP11/=W=13 (¥ + @ cosb) . (3.114b)

Inserting here the second and third of conditions (3.113), the rotational energy
becomes

1 . .
Trot = zF(z)qs2 with F(z =cos0) = (1 — %) + I3(z — a).

The third of conditions (3.113), when inserted in (3.114a) and (3.114b), allows
one to re-express the constant of the motion A in terms of the same function, viz

A= (11 sin 0 + I3(cosf — a)2) — $F(z),
so that the kinetic energy can be written in terms of A and the function F,

)»2

= —. 11
2F(2) G119

Trot

The rotational energy assumes its smallest value when F(z) takes its largest
value. With the assumption (3.112) this happens, in the physical range of 6, for
z=—1,1ie. 0 = m. As the function F(z) increases monotonically in the interval
[1, —1], the top’s rotation in the completely inverted position is favored energeti-
cally over rotation in the upright position.

3.18.2 Equations of Motion and Solutions with Constant Energy

Assuming that the forces due to rotational and rolling friction can be neglected,
the possible asymptotic states of the spinning top are clearly those in which glid-
ing friction has ceased to be active. These asymptotic states have constant energy.
Except for the trivial state of rest, they can only be one of the following: Rotation
in the upright or in the completely inverted position, or rotation about a nonver-
tical direction, changing with time, whereby the top rolls over the plane without
gliding. Let us call the former two rotational, and the latter tumbling motion.
The simple energy consideration of Sect. 3.18.1 leaves unanswered a number of
important questions. Given the moments of inertia /; and I3, which of the allowed
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asymptotic states are stable? In the case where an asymptotic state is stable, which
initial conditions (i.e. when launching the top) will develop into that state under
the action of gliding friction? Finally, in what way will simple criteria such as
(3.112) be modified when the gravitational force is taken into account?

In fact, these questions touch upon the field of qualitative dynamics, which
is the subject of Chap. 6 (cf. in particular, the notion of Liapunov stability). A
complete analysis of this dynamical problem can be found in the reference just
given in footnote 3, an article that should be accessible after having studied Chap. 6.
Here we confine ourselves to constructing the equations of motion in a form that
is well adapted to the problem, and to report the most important results of the
analysis.

As described in Sect. 3.9 it is useful to introduce three frames of reference:
the space-fixed inertial system K, the system Ky which is centered on the center
of mass and whose axes are parallel, at all times, to those of K, and a body-fixed
system K whose 3-axis is the symmetry axis of the top. In writing down the inertia
tensor we make use of the following symbolic notation: We write any vector a as
la) and the object which is dual to it as (a|. An expression of the form (bla) is
then just another way of writing the scalar product b - a, while |b)<a| is a tensor
which, when applied to a third vector ¢ yields a vector again, viz.

Ib)alc)=(a-c)b.

In this notation the inertia tensor with respect to the system K reads

Ii—11 . .
a=nfrs e
I
while its inverse reads®
_ 1 IL—1
Jh=—l1- és)es)} .
7 { n les) 3|}

Hence, in the frame of reference Ko it has the form

~ =1 ..

Jo) =1 {11+ I |n>(n|} , (3.116a)
where 7 is the representation of the unit vector &5 with respect to Ko, i.e.

i =R (e; =R (n)es.
An analogous formula holds for its inverse

—1 _ 1 L—-1 ..
(r)_I—l{n— A |;7)(;7|}. (3.116b)

[

4 In order to become familiar with this notation and calculus the reader should verify that (Z’lflJlé,}) =
diag (1, Iy, I3), and that J~! is indeed the inverse of J.
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The angular velocity @ may be taken from (3.56b). Alternatively, making use
of (3.116b), it may be expressed in terms of the angular momentum L = J - :

L1
3 ‘m)(mL)} . (3.117)

1
w(t) = 1_1 {L(t) —

The time derivative of # follows from (3.56a), the time derivative of L is given
by the external torque N (with respect to the system Kj), and the acceleration §(f)
of the center of mass is given by the resulting external force F (in the system K).
Therefore, the equations of motion are

5= h=_—L i 3.118
gh=exn 7 X1 ( a)
d . .

EL =N@@,L,3), (3.118b)
ms = F(@, L,§). (3.118¢)

(We recall that s(¢) is the trajectory of the center of mass and s its velocity in the
space-fixed system K.)

If we demand that the top remain on the plane at all times (no bouncing),
then the 3-component s3 of the center of mass coordinate is not an independent
variable. Indeed, the condition is that both the 3-coordinate of the point A and the
3-component of its velocity v = § — @ X o are zero at all times. One easily shows
that this implies the condition

o . ~
§3 4 E<e§0|L x§)=0, (3.119)

which in turn expresses §3 in terms of #§ and L. The third equation of motion
(3.118c) must be replaced with

m§1,2 = Prl’z F s

where the right-hand side denotes the projection of the external force F onto a
horizontal plane parallel to the plane of support.

The external force F acting on the center of mass S is the sum of the grav-
itational force Fy = —mgégo, the normal force F, = gnééo, and the frictional
force Fg = —ggd. In contrast, the point A, being supported by the plane, expe-
riences only the normal force and the frictional force, F (A = F, + Fg, so that
the external torque is given by

N = -0 x F"V = (ail — &) x (gné3, — grrd) .

This leads immediately to the final form of the equations of motion
d 1

af]:&))(f]:]—lL)(ﬁ, (3.120a)
d A . .
L= (@~ 5,) X (03, — D). (3.120b)

m§1,2 = —gfrf). (3.120C)
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The coefficient g, in the normal force follows from the equation §3 = —g +
gn/m if one calculates the left-hand side by means of (3.119). For this one must
take the orbital derivative of (3.119) which means replacing the time derivatives
of L and of % by (3.120b) and (3.120a), respectively. The result reads

2 T 2
oo mgli [1 +a(n3L? — L3L3)/(g1})] . 3121

Iy + ma?(1 = n3) + map [(ns —a)e5 — (1 — ans)f?] v

Here n3 =17 - ég() is the projection onto the vertical. Regarding the frictional force
we have assumed gg = gy, with u a (positive) coefficient of friction.

Equations (3.120a—c) provide a good starting point for a complete analysis of
the tippe top. One the one hand they are useful for studying analytic properties of
the various types of solutions; on the other hand they may be used for a numerical
treatment of specific solutions (cf. practical example 2 below). Here we report on
some of the results, taken from the work quoted in footnote 3, and refer to that
article for further details.

(i) Conservation law: It is easy to verify that the conservation law (3.110) also
follows from the equations of motion (3.120a). The orbital derivative of A (i.e. the
time derivative taken along orbits of the system by making use of the equations
of motion) is given by

dr dL do
—_— = — .0 + L [—
dr dr dr
The second term vanishes because, on account of (3.120a), do /df = —ad#/dz is

perpendicular to L. The first term vanishes because the torque N is perpendicular
to .

(ii) Asymptotic states: The asymptotic states with constant energy obey the equa-
tions of motion (3.120a) with o = 0, the second and the third equation being
replaced by

dL A . 0
— —agpf x ez, mS1,=0,
a &nll 30 1,2

while (3.121) simplifies to

1+a(mL? — LiL3)/(gl?)
1+ ma2(1—n3)/1

&n

The solutions of constant energy have the following general properties:

(a) The projections L3 and L3 of the angular momentum L onto the vertical and
the symmetry axes, respectively, are conserved.

(b) The square of the angular momentum L? as well as the projection f;-égo =n
of 4 onto the vertical are conserved.

(c) At all times the vectors égo, 1, and L lie in a plane.

(d) The center of mass remains fixed in space, § = 0.
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The types of motion that have constant energy have either 3 = +1 (rotation in
the upright position), or 73 = —1 (rotation with complete inversion), or, possibly,
—1 < n3 < +1 if these are allowed. The latter are tumbling motions whereby the
top simultaneously rotates in an oblique (time dependent) orientation and rolls over
the plane without gliding. Whether or not tumbling motion is possible depends on
the choice of the moments of inertia.

(iii) When does the spinning top turn upside-down? The general and complete
answer to the question of which asymptotic state is reached from a given initial
condition would occupy too much space. Here, we restrict ourselves to an example
which corroborates the results of Sect. 3.18.1. For a given value of the constant
of the motion (3.110) we define the following auxiliary quantities

mgal?
A=h(1—a)—1 + ‘iz (1 —a)?,

mgal?
B:=hL(+a)—1I — ‘iz 314+ a)t.

A detailed analysis of orbital stability (a so-called Liapunov analysis) for this exam-
ple yields the following results: If A > 0 the state with n3 = +1 is asymptotically
stable and the top will rotate in the upright position. If, however, A < 0 this state is
unstable. Furthermore, if B > 0 then a state with n3 = —1 is asymptotically stable;
if B < O then it is unstable. Whenever A is sufficiently large, cf. (3.111), the third
terms in A and B can be neglected. The two conditions A < 0 and B > 0, taken
together, then yield the inequalities (3.112). In this situation rotation in the upright
position is unstable, whereas rotation in a completely inverted position is stable.
No matter how the top is launched initially, it will always turn upside-down. This
is the genuine “tippe top”. In the examples (iv) and (v) of Sect. 3.6 two simple
models for such a top were described.

The other possible cases can be found in the reference quoted above. Here is
what one finds in case the initial rotation is chosen sufficiently fast (i.e. if A is
large in the sense of (3.111)):

(a) For I1 < I3(1 — ) both, rotation in the upright position and rotation in the
inverted position, are stable. There also exists a tumbling motion (with constant
energy) but it is unstable. This top could be called indifferent because, depending
on the initial condition, it can tend either to the upright or to the inverted position.

(b) For IT > I3(1 + «) the two vertical positions are unstable. There is exactly
one state of tumbling motion (i.e. rotating and rolling without gliding) which is
asymptotically stable. Every initial condition will quickly lead to it.

Appendix: Practical Examples

1. Symmetric Top in a Gravitational Field. Study quantitatively the motion of a
symmetric spinning top in the earth’s gravitational field (a qualitative description
is given in Sect. 3.16).
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Solution. It is convenient to introduce dimensionless variables as follows. For the
energy E’ (3.100) take

e E /Mgl . (A1)

Instead of the projections L3 and L5 introduce

L - L
pdef 23 0 ydef 53 (A.2)

JIMgl JIMgl

The function f(u) on the right-hand side of (3.104) is replaced with the dimen-
sionless function

&t i
P = Mgl

f@) =2(1—u?)(e+1—u)— (h— ). (A3)

As one may easily verify, the ratio Ij/Mgl has dimension (time)?. Thus,

0% [Mgl/I{ is a frequency. Finally, using the dimensionless time variable

T dof wt, (3.104) becomes
du\?
d_ =) . (A4)
T

Vertical rotation is stable if L% > 4Mgll/, ie. if A > 2. The top is vertical if A = A
With u — 1, the critical energy, with rggard to stability, is then eqpr. (A = 1) =0.
For the suspended top we have A = —X, u — 1, and the critical energy is

Eerit. (A = _)_L) =-2.

The equations of motion now read

du’\? w do\? o(u) (AS)
— ) =¢@) or — ) = )
dr ¢ dr 1 —u?
and
4P _ju0=4 it Ly _2 (A6)
_— = s W1 = = = = . .
FEE T

Curve A of Fig.3.25 corresponds to the case of a suspended top, i.e. A = —A and
up = —1. We have chosen ¢ = 0, A = 3.0. Curve C corresponds to the vertical top,
and we have chosen ¢ = 2, A = A = 5. Curve B, finally, describes an intermediate
situation. Here we have taken e =2, A =4, A = 6.

The differential equations (A.5) and (A.6) can be integrated numerically, e.g.
by means of the Runge—Kutta procedure described in Practical Example 2.2. For
this purpose let
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do

_| dr

Y= do

dr
and read (A.11) and (A.12) of the Appendix to Chapter 2 as equations with two
components each. This allows us to represent the motion of the axis of symmetry in
terms of angular coordinates (6, @) in the strip between the two parallels defined
by u1 and u;. It requires a little more effort to transcribe the results onto the unit

sphere and to represent them, by a suitable projection, as in Fig. 3.26.

2. The Tippe Top. Under the assumption that the coefficient of gliding friction
is proportional to gy, the coefficient that appears in the normal force, numerically
integrate the equations of motion (3.120a—c) with the three possible choices for
the moments of inertia.

Solution. The assumption is that g = ugy. Let v = ||v|| be the modulus of the
velocity. In order to avoid the discontinuity at v = 0O on the right-hand side of
(3.120¢) one can replace ¥ by

v

9 —> tanh(M||v|) TR
v

where M is a large postive number. Indeed, the factor tanh(M ||v||) vanishes at
zero and tends quickly, yet in a continuous fashion, to 1. It is useful to introduce
appropriate units of length, mass, and time such that R =1, m =1 and g = 1.
Furthermore, the coefficient of friction i should be chosen sufficiently large, say
u = 0.75, so that the numerical solutions quickly reach the asymptotic state(s).
Compare your results with the examples given by Ebenfeld and Scheck (1995)
footnote 3.
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Mechanics, as we studied it in the first three chapters, is based on two fundamental
principles. On the one hand one makes use of simple functions such as the La-
grangian function and of functionals such as the action integral whose properties
are clear and easy to grasp. In general, Lagrangian and Hamiltonian functions do
not represent quantities that are directly measurable. However, they allow us to
derive the equations of motion in a general and simple way. Also, they exhibit
the specific symmetries of a given dynamical system more clearly than the equa-
tions of motion themselves, whose form and transformation properties are usually
complicated.

On the other hand, one assumes a very special structure for the space-time
manifold that supports mechanical motion. In the cases discussed up until now
the equations of motion were assumed to be form-invariant with regard to general
Galilei transformations (Sect. 1.13; see also the discussion in Sect. 1.14). This im-
plied, in particular, that Lagrangian functions, kinetic and potential energies, had
to be invariant under these transformations.

While the first “building principle” is valid far beyond nonrelativistic point
mechanics (provided one is prepared to generalize it to some extent, if necessary),
the validity of the principle of Galilei invariance of kinematics and dynamics is
far more restricted. True, celestial mechanics as well as the mechanics that we
encounter in daily life when playing billiards, riding a bicycle, working with a
block-and-tackle, etc., is described by the Galilei-invariant theory of gravitation to
a very high accuracy. However, this is not true, in general, for microscopic objects
such as elementary particles, and it is never true for nonmechanical theories such
as Maxwell’s theory of electromagnetic phenomena. Without actually having to
give up the general, formal framework altogether, one must replace the principle of
Galilei invariance by the more general principle of Lorentz or Poincaré invariance.
While in a hypothetical Galilei-invariant world, particles can have arbitrarily large
velocities, Poincaré transformations contain an upper limit for physical velocities:
the (universal) speed of light. Galilei-invariant dynamics then appears as a limiting
case, applicable whenever velocities are small compared to the speed of light.

In this chapter we learn why the velocity of light plays such a special role, in
what way the Lorentz transformations follow from the universality of the speed
of light, and how to derive the main properties of these transformations. Today,
basing our conclusions on a great amount of experience and increasingly precise
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experimental information, we believe that any physical theory is (at least locally)
Lorentz invariant!. Therefore, in studying the special theory of relativity, within the
example of mechanics, we meet another pillar on which physics rests and whose
importance stretches far beyond classical mechanics.

4.1 Failures of Nonrelativistic Mechanics

We wish to demonstrate, by means of three examples, why Galilei invariant me-
chanics cannot be universally valid.

(1) Universality of the speed of light. Experiment tells us that the speed of light,
with respect to inertial systems of reference, is a universal constant. Its value is

c=2.99792458 x 108ms~" . 4.1)

Our arguments of Sect. 1.14 show clearly that in Galilei-invariant mechanics a uni-
versal velocity and, in particular, an upper limit for velocities cannot exist. This
is so because any process with characteristic velocity v, with respect to an inertial
system of reference Kj, can be observed from another inertial system Kj, moving
with constant velocity w relative to K. With respect to K», the process then has
the velocity

V=v+w, “4.2)

in other words, velocities add linearly and therefore can be made arbitrarily large.

(ii) Particles without mass carry energy and momentum. In nonrelativistic mechan-
ics the kinetic energy and momentum of a free particle are related by
I,

o (4.3)

In nature there are particles whose mass vanishes. For instance, the photon (or light
quantum), which is the carrier of electromagnetic interactions, is a particle whose
mass vanishes. Nevertheless, a photon carries energy and momentum (as proved by
the photoelectric effect, for example), even though relation (4.3) is meaningless in
this case: neither is the energy E infinite when | p| is finite nor does the momentum
vanish when E has a finite value. In the simplest situation a photon is characterized
by a circular frequency w and a wavelenght X that are related by wA = 2mc. If
the energy E,, of the photon is proportional to w and if its momentum is inversely
proportional to A, then (4.3) is replaced with a relation of the form

I, = Ey, =alplc, (4.4)

1 Space inversion P and time reversal T are excepted because there are interactions in nature that
are Lorentz invariant but not invariant under P and under T.
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where the index y is meant to refer to a photon and where « is a dimensonless
number (it will be found to be equal to 1 below). Furthermore, the photon has
only kinetic energy, hence E, (total energy) = T, (kinetic energy).

Further, there are even processes where a massive particle decays into several
massless particles so that its mass is completely converted into kinetic energy. For
example, an electrically neutral 7 meson decays spontaneously into two photons:

7° (massive) — y + y (massless) ,

where m(7°) = 2.4 x 10728 kg. If the ¥ is at rest before the decay, the momenta
of the two photons are found to add up to zero,

1 2
P pP =0,

while the sum of their energies is equal to m(°) times the square of the speed
of light,

TV + 12 = c(1p| + 1pP)) = mx)c? .

Apparently, a massive particle has a finite nonvanishing energy, even when it
is at rest:

E(p =0)=mc?, 4.5)

This energy is said to be its rest energy. Its total energy, at finite momentum, is
then

E(p)=mc®*+T(p), (4.6)

where T (p), at least for small velocities |p|/m < ¢, is given by (4.3), while for
massles particles (m = 0) it is given by (4.4) with o = 1.

Of course, one is curious to know how these two statements can be reconciled.
As we shall soon learn, the answer is provided by the relativistic energy-momentum
relation

E(p) =/ (mc?)? + p2c?, 4.7

which is generally valid for a free particle of any mass and which contains both
(4.3) and (4.4), with « = 1. If this is so the kinetic energy is given by

T(p) = E(p) — mc® = Jine)? + p2e? — mc® . “8)

Indeed, for m = 0 this gives T = E = |p|c, while for m # 0 and for small
momenta |p|/m K ¢

1 p262 p2
T(p) ~mc* {14+ —— —1t=-—, 4.9
(p) = me { 3 ey } - 4.9)

which is independent of the speed of light c!
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(iii) Radioactive decay of moving particles. There are elementary particles that are
unstable but decay relatively “slowly” (quantum mechanics teaches us that this is
realized when their lifetime is very much larger than Planck’s constant divided by
the rest energy, T >> h/2mwmc?). Their decay can then be studied under various
experimental conditions. As an example take the muon p, which is a kind of heavy,
and unstable, electron. Its mass is about 207 times larger than the mass of the
electron?,

m(pw)c* = 206.77Tm(e)c? . (4.10)

The muon decays spontaneously into an electron and two neutrinos (nearly mass-
less particles that have only weak interactions),

uw—>e+v+vy. 4.11)

If one stops a large number of muons in the laboratory and measures their lifetime,
one gets3

1O ) = (2.19703 £ 0.00004) x 107 % . (4.12)

If one performs the same measurement on a beam of muons that move at constant
velocity v in the laboratory, one gets

@) =ytOw), where y=E/mc®>=(1—v*/*)"1?*. (4.13)
For example, a measurement at y = 29.33 gave the value
() =64.39 x 10705 ~293tO ) .

This is an astounding effect: the instability of a muon is an internal property of the
muon and has nothing to do with its state of motion. Its mean lifetime is something
like a clock built into the muon. Experiment tells us that this clock ticks more
slowly when the clock and the observer who reads it are in relative motion than
when they are at rest. Relation (4.13) even tells us that the lifetime, as measured
by an observer at rest, tends to infinity when the velocity |v| approaches the speed
of light.

If, instead, we had applied Galilei-invariant kinematics to this problem, the
lifetime in motion would be the same as at rest. Again, there is no contradiction
with the relativistic relationship (4.13) because y ~ 1+ v%/2¢?. For |v| < ¢ the
nonrelativistic situation is realized.

2 These results as well as references to the original literature are to be found in the Review of
Particle Properties, Physics Letters BS92 (2004) 1 and (on the web) http://pdg.lbl.gov.
3 J.Bailey et al., Nucl. Phys. B 150 (1979) 1.
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4.2 Constancy of the Speed of Light

The starting point and essential basis of the special theory of relativity is the fol-
lowing experimental observation that we formulate in terms of a postulate:

Postulate I. In vacuum, light propagates, with respect to any inertial system
and in all directions, with the universal velocity ¢ (4.1). This velocity is a
constant of nature.

As the value of the speed of light c is fixed at 299792458 ms~! and as there are
extremely precise methods for measuring frequencies, and hence time, the meter is
defined by the distance that a light ray traverses in the fraction 1/299792 458 of a
second. (This replaces the standard meter, i.e. the measuring rod that is deposited
in Paris.)

The postulate is in clear contradiction to the Galilei invariance studied in
Sect. 1.13. In the nonrelativistic limit, two arbitrary inertial systems are related
by the transformation law (see (1.32))

x=Rx +wt+a,
=a+s, Oo==+1), (4.14)

according to which the velocities of a given process, measured with respect to
two different intertial systems, are related by v" = v + w. If Postulate I is correct,
(4.14) must be replaced with another relation, which must be such that it leaves
the velocity of light invariant from one inertial frame to another and that (4.14)
holds whenever |v| < ¢ holds.

In order to grasp the consequences of this postulate more precisely, imagine the
following experiment of principle. We are given two inertial systems K and K'. Let
a light source at position x 4 emit a signal at time 74, position and time coordinates
referring to K. In vacuum, this signal propagates in all directions with constant
velocity ¢ and hence lies on a sphere with its center at x 4. If we measure this
signal at a later time 7p > 4, at a point x g in space, then obviously |[xp —x 4| =
c(tp —ta), or, if we take the squares,

(xp—x4)* — (g —14)? =0. (4.15)

Points with coordinates (x, t) for which one indicates the three spatial coordi-
nates as well as the time at which something happens at x (emission or detection
of a signal, for instance) are called world points or events. Accordingly, the prop-
agation of a signal described by a parametrized curve (x(¢), t) is called a world
line.

Suppose the world points (x 4, 4), (x g, tp) have the coordinates (x’A, tg) and
(x5, 1), respectively, with regard to the system K'. Postulate I implies that these
points must be connected by the same relation (4.15), i.e.

(xly —x')? =2y —1)*=0
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with the same, universal constant c. In other words the special form
Z—-@"?=0, (4.16)

relating the spatial distance |z| = |xp — x 4| of two world points A and B to the
difference of their time coordinates z® = ¢(tg — r4), must be invariant under all
transformations that map inertial systems onto inertial systems. In fact, we confirm
immediately that there are indeed subgroups of the Galilei group that leave this
form invariant. These are

(i) translations ' =t + s and x’ = x + a, and
(ii) rotations ' =t and x’ = Rx.

This is not true, however, for special Galilei transformations, i.e. in the case where
the two inertial systems move relative to each other. In this case (4.14) reads t' = ¢,
x' = x 4 wt, so that (x/, —x;g)2 = (x4 —xp +w(ta —p))?, which is evidently
not equal to (x4 — x ). What is the most general transformation

(t, %) 7(/, x) (4.17)

that replaces (4.14) and is such that the invariance of the form (4.16) is guaranteed?

4.3 The Lorentz Transformations

In order to unify the notation let us introduce the following definitions:
def
0= e,
def
(xl,xz,x3) = x.
It is customary to denote indices referring to space components only by Latin
letters i, j, k, ... . If one refers to space and time components, without distinction,
one uses Greek letters u, v, o, ... instead. Thus

x*: w=0,1,2,3 denotes the world point (x0 = ct, xl, xz, x3) , and
x i= 1,2,3 denotes its spatial components.
One also writes x for a world point and x for its spatial part so that
=0 x) .
Using this notation (4.15) reads
% —x? = (xp—x2)*=0.

This form bears some analogy to the squared norm of a vector in n-dimensional
Euclidean space R”, which is written in various ways:

xé = Zn:(xi)2 = Xn: Xn:xi&-kxk = (x,x)E . (4.18)
i=1

i=1 k=1
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(The index E stands for Euclidean.) The Kronecker symbol §;; is a metric tensor
here. As such it is invariant under rotations in R”, i.e.

R'6R=35.

A well-known example is provided by R>, the three-dimensional Euclidean space
with the metric

1 00
sk=(0 1 0
00 1

In four space-time dimensions, following the analogy with the example above,
we introduce the following metric tensor:

1 000
0—-1 0 0
— oy
g =8"=10 01 ol (4.19)
0 0 0—1

This enables us to write the invariant form (4.15) as follows:

3 3
Z Z(xg - xﬁ)gw(x}é —xy) =0. (4.20)

n=0v=0

Before we move on, we wish to stress that the position of (Greek) indices
matters: one must distinguish upper (or contravariant) indices from lower (or co-
variant) indices. For instance, we have

x =0 %), (4.21a)
(by definition), but

3
683 gt = (0, —x) . (4.21b)
n=0

For example, the generalized scalar product that appears in (4.20) can be written
in several ways, viz.

(z,2) =" - 2% = Zz”g,wz” = Zz“zu = szz” ) (4.22)
Iy “w v

Note that the indices to be summed always appear in pairs, one being an upper
index and one a lower index. As one can sum only a covariant and a contravariant
index, it is useful to introduce FEinstein’s summation convention, which says that
expressions such as A, B“ should be understood to be

3
Z AyB% .
a=0



246 4. Relativistic Mechanics

Remarks: The bra and ket notation that we used in Chap. 3 is very useful in the
present context, too. A point x of R4, or likewise a tangent vector a = (ao, a)T,
is represented by a four-component column,

)= (% x)" ey = (o a)"

Objects which are dual to them are written as row vectors but contain the minus
sign that follows from the metric tensor g = diag (1, —1),

vl =("%-y). b= -b).

Taking scalar product in the sense of multiplying a 1 x 3-matrix and 3 x 1-matrix
yields the correct answers

(ylx) =yx"—y - x,
(bla)y =b°a" —b-a,

for the Lorentz invariants which can be formed out of them. The “bra-ket” notation
emphasizes that (b| is the dual object that acts on |a), very much in the spirit of
linear algebra.

The metric tensor defined in (4.19) has the following properties:

(i) It is invariant under the transformations (4.17).
(i) It fulfills the relations gopg”” = 84 , where 8, is the Kronecker symbol,
and gop = 8un 8"V = g%
(iii) Its determinant is detg = —1.
(iv) Its inverse and its transpose are g~' =g =g"'.

The problem posed in (4.17) consists in constructing the most general affine trans-
formation
xt — XM = A% X7 +at (4.23)
(A.a)
that guarantees the invariance of the form (4.15). Any such transformation maps
inertial frames onto inertial frames because any uniform motion along a straight
line is transformed into a state of motion of the same type.

Inserting the general form (4.23) into the form (4.15) or (4.20), and in either
system of reference K or K':

(= X))y — x3) = 0= (xff — x)gap(xy —x)

we note that the translational part cancels out. As to the homogeneous part A,
which is a 4 x 4 matrix, we obtain the condition

!
A‘LgU,ATU =aguy (4.24)

where « is a real positive number that remains undetermined for the moment. In
fact, if we decide to write x as a shorthand notation for the contravariant vector
x* and A instead of A%,
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x={x", A={AL}
then (4.23) and (4.24) can be written in the compact form
X' =Ax+a, (4.23")

ATgA =ag. (4.24")

Here x is a column vector and A is a 4 x 4 matrix, and we use the standard rules
for matrix multiplication. For example, let us determine the inverse Al of A,
anticipating that @ = 1. It is obtained from (4.24") by multiplying this equation
with g~! = g from the left:

A"l =gATg. (4.25)
Writing this out in components, we have

_ def
(A I)OtﬂngKMAVMgVﬂ( é Aéx),
a matrix that is sometimes also denoted by A /.

Because g is not singular, (4.24) implies that A is not singular. Indeed, from
(4.24),

(detAd)? = o .

What do we know about the real number « from experience in physics? To answer
this question let us consider two world points (or events) A and O whose difference

Z &y 4—xo does not necessarily fulfill (4.15) or (4.16). Defining their generalized
distance to be d & (z9?% — (2)2, we calculate this distance with respect to the
inertial system K':

Y - @ =@ - @ =ad.

d
Taking, for example, rotations in R3 that certainly fulfill (4.15), we see that this
means that the spatial distance V72, as measured from the second system of refer-
ence, appears stretched or compressed by the factor »/a. More generally, any spa-
tial distance and any time interval are changed by the factor /o, when measured
with respect to K’, compared to their value with respect to K. This means either that
any dynamics and any equation of motion that depend on spatial distances and on
time differences differ in a measurable way in different frames of reference or that
the laws of nature are invariant under scale transformations x#* — x* = \/ax*.

The first possibility is in contradiction with the Galilei invariance of mechanics.
This invariance, which is well confirmed by experiment, must hold in the limit of
small velocities. The second possibility contradicts our experience, too: the laws
governing the forces of nature, as far as they are known to us, contain parame-
ters with dimension and are by no means invariant under scale transformations of
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spatial and/or time differences. In fact, this is the main reason we choose the trans-
formation (4.23) (which is still to be determined) to be an affine transformation.
In conclusion, experience in physics suggests we take the constant « to be equal
to 1,

a=1. (4.26)

Another way of formulating this conclusion is by the following:

Postulate II. The most general affine transformation x — x’ = Ax + a,

y = y = Ay + a must leave invariant the generalized distance z> =

(2?2 — z2 (where z = y — x), independent of whether z2 is zero or not.

This postulate, which is based on experience, can be obtained in still another way.
Our starting point was the notion of inertial frame of reference, with respect to
which free motion (i.e. motion without external forces) proceeds along a straight
line and with constant velocity. In other words, such a frame has the special prop-
erty that dynamics, i.e. the equations of motion, take a particularly simple fom. The
class of all inertial frames is the class of reference frames with respect to which
the equations of motion have the same form. By definition and by construction
the transformation x” = Ax + a (4.23) maps inertial frames onto inertial frames.
As the dynamics is characterized by quantities and parameters with dimensions
and as it is certainly not scale invariant, since, furthermore, Postulate I must hold
true, transformations (4.23) must leave the squared norm 2= " guvz” invariant.
Postulate II already contains some empirical information: very much as in nonrela-
tivistic mechanics, lengths and times are relevant, as well as the units that are used
to measure them and that are compared at different world points. The following
postulate is more general and much stronger than this.

Postulate of Special Relativity. The laws of nature are invariant under the
group of transformations (A, a).

This postulate contains Postulate II. It goes far beyond it, however, because it
says that all physical theories, not only mechanics, are invariant under the transfor-
mations (A, a). Clearly, this is a very strong statement, which reaches far beyond
mechanics. It holds true, indeed, also in the physics of elementary particles (space
reflection and time reversal being excepted), at spatial dimensions of the order of
10~ m and below. In fact, special relativity belongs to those theoretical founda-
tions of physics whose validity is best established.

According of Postulate II the generalized distance of two world points x and
y is invariant, with respect to transformations (4.23), even when it is nonzero:

O —x)?=0"- Xa)gaﬁ(yﬂ — xP) = invariant .
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Z0 Fig. 4.1. Schematic representation of four-dimensional
space—time. % is the time axis, z symbolizes the three

space directions
A
\

Note that this quantity can be positive, negative, or zero. This can be visualized
by plotting the vector z = y —x in such a way that the spatial part z is represented,
symbolically, by one axis (the abscissa in Fig. 4.1), while the time component z° is
represented by a second axis, perpendicular to the first (the ordinate in the figure).
The surfaces z> = const are axially symmetric hyperboloids, or if z> vanishes,
a double cone, embedded in the space-time continuum. The double cone that is
tangent, at infinity, to the hyperboloids, is called the light cone. Vectors on this
cone are said to be lightlike; vectors for which 2 >0, ie. (zO)2 > z2, are said
to be timelike; vectors for which z2 < 0, i.e. (zo)2 < 72, are said to be spacelike.
(These definitions are important because they are independent of the signature of
the metric tensor g. We have chosen the signature (+, —, —, —) but we could have
chosen (—, +, +, +) as well.) In Fig.4.1 the point A is timelike, B is lightlike,
and C is spacelike. Considering the action of the transformation (A, a), we see
that the translation (Il, a) has no effect, since a cancels out in the difference y —
x. The homogeneous part (A, 0) shifts the points A and C on their respective
paraboloids shown in the figure, while it shifts B on the light cone. We give here
typical examples for the three cases:

timelike vector (z, 0) with 7% = \/;2 s (4.27a)
spacelike vector (0, zL,0, 0) with z' = v =72, (4.27b)
lightlike vector (1, 1,0, 0) 4.27c¢c)

These three cases can be taken to be the normal forms for timelike, spacelike,
and lightlike vectors, respectively. Indeed, every timelike vector can be mapped, by
Lorentz transformations, onto the special form (4.27a). Similarly, every spacelike
vector can be mapped onto (4.27b), and every lightlike vector can be transformed
into (4.27¢). This will be shown below in Sect.4.5.2.

The world points x and y lie in a four-dimensional affine space. Fixing an
origin (by choosing a coordinate system, for example) makes this the vector space
R*. The differences (y — x) of world points are elements of this vector space.
If we endow this space with the metric structure g,, (4.19) we obtain what is
called the flat Minkowski space-time manifold M*. This manifold is different, in
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an essential way, from Galilei space—time. In the Galileian space-time manifold the
statement that two events took place simultaneously is a meaningful one because
simultaneity is preserved by Galilei transformations (however, it is not meaningful
to claim that two events had happened at the same point in space, but at different
times.) Absolute simultaneity i.e. the absolute character of time, as opposed to
space, no longer holds with regard to Lorentz transformations. We return to this
question in more detail in Sect.4.7.

4.4 Analysis of Lorentz and Poincaré Transformations

By definition, the transformations (A, a) leave invariant the generalized distance
x —y)?2 = &% =92 — (x — y)? of two world points. They form a group,
the inhomogeneous Lorentz group (iL), or Poincaré group. Before turning to their
detailed analysis we verify that these transformations indeed form a group.

1. The composition of two Poincaré transformations is again a Poincaré trans-
formation:

(A2, a2) (A1, a1) = (A2A4, Azay +a2) .

The homogeneous parts are formed by matrix multiplication, the translational
part is obtained by applying A; to a; and adding as. It is easy to verify that
the product (A>A1) obeys (4.24) with o = 1.

2. The composition of more than two transformations is associative:

(A3, a3)[(A2, a2) (A1, a))] = [(A3, a3) (A2, a2) (A1, a1) ,

because both the homogeneous part A3A»A; and the translational part
A3Ajza; + Aszar + a3z of this product are associative.

3. There exists a unit element, the identical transformation, which is given by
E=A=1,a=0).

4. As g is not singular, by (4.24), every transformation (A, a) has an inverse. It is
not difficult to verify that the inverse is given by (A,a)™! = (47!, — A~ la).

By taking the translational part to be zero, we see that the matrices A form
a group by themselves. This group is said to be the homogeneous Lorentz group
(L). The specific properties of the homogeneous Lorentz group follow from (4.24)
(with « = 1). They are:

1. (detA)? = 1. Because A is real, this implies that either detA = +1 or
detA = —1. The transformations with determinant +1 are called proper
Lorentz transformations.

2. (A%)? > 1. Hence, either A% > +1 or A% < —1. This inequality is obtained
from (4.24) by taking the special values u = v =0, viz.

3 3
AYgor Ay = (A* =D (A =1, or (A =1+ (A))*.
i=1 i=1
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Transformations with AO0 > 41 are said to be orthochronous. They yield a

“forward” mapping of time, in contrast to the transformations with AO0 < -1,
which relate future and past.

Thus, there are four types of homogeneous Lorentz transformations, which are
denoted as follows: Ll, Li, Li, Lf. The index + or — refers to the property
detA = +1 and detA = —1, respectively; the arrow pointing upwards means AO0 >

+1, while the arrow pointing downwards means AOO < —1. Special examples for
the four types are the following.

(1) The identity belongs to the branch LL

1 000
01 00

E=0010eL1. (4.28)
000 1

(i) Reflection of the space axes (parity) belongs to the branch L'

1
P= _1_1 eLl. (4.29)

—1

(iii) Reversal of the time direction (time reversal) belongs to Li:

T= eL’. (4.30)
1

(iv) The product PT of time reversal and space reflection belongs to Li:

1
pr=| ', |ert. @31)

-1

At this point, we wish to make a few remarks relevant to what follows. The four
discrete transformations (4.28-31) themselves form what is called Klein’s group,

{E.P, T,PT}. (4.32)

Indeed, one can easily verify that the product of any two of them is an element
of the group.

It is also clear that two arbitrary transformations belonging to different branches
cannot be made to coincide by continuous deformation. Indeed, as long as A is real,
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transformations with determinant +1 and those with determinant —1 are separated
discontinuously from each other. (Likewise, transformations with AO0 > 41 and

with AO0 < —1 cannot be related by continuity). However, for given A € Lt s
we note that the product AP is in Li, the product AT is in Lf, and the product

A(PT)isin Li. Thus, if we know the transformations belonging to Ll (the proper,
orthochronous Lorentz transformations), those pertaining to the other branches can
be generated from them by multiplication with P, T, and (PT). These relations are
summarized in Table 4.1.

Table 4.1. The four disjoint branches of the homogeneous Lorentz group

LY eta=1,4% =1 LY (detA =1, 49 < —1)

Examples: E, rotations, special Examples: PT, as well as all A(PT)
Lorentz transformations with A € Ll

LY (detd = —1,49 = 1) LY (detA = —1,4% < —1)

Examples: P, as well as all AP with A € LI_ Examples: T, as well as all AT with A € LI_

Finally, we conclude that the branch L_TF is a subgroup of the homogeneous

Lorentz group. Indeed, the composition of two transformations of Ll is again

element of Ll. Furthermore, it contains the unit element as well as the inverse of
any of its elements. This subgroup LI_ is called the proper, orthochronous Lorentz

group. (In contrast to Ll the remaining three branches are not subgroups.)

4.4.1 Rotations and Special Lorentz Tranformations (‘“‘Boosts’)

The rotations in three-dimensional space, well-known to us from Sect. 2.22, leave
the spatial distance |x — y| invariant. As they do not change the time component
of any four-vector, the transformations

1 0 0O

def 0

AR =R = (4.33)

R
0

with R € SO(3) leave invariant the form (z°)2 — (z)2. Thus, they are Lorentz
transformations. Now, obviously ROO = +1, and detR = detR = +1, so they
belong to the branch LL Thus, extending the rotations in three-dimensional space
by adding a 1 in the time-time component, and zeros in the time—space and the
space—time components, as shown in (4.33), we obtain a subgroup of LI_.

We now turn to the relativistic generalization of the special Galilei transfor-
mations

X =x—-v, t'=t. (4.34)
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Their relativistic counterparts are called special Lorentz transformations, or boosts.
They are obtained as follows.

As we know, boosts describe the situation where two inertial systems of ref-
erence K and K’ move relative to each other with constant velocity v. Figure 4.2
shows the example of uniform motion along the spatial 1-axis, v = ve;. The space
components that are transverse to the 1-axis are certainly not changed, i.e.

=2, PB=7.

Regarding the remaining components of the four-vector z, this implies that the
form (ZO)2 - (zl)2 must be invariant.

2= H? ="+ 2HE° = 2! = invariant .

Thus, we must have

Z/() +Z/1 — f(U)(ZO +Z1) , (Z/O _Z/l) — L(ZO _ Zl)

f )
with the conditions f(v) > 0 and lirr%) f(v) = 1. Furthermore, the origin O’ of K’
vV—>

moves with velocity v, relative to K. Thus, the primed and unprimed 1-component
of O’ are, respectively,

1 1 1 1 v
/1 0 1 1 0
S - Z — =0, =70,
z 2(f f)z +2<f+f)z Z Cz

from which follow

<f2—1>+§<f2+1>=o,

43 K
2
0 »>1
13 K
2
0 1
% Fig. 4.2. K and K’ are inertial systems that move at a constant velocity

=
V=ve relative to each other. At t =0 or, v = 0, the two systems coincide
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and, finally,

_ 1 —(v/c)
f) = ‘/ T+ (/0 /o) (4.35)

At this point let us introduce the following (universally accepted) abbreviations:

1
pe e 1 (436)

c /1—p2"

Using this notation, z! and 7Y are seen to transform as follows:
PN _L(F+yf f=1r (2
V)2 \r-1r r+1r) )\
(3 )E)
-y v )\')"

where 0 < 8 < 1, y > 1. Including the 2- and 3-components, the special Lorentz
transformation (boost) that we are out to construct reads

y ~—vf 00
— 0 0

Ao =Lve =00 7 0 (437)
0 0 0 1

It has the properties LOO > +1 and detL = +1, and therefore it belongs to Ll.
Without loss of generality we could have parametrized the function f(v) (4.35)
by

f() =exp(—A(v)) . (4.38)

As we shall show below (Sect. 4.6), the parameter A is a relativistic generalization
of the (modulus of the) velocity. For this reason it is called rapidity. Using this
parametrization, the transformation (4.37) takes the form

coshA —sinhA 0 O

A —sinhA  coshA 0 O
L(—ve)) = 0 0 1 ol (4.39)

0 0 0 1

where A and |v| are related by
_ vl _
tanhl = — = §. (4.40)
c

If the velocitiy v does not point along the direction of the 1-axis, the transformation
(4.37) takes the form
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ok
Y -V
L(-v) = oo yzc vivk | (4.41)
_y_ (Slk + .
c 14+y ¢

This more general expression is derived by means of the following steps. The ma-
trix (4.37) that describes the case v = ve; is symmetric. It transforms the time
and the 1-coordinates in a nontrivial way but leaves unchanged the directions per-
pendicular to v. In particular, we have

1
z/o=y[z0—ﬂz1]=y[z0—zv-z} ,

1
v
M=y + 1=y [—?ZO + zl] .

If v has an arbitrary direction in space, one could, of course, rotate the coordinate
system by means of a rotation R in such a way that the new 1-axis points along v.
The boost L would then have precisely the form of (4.37). Finally, one could undo
the rotation. As L is symmetric, so is the product R ~!LR. Without calculating this
rotation explicitly, we can use the following form for the boost that we wish to
construct:

vk
A ) ‘
L(-v) = y ¢ with T =Tk
_y_ le
C

For vanishing velocity 7¥ becomes the unit matrix. Therefore, we can write T
as follows:

ik
. . viv
Ttk — 511( +a—.
c2
We determine the coefficient a by making use of our knowledge of the coordinates
of O/, the origin of K, in either system of reference. With respect to K’ we have

3
. 1 . .
/i i 0 ik _k
 =—yY—-VZ T Z :0
yc +k2_1

As seen from K, O’ moves at a constant velocity v, i.e. = vkzo/c. From these
equations follows the requirement

i

1

k 2
2V v : v
ZT"‘?:‘[”“?]”’éy

>
c C
k

or 1 +aB* =y, and, finally, @ = y2/(y + 1). This completes the construction of
(4.41).
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4.4.2 Interpretation of Special Lorentz Transformations

First, we verify that the transformation (4.41) becomes the special Galilei trans-
formation (4.34) whenever the velocity is small compared to c. We develop matrix
(4.41) in terms of B8 = |v|/c, up to first order, viz.

ok
L(—v) = ( e ot C) +0(8) .

—vi/c

Neglecting the terms of order O(8%), we indeed obtain t' = ¢ and z = —vt + z.
Thus, the transformation rule (4.34) holds approximately for (v/c)?> < 1. This is
an excellent approximation for the planets of our solar system. For example, the
earth’s orbital velocity is about 30kms~!, and therefore (v /c)? ~ 1078, Elemen-
tary particles, on the other hand, can be accelerated to velocities very close to the
speed of light. In this case transformation (4.41) is very different from (4.34).

An instructive way of visualizing the special Lorentz transformation (4.41) is
to think of K’ as being fixed in an elementary particle that moves at a constant
velocity v with respect to the inertial system K. K’ is then said to be the rest system
of the particle, while K could be the laboratory system.

Transformation (4.41) describes the transition between laboratory and rest sys-
tem; it “boosts” the particle from its state of rest to the state with velocity v. To
make this clear, we anticipate a little by defining the following four-vector:

o e,y . (4.42)

(A more detailed reasoning will be given in Sect.4.8 below.) The generalized,
squared norm of this vector is w? = y2c?(1 —v?/c?) = 2. If we apply the matrix
(4.41) to w, we obtain

L(—v)w = o©® (4.43)

with 0@ = (c, 0). Thus, this vector must be related to the relativistic general-
ization of velocity or of momentum. We see that L(—v) transforms something
moving with velocity v to something at rest (velocity 0), hence the minus sign
in the definition above. We shall say more about the interpretation of w later and
return to the analysis of the Lorentz transformations.
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4.5 Decomposition of Lorentz Transformations
into Their Components

4.5.1 Proposition on Orthochronous, Proper Lorentz Transformations

The structure of the homogeneous, proper, orthochronous Lorentz group L_TF is
clarified by the following theorem.

Decomposition Theorem. Every transformation A of Li can be written,
in a unique way, as the product of a rotation and a special Lorentz trans-
formation following the rotation:

1 0

A=L@w)R with R= (0 R

> , ReS0@3). (4.44)

The parameters of the two transformations are given by the following ex-

pressions:
vije = Ay AY (4.45)
. . 1 .
k 0
R = Al — mAlOA % - (4.46)

Proof. As a first step one verifies that the velocity defined by (4.45) is an admis-
sible velocity, i.e. that it does not exceed the speed of light. This follows from
(4.24) (with a = 1):

ATgA =g (4.47)

or A g, A" = gsr . (4.47"

Choosing 0 =t =0, then 0 =i, T =k, and then 0 = 0, T = i, we find that
(4.47) yields the following equations, respectively,

3
AP> = (=1, (4.482)
i=1
3 . .
ASAS = ALA = s (4.48b)
j=1

3
0 40 j j
AGA5 =" ahAl =0. (4.48¢)
=
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Now, from (4.48a) we indeed find that

v2 B Z(AiO)Z 3 (AOO)Z -1 -

cz(A)? (AD)?
Comparison with the general expression (4.41) for a boost then gives

LY = 4%; L) =Lijw) = A,

L) = 8% + ! s AGA (4.49)
14 A%

As a second step we define

RE LT w)A = L(=v)A (4.50)

and show that R is a rotation. This follows by means of (4.48a) and (4.48c) and
by doing the multiplication on the right-hand side of (4.50), viz.

i
0 _ 40 40 JoAl —
RY = A545 =Y Al =0.
J
At the same time we calculate the space—space components of the rotation,
. . 4 1 _ o
Ry = Ay = A A+ ——5 A Y~ A
1+ A% -

Inserting (4.48c) in the right-hand side yields assertion (4.46).

As a third and last step it remains to show that the decomposition (4.44) is
unique. For this purpose assume that there are two different velocities v and v, as
well as two different rotations R and R of SO(3), such that

A=L0)R=LO®R
holds true. From this we would conclude that
L»AR ' =1 =L(—-v)L@®RR".

Taking the time—time component of this expression, for example, we would obtain

3
1
1= ZLOU(—v)L"O(E) - [1 - v z'):| /\/(1 —v2/e)(1 — v%/c?) .

v=0

This equation can be correct only if v = . If this is so then also R = R. Thus
the theorem is proved. |
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4.5.2 Corollary of the Decomposition Theorem and Some Consequences

Note the order of the factors of the decomposition (4.44): the rotation R is applied
first and is followed by the boost L(v). One could prove the decomposition of

A€ LI_, with a different order of its factors, as well, viz.

A =RL(w) with R= <(1) g) , ReS0Q3), (4.51)
where the vector w is given by
i AQ
W def =i (4.52)
c A%,

and where R is the same rotation as in (4.46). The proof starts from the relation
AgAT =g, (4.53)
A% 8" AT, =g%" (4.53)
which is the analog of (4.47) and which says no more than that if A belongs to
Ll, then its inverse A~! = gATg also belongs to LL Otherwise the steps of

the proof are the same as in Sect.4.5.1. One verifies, by direct calculation, that
v = Rw. This is not surprising because, by comparing (4.44) and (4.51), we find

L(v) = RLw)R~! = L(Rw) . (4.54)

The decomposition theorem has several important consequences.

(i) The decomposition is useful in proving that every timelike four vector can
be mapped to the normal form (4.27a), every spacelike vector to the normal form
(4.27b), and every lightlike vector to the form (4.27c). We choose the example of
a timelike vector, z = (z°, z) with z2 = (z%)? — (z)> > 0. By a rotation it assumes
the form (0, z', 0, 0). If z¥ is negative, apply PT to z so that z* becomes positive
and hence z° > |z'|. As one verifies by explicit calculation, the boost along the
1-axis, with the parameter A as obtained from

er = \/(zo — /0 + 21,

takes the vector to the form of (4.27a).

(i1) The group Ll is a Lie group and contains the rotation group SO(3) as a
subgroup. The decomposition theorem tells us that LI_ depends on six real param-
eters: the three angles of the rotation and the three components of the velocity.
Thus, its Lie algebra is made up of six generators. More precisely, to the real an-
gles characterizing the rotations there correspond the directions of the boosts and
the rapidity parameter A. This parameter has its value in the interval [0, oc]. While
the manifold of the rotation angles is compact, that of X is not. Indeed, the Lorentz
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group is found to be noncompact. Therefore, its structure and its representations
are not simple and must be studied separately. This is beyond the scope of this
book.

(iii) It is not difficult, though, to construct the six generators of LIF. We already
know the generators for rotations, see Sect.2.22. Adding the time—time and space—
time components they are

/0‘0 0 O\

0
0 (D)
0

Ji = , (4.55)

where (J;) are the 3 x 3 matrices given in (2.71). The generators for infinitesi-
mal boosts are derived in an analogous manner. The example of a special Lorentz
transformation along the 1-axis (4.39) contains the submatrix

sinhA cosh A

. 0 1
with K=(1 0).

The latter matrix (it is the Pauli matrix o (1) has the following properties:

def (coshA sinhA) Hi A +K§: a2+l
= (2n)! = @2n + 1!

K2n=ﬂ, K2n+l=K.

Therefore, we have

o0 )L2n ) )\‘2}1+1 ot
A= K2 K2+ = expOK) .
nz_;) { e T et } exp(AK)

Alternatively, writing this exponential series by means of Gauss’s formula for the
exponential,

A k
A = lim <]1+—K> )
k—o00 k

we see that the finite boost is generated by successive application of very many
infinitesimal ones. From this argument we deduce the generator for infinitesimal
boosts along the 1-axis:

01 00
1 0 0O

K| = 00 0 0 (4.56)
0 0 00
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It is then easy to guess the analogous expressions for the generators K, and Kj
for infinitesimal boosts along the 2-axis and the 3-axis, respectively:

0010 0 0 0 1
SIS
0 0 00 1 0 00
By the decomposition theorem every A of LI_ can be written as follows:
A =exp(—¢ - J) expOw - K) , (4.58)

where J = (J1,d2,d3), K= (K{,K;,K3), and A = arctanh|w|/c.

(iv) It is instructive to compute the commutators of the matrices J; and K, as given
by (4.56), (4.57), and (2.71). One finds that

Wi, 2l =didy —dod1 =3, (4.59a)
J1,.Ki]=0, (4.59b)
Wi, K2l =Kz [Ki,J]=Ks, (4.59¢)
(K1, Kol = —Js3. (4.59d)

All other commutators are obtained from these by cyclic permutation of the indices.

One can visualize the meaning of relations (4.59a—d) to some extent by recall-
ing that the J; and K generate infinitesimal transformations. For instance, (4.59a)
tells us that two infinitesimal rotations by the angle ] about the 1-axis and by the
angle ¢ about the 2-axis, when inverted in different order, give a net rotation about
the 3-axis, by the angle €¢>,

R™1(0, £2, 0)R™"(e1, 0, 0) R(0, £2, 0) R(g1, 0, 0) = R(0, 0, &1 - £2) + O(e})

(The reader should work this out).

Equation (4.59b) states that a boost along a given direction is unchanged by
a rotation about the same direction. Equation (4.59¢c) expresses the fact that the
three matrices (Ki, Ky, Ky) transform under rotations like an ordinary vector in
R3 (hence the notation in (4.58)).

The commutation relation (4.59d) is the most interesting. If one applies a boost
along the 1-axis, followed by a boost along the 2-axis, and then inverts these trans-
formations in the “wrong” order, there results a pure rotation about the 3-axis. In
order to see this clearly, let us consider

L~ ﬂ—i—)\lKl—i-%)n%K% , Ly~ ]]+)»2K2+%K%K%
with A; < 1. To second order in the A; we then obtain

L2_1L1_1L2L1 ~ 11— K, Kyl =14+ AAds . (4.60)
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Here is an example that illustrates this result. An elementary particle, say the elec-
tron, carries an intrinsic angular momentum, called spin. Let this particle have the
momentum pg = 0. The series of Lorentz transformations described above even-
tually bring the momentum back to the value po = 0. However, the spin is rotated
a little about the 3-axis. This observation is the basis of the so-called Thomas
precession, which is discussed in treatises on special relativity and which has a
number of interesting applications.

4.6 Addition of Relativistic Velocities

The special Galilei transformation (4.34), or the special Lorentz transformation
(4.41), relates the inertial systems Ky and K’, the parameter v being the relative
velocity of the two systems of reference. For example, one may think of K’ as
being fixed in a particle that moves with velocity v relative to an observer who is
placed at the origin of Ko. We assume that the absolute value of this velocity is
smaller than the velocity of light, c. Of course, the system of reference Ky can be
replaced with any other one, K;, moving with constant velocity w relative to Ky
(Jw| being assumed smaller than ¢, too). What, then, is the special transformation
(the boost) that describes the motion of K’, the particle’s rest system, as observed
from K;?

In the case of the Galilei transformation (4.34) the answer is obvious: K’ moves
relative to K; with the constant velocity # = v 4+ w. In particular, if v and w are
parallel and if both |v| and |w| exceed c/2, then the magnitude of u exceeds c.

In the relativistic case the law of addition for velocities is different. Without
restriction of generality let us take v along the 1-axis. Let A be the corresponding
rapidity parameter,

1
tanhk:mzz, or et = —{—_v/c,
c c 1—-v/c

so that the transformation between Ky and K’ reads

coshA sinhA O O

o sinhA coshA 0 O
Liv=ve)) = 0 0 1 0 4.61)
0 0 0 1

A case of special interest is certainly the one where w is parallel to v and
points in the same direction, i.e. the one where one boosts twice along the same
direction. L(w = we;) has the form (4.61), with A being replaced by the parameter
u, which fulfills

1
tanh/L:E, or et = —+w/c.
c I1—w/c
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The product L(we)L(vé;) is again a special Lorentz transformation along the 1-
direction. Making use of the addition theorems for hyperbolic functions one finds

cosh(A+pu) sinh(A+wu) 0 O
Lwé)L(vé;) = | S % ) COSh(g ) (1) 8 =L(eé)).
0 0 01

From this follows the relation

e _ \/1 +uje \/(1 +v/e)(1 + w/c)

“VNil—u/e VA-v/O)d—-w/c)’
which, in turn, yields the rule for addition of (parallel) velocities, viz.

u_vjetw/c (4.62)
¢ 14+vw/c?

This formula has two interesting properties.
(i) If both velocities v and w are small compared to the speed of light, then

u=v+w+O0@ww/c?) . (4.63)

Thus, (4.62) reduces to the nonrelativistic addition rule, as expected. The first rel-
ativistic corrections are of order 1/c?.

(ii) As long as v and w are both smaller than c, this holds also for u. If one
of them is equal to c, the other one being still smaller than c, or, if both are equal
to ¢, then u is equal to c¢. In no case does u ever exceed c.

When v and w do not point in the same direction matters become a little more
complicated, but the conclusion remains unchanged. As an example, let us consider
a boost along the 1-axis, followed by a boost along the 2-axis. This time we choose
the form (4.37), or (4.41), noting that the parameters y and 8 are related by

vi=1/{J1—=B} or Biyi= vy} -1, i=12. (4.64)

Multiplying the matrices L(vye;) and L(vie;) one finds that

V1Y2 viv2Bt yaf2 0

0

A=L é>)L ~ — Vl,Bl Y1

(W2e2)L(v1e1) ny2B virbiB2  »
0 0 0

(4.65)

—_ o O

This transformation is neither a boost (because it is not symmetric) nor a pure
rotation (because AOO is not 1). Being the product of two boosts it is an element

of Ll. Therefore, it must be a product of the two kinds of transformations, one

boost and one rotation. The decomposition theorem (Sect.4.5.1) in the form of
(4.44), when applied to A, gives
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A =L@)R(p)

with u! /¢ = A"0 /A% = (B1/y>, B2, 0), while the equations (4.46) for the rotation
give, making use of (4.64),

RU'=R?=(+w)/0+yy). R®=1,
R? = —R'=—/(} = D@3 = D/A+yiy2), RP=R¥=0=R"=R".

Thus, the rotation is about the 3-axis, ¢ = €3, the angle being

¢ = —arctan,/ (v} — D5 — D/(y1 + 12)
— arctan [,3152 / (\/ L—p24+1- ﬂ%)} . (4.662)

For the velocity u one finds

2 2.2
(4 =g+ m - g2 = V0L (4.66b)

¢ YiVs
so that, indeed, |u| < c. We note that if v and w have arbitrary relative directions
the parameter y pertaining to u is equal to the product of y1, y», and (1+v-w/c?).
Whenever both y; are larger than 1, then y is also larger than or equal to 1, and
hence the parameter B pertaining to u is smaller than 1. In other words, |u| never

exceeds c.

These somewhat complicated relationships simplify considerably when all ve-
locities are small compared to the speed of light. In Sect. 4.4.2 we already checked
that the nonrelativistic limit of a special Lorentz transformation L(v) yields pre-
cisely the corresponding special Galilei transformation. If in (4.65) both v; and v
are small compared to ¢, we obtain

u>~vie; + e,

V1V vi2
¢ =—arctan | —= (1+O0(—= ~0.
c c

The two velocities add like vectors; the rotation about the 3-axis is the identity. The
induced rotation in (4.66a) is a purely relativistic phenomenon. Locally, i.e. when
expressed infinitesimally, it is due to the commutator (4.59d) that we discussed in
Sect.4.5.2 (iv).

4.7 Galilean and Lorentzian Space-Time Manifolds
While translations (in space and in time) and rotations (in space) are the same

within the Galilei and Lorentz groups, the special transformations are different, in
an essential way, in the two cases. As a consequence, the space—time manifolds
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equipped with the Galilei group as the invariance group, or alternatively the Lorentz
group, inherit a very different structure. This is what we wish to show in this
section.

We start with the example of a special (or boost) transformation with velocity
w = B¢ along the 1-axis, understood to be a passive transformation. In the case
of the Galilei group it reads, setting x* = ct,

X0 = 40 X2 = 52

x/l — xl _ ,BXO x/3 — x3 . (4.67)
(Of course, (4.67) is independent of the speed of light. ¢ is introduced here in view
of the comparison with the relativistic case.) In the case of the Lorentz group it
reads

0 _ 0 1 n_ .2
x/l =ylx —O,Bx ]1, x/3 = x3 , (4.68)
xt =y[-Bx"+x], x"=x.

The coordinates x* refer to the inertial system K; the coordinates x™* refer to K,
which moves, relative to K, with the velocity w = Bce;. Suppose we are given
three mass points A, B, C, to which no forces are applied and whose coordinates
at time ¢ = 0 are x4 = 0,0,0), xB = x©) = (4, 0,0), with respect to the
system K. A is assumed to be at rest; B moves with the velocity v = 0.1cey;
C moves with the velocity w = Bce; in the same direction as B. We choose
B = 1/+/3 =~ 0.58. All three of them move uniformly along straight lines in the
(x!, r)-plane. After time t = A/c, for example, they have reached the positions
Ay, By, Cy, respectively, indicated in Figs.4.3a and b. If one follows the same
motions by placing an observer in the system of reference K’, then in a Lorentz
invariant world the picture will be very different from the one in a Galilei invariant
world.

(i) According to the nonrelativistic equations (4.67), the positions of the three
mass points with respect to K’ and at #’ = 0 coincide with those with respect to K.
After the time 1 = A/c they have reached the positions A’, B{, C{, respectively,
shown in Fig.4.3a. The figure shows very clearly that time plays a special role,
compared to space. Events that are simultaneous with respect to K are observed
by an observer in K’ at the same times, too. As was explained in Sect. 1.14 (ii)
it is not possible to compare spatial positions of points at different times without
knowing the relation (4.67) between the two systems (e.g. comparing Ag with
Al, A6 = A¢ with A/l). However, the comparison of positions taken on at equal
times, is independent of the system of reference one has chosen, and therefore it
is physically meaningful. To give an example, if an observer in K and another
observer in K’ measure the spatial positions of A and C at time t = ¢/ = 0, as
well as at any other time ¢ = ¢/, they will find that A and C move uniformly along
straight lines and that the difference of their velocities is w = Bce;.

(ii) If the two systems of reference are related by the Lorentz transformation
(4.68), instead of the Galilei transformation (4.67), the observer in K’ sees the
orbits AjA}, BB, C{C} as shown in Fig.4.3b. This figure leads to two important
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observations. Firstly, simultaneity of events is now dependent on the system of
reference. The events Ag and By = Cp, which are simultaneous with respect to K,
lie on the straight line x"® = —Bx’!, when observed from K’, and hence occur at
different times. (Similarly, the events A, By and C; are simultaneous with respect
to K. In K’ they fall onto the straight line x’° = —Bx’" + y(1 — 8%).) Secondly,
Fig.4.3b shows a new symmetry between x” and x!, which is not present in the
corresponding nonrelativistic figure (4.3a). The images of the lines + = 0 and
x! =0, in K/, are symmetric with respect to the bisector of the first quadrant. (As
we assigned the coordinates (A, 0) to By, (0, A) to Ay, their images B(’) and A’l,
respectively, have symmetric positions with respect to the same straight line, too.)

More generally, what can we say about the structure of Galilean space—time
and of Minkowskian space—time? Both are smooth manifolds with the topology
of R*. The choice of a coordinate system is usually made with regard to the local
physical processes one wishes to describe and may be understood as the choice
of a “chart” taken from an “atlas” that describes the manifold. (These notions are
given precise definitions and interpretations in Chap.5.)



4.7 Galilean and Lorentzian Space-Time Manifolds 267

(1) Galilei invariant space—time. In a world where physics is invariant under Galilei
transformations, time has an absolute nature: the statement that two events take
place at the same time is independent of their spatial distance and of the coordi-
nate system one has chosen. Call Pg the (four-dimensional) Galilean space—time;
M = R, the (one-dimensional) time manifold. Suppose first that we choose an ar-
bitrary coordinate system K with respect to which the orbits of physical particles
are described by world lines (¢, x(¢)). Consider the projection

7 :Pg—>M:(t,x)—1, (4.69)

which assigns its time coordinate ¢ to every point of the world line (¢, x) € Pg.
Keeping ¢ fixed, the projection & in (4.69) collects all x that are simultaneous. If
x’ and ¢’ are the images of these x and the fixed ¢, respectively, under a general
Galilei transformation

t'=t+s, x=Rx+wt+a, (4.70)
then the projection defined in (4.69) again collects all simultaneous events,
T, x>t

Thus, the projection has a well-defined meaning, independent of the specific co-
ordinate system one chooses. Consider now an interval / of R, that contains the
time 7. The preimage of I with respect to m has the structure (time interval) X
(three-dimensional affine space),

PRI N 71_1(]) € Pg, isomorphic to I x E . “4.71)

In the terminology of differential geometry this statement and the properties that
7 has mean that Pg is an affine fibre bundle over the base manifold M = R;, with
typical fibre E3. (We do not give the precise definitions here.)

The world line in (4.69) refers to a specific (though arbitrary) observer’s system
K, the observer taking his own position as a point of reference. This corresponds
to the statement that one always compares two (or more) physical events in Pg.
The projection (4.69) asks for events, say A and B, which are simultaneous, i.e.
for which t4 = tp. This suggests defining the projection in a truly coordinate-free
manner as follows. Let x4 = (f4,x4) and xp = (¢, xp) be points of Pg. The
projection declares all those points to be equivalent, x4 ~ xp, for which 4 = tp.

What else can we say about the structure of Pg? If in (4.70) we exlude the
special transformations, by taking w = 0, then there would exist a canonical pro-
jection onto three-dimensional space that would be the same for any choice of
the coordinate system. In this case Pg would have the global product structure
R; x E3. A fibre bundle that has this global product structure is said to be triv-
ial. However, if we admit the special transformations (w # 0) in (4.70), then our
example discussed earlier and the more general case illustrated by Fig.4.4 show
that the realization of the projection is not independent of the system of reference
one has chosen. Although the bundle
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t' Fig. 4.4. In Galilean space-time Pg, time has an
4 absolute character. However, the projection onto
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has the local structure R; x [E3, it is not trivial in the sense defined above.

(ii) Lorentz invariant space—time. The example given by (4.68) and Fig. 4.3b shows
clearly that the space—time endowed with the Lorentz transformations does not
have the bundle structure of Galilean space-time. Neither the projection onto the
time axis nor that onto three-dimensional space can be defined in a canonical way,
i.e. independently of a coordinate system. On the contrary, space and time now
appear as truly equivalent, Lorentz transformations mixing space and time in a
symmetric way.

Not only spatial distances but also time differences now depend on the inertial
system one chooses. (There is a correlation between spatial and time distances,
though, because (x (1) —x(g))2 — (x?l) —x?z))2 must be invariant.) As a consequence,
moving scales look shorter, while moving clocks tick more slowly. These are new
and important phenomena to which we now turn.

4.8 Orbital Curves and Proper Time

The example illustrated by Fig.4.3b reveals a surprising, and at first somewhat
strange, property: a given process of physical motion takes different times, from its
beginning to its end, if it is observed from different systems of reference. In order
to get rid of this dependence on the system of reference, it is helpful to think of the
moving objects A, B, and C as being equipped with their own clocks and, if they
are extended objects, with their own measuring scales. This is useful because then
we can compare their intrinsic data with the data in other systems of reference. In
particular, if the motion is uniform and along a straight line, the comoving systems
of reference are inertial and the comparison becomes particularly simple.

In the case of arbitrary, accelerated motion, the best approach is to describe
the orbit curve in a geometrical, invariant manner, by means of a Lorentz-invariant
orbital parameter. In other words one writes the world line of a mass point in the
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form x(t), where 7 is the arc length of this world line. 7 is an orbital parameter
that is independent of any system of reference. Of course, instead of the dimen-
sion length, we could give it the dimension time, by multiplication with 1/c. The
function x(t) describes the spatial and temporal evolution of the motion, in a ge-
ometrically invariant way. If 7 is given the dimension of time, by multiplication
with an appropriate constant with dimensions, one can understand 7 to be the time
shown by a clock that is taken along in the motion. For this reason, t is called
the proper time.

Note, however, that the world line x(7) cannot be completely arbitrary. The
particle can only move at velocities that do not exceed the speed of light. This
is equivalent to the requirement that there must exist a momentary rest system
at any point of the orbit. If we choose an arbitrary inertial system of reference,
x(7) has the representation x(t) = x°(1), x(1)). Given x(t) the velocity vector
% = (%9, %)7 is defined by

d
an et ROF (4.73)

In order to satisfy the requirement stated above, this vector must always be time-
like (or lightlike), i.e. (£9)2 > 2. If this is fulfilled, then the following statement
also holds true: if 0 = dx© /dt > 0 holds in one point of the orbit, then this holds
everywhere along the whole orbit. (Figure 4.5 shows an example of a physically
possible orbital curve in space—time.) Finally, one can parametrize the orbital pa-
rameter T in such a way that the (invariant) norm of the vector (4.73) always has
the value c:

i =itgxt =ct. (4.74)

For a given value of the parameter T = 79, x at the world point (g, x(7g)) can be
brought to the form x = (¢, 0, 0, 0) by means of a Lorentz transformation. Thus,

x|

Fig. 4.5. Example of a physically allowed world
line. At any point of the orbit the velocity vector
is timelike or lightlike (i.e. in the diagram its
slope is greater than or equal to 45°)
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this transformation leads to the momentary rest system of the particle, and we have

dx?

1
— =c¢, ie. dt=-d"=dr (ar=1). (4.75)
dr c

Note that x is precisely the vector @ of (4.42) and that the transformation to the
rest system is precisely the one given in (4.43).

The result (4.75) can be interpreted in the following way. If the particle carries a
clock along its orbit, this clock measures the proper time t. Read as a geometrical

. . . def .
variable, T is proportional to the length of arc, s = ct. This is so because the
invariant (squared) line element ds® is given by

ds? = ?dr? = dxtg,,dx” = 2(dr)? — (dx)? . (4.76)

This expression emphasizes again the role of g,, as the metric tensor.

4.9 Relativistic Dynamics

4.9.1 Newton’s Equation

Let K be an inertial system of reference and let a particle move with (momentary)
velocity v relative to K. Further, let Ky be the rest system of the particle, the
axes of Ko being chosen parallel to those of K. The relation between the two
systems is then given by the special Lorentz transformation (4.41), with velocity
v, as indicated in the following:

Ko = K. 4.77)

In trying to generalize Newton’s second law (1.8) to relativistic dynamics, we must
take care of two conditions.

(i) The postulated relation between the generalized acceleration d?x(t)/dt? and
the relativistic analog of the applied force must be form invariant with respect
to every proper, orthochronous Lorentz transformation. An equation of mo-
tion that is form invariant (i.e., loosely speaking, both sides of the equation
transform in the same way), is also said to be covariant. Only if it obeys this
condition will the equation of motion describe the same physics, independent
of the reference system in which it is formulated.

(i1) In the rest system of the particle, as well as in cases where the velocities are
small compared to the speed of light, |v| < ¢, the equation of motion becomes
Newton’s equation (1.8).

Let m be the mass of the particle as one knows it from nonrelativistic mechanics.
The observation that this quantity refers to the rest system of the particle suggests
that we should regard it as an intrinsic property of the particle that has nothing to
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do with its momentary state of motion. For this reason, this quantity is said to be
the rest mass of the particle. In the case of elementary particles the rest mass is
one of the fundamental properties characteristic of the particle. For example, the
electron has the rest mass

me = (9.1093897 & 0.0000027) x 10~ kg ,

while the muon, which otherwise has all the properties of the electron, is charac-
terized by its rest mass being heavier, viz.

my >~ 206.7Tme .

Very much like proper time t, the rest mass m is a Lorentz scalar. Therefore, with
the following form for the generalized equation of motion:

2
m%x“(r) = fH, (4.78)
the left-hand side is a four-vector under Lorentz transformations. Condition (i)
states that f* must be a four-vector as well. If this is so, we can write down
the equation of motion (4.78) in the rest system Ky, where we can make use of
the second condition (ii). With respect to Ko and by (4.75), dt = dt. Hence the
left-hand side of (4.78) reads

d d?
=m (—c, —2x> =m(0, %) .
Ko dr ~ dt

Condition (ii) imposes the requirement

2

meu(T)

g = (0, K) ,

where K is the Newtonian force. We calculate f# with respect to the inertial
system K, as indicated in (4.77):

3
e =) L@ Ik, - (4.79)

v=0

Writing this out in space and time components, we have

2
_ L
f_K+1+y62(v K.
1 1
f°=y;(v-K)=;(v-f), (4.80)

where we have used the relationship Br=(u2*-1 / y2. Thus, the covariant force
f* is nothing but the Newtonian force (0, K), boosted from the rest system to K.
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4.9.2 The Energy—-Momentum Vector

The equation of motion (4.78) obtained above suggests defining the following rel-
ativistic analog of the momentum p:

d
w it (4.81)
dr

When evaluated in the rest system this takes the form
P!k, = (mc, 0) .
If it is boosted to the system K, as in (4.79), it becomes
'k = (yme, ymv) . (4.82)

The same result can be obtained in an alternative way. From (4.76) we see that
dr along an orbit is given by

dr = \/(dt)z —(dx)?/c? = \/1 — B2dt =dt/y .
Equation (4.81), on the other hand, when evaluated in K, gives

d
po = myd—t(ct) =mcy , (4.82a)

p= myj—tx =myv. (4.82b)
The Lorentz scalar parameter m is the rest mass of the particle. It takes over the
role of the well-known mass parameter of nonrelativistic mechanics whenever the
particle is at rest or moves at small velocities. Note that the nonrelativistic relation
p = muv is replaced by (4.82b), i.e. the mass is replaced by the product of the rest
mass m and y. For this reason the product

1
N vz/czm

is sometimes interpreted as the moving, velocity-dependent mass. It is equal to the
rest mass for v = 0 but tends to (plus) infinity when |v| approaches the speed of
light, c. As stated in Sect. 1.4 it is advisable to avoid this interpretation.

The time component of the four-vector p*, when multiplied with ¢, has the
dimension of energy. Therefore, we write

m(v) défmy =

1
pHt = <—E, p) with E=ymc®, p=ymv. (4.83)
¢

This four-vector is said to be the energy—momentum vector. Clearly, its squared
norm is invariant under Lorentz transformations. It is found to have the value
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1
PP=.p) =" = pP= S E - pl=mic

This last equation yields the important relativistic relationship

E =/ p?c? + (mc?)? (4.84)

between the energy E and the momentum p of a free particle. This is the relativistic
generalization of the energy—momentum relation we anticipated in (4.7). If p = 0,
then E = mc?. The quantity mc? is called the rest energy of the particle with mass
m. Thus, E always contains this contribution, even when the momentum vanishes.
Consequently, the kinetic energy must be defined as follows:

T E_me?. (4.85)

The first test, of course, is to verify that the well-known relation 7 = p2 /2m is
obtained from (4.85) for small velocities. Indeed, for 8 < 1,

2 2 252

o~ — 1 —
2m 4m?2c? oMl @m3c2

Clearly, only a complete dynamical theory can answer the questions raised in
Sect. 4.1. Nevertheless, the relativistic equation opens up possibilities that were not
accessible in nonrelativistic mechanics, and that we wish at least to sketch. Any
theory of interactions between particles that is invariant under Lorentz transforma-
tions contains the equation (4.84) for free particles. The following consequences
can be deduced from this relation between energy and momentum.

(i) Even a particle at rest has energy, E(v = 0) = mc?, proportional to its
mass. This is the key to understanding why a massive elementary particle can decay
into other particles such that its rest energy is converted, partially or entirely, into
kinetic energy of the decay products. For example, in the spontaneous decay of a
positively charged pion into a positively charged muon and a neutrino,

7t (mg =273.13me) — pnt(m, = 206.77me) + v(m, ~0) ,

about one fourth of its rest mass, namely ((m; —m,)/ my)myc?, is found in the
form of kinetic energy of the u* and the v. This is calculated as follows. Let
(Eq/c,q), (Ep/c, p), and (Ex/c, k) denote the four-momenta of the pion, the
muon, and the neutrino, respectively. The pion being at rest before the decay (cf.
Fig.4.6) we have

E
" = (Tq,q) = mec,0), Ep=/m,?+p>?; Ep=Iklc.

3 ks -—PT Fig. 4.6. A positively charged pion at rest decays into
a (positively charged) muon and an (electrically neutral)
o) neutrino
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By conservation of energy and momentum
g*=pt+k*, k=-p, and

myc® =/ (muc?)? + p2c + |plc .

This allows us to compute the absolute value of the momentum p or k, viz.
2 2

m- —m
Ipl = k| = ——"¢ = 5830mec .
2my
Therefore, the kinetic energy of the neutrino is TW = E, = 58.30 mec2, while

that of the muon is
TW — E, — m,Lc2 = 8.06 mec? .

Thus, T™ + T™ = 66.36mec2 ~ 0.243 mncz, as asserted above. The lion’s
share of this kinetic energy is carried away by the neutrino, in spite of the fact
that muon and neutrino have equal and opposite momenta. On the other hand, the
muon shares the major part of the total energy, namely E, = 214.8 mec?, because
it is massive.

(i1) In contrast to nonrelativistic mechanics, the transition to vanishing rest mass
poses no problems. For m = 0 we have E = |p|c and p* = (|p|, p). A particle
without mass nevertheless carries both energy and momentum. Its velocity always
has magnitude c, cf. (4.82), no matter how small p is. However, it does not have
a rest system. There is no causal way of following the particle and of “catching
it up” because the boosts diverge for |[v| — c.

We already know an example of massless elementary particles: the photons.
Photons correspond to the elementary excitations of the radiation field. As they are
massless, one is led to conjecture that the theory of the electromagnetic radiation
field cannot be based on nonrelativistic mechanics. Rather, this theory (which is
the subject of electrodynamics) must be formulated within a framework that con-
tains the speed of light as a natural limit for velocities. Indeed, Maxwell’s theory of
electromagnetic phenomena is invariant under Lorentz transformations. Neutrinos
some of which have nonvanishing though very small masses, can often be treated
as being massless.

We now summarize the findings of this section. The state of a free particle of
rest mass m is characterized by the energy—momentum four-vector p* = (E/c, p),
whose norm is invariant and for which

PP = %Ez_pzzmzcz_

C

We note that this four-vector is always timelike, or lightlike if m = 0. If, as shown
in Fig. 4.7, we plot the time component p° as the ordinate, the space components
(symbolically) as the abscissa, p* is found to lie on a hyperboloid. As the energy
E must be positive, only the upper part of this hyperboloid is relevant. The surface
obtained in this way is said to be the mass shell of the particle with mass m. It
describes either all physically possible states of the free particle, or, alternatively,
a fixed state with energy—-momentum p* as observed from all possible inertial
systems of references.
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Fig. 4.7. Schematic representation of energy and momen-
tum of a particle. The points (po = E/c, p) lie on the
upper half of the hyperboloid

of

4.9.3 The Lorentz Force

A charged particle traversing external electric and magnetic fields at velocity v
experiences the Lorentz force (2.29) or (1.49) that we discussed in the context
of nonrelativistic dynamics. Here we wish to derive the corresponding relativistic
equation of motion (4.78) in a covariant formulation.

With respect to an inertial system of reference, where ¥ = (yc, yv)! and
d/dt = yd/dt, the spatial part of (4.78) reads

d d 1
my5p=mya(yv)=ye <E+;va> ) (4.86)

First we show that its fime component follows from (4.86) and is given by
d e
my—(yc)=y-E-v. (4.87)
dr c

This is seen as follows. Calculating the scalar product of (4.86) and v/c, its right-
hand side becomes ye/cE - v. Thus, one obtains

e vd d
—E~ = _—— = —
vy E-v mrcdt(yv) mcyﬂdt(yﬂ)

1d 1d
=mez —(yB)* = me a(yzﬁz) :

2 dt
where we set 8 = v/c. As
2
202 B 2
= —= —1,
Y°B —p =Y
we find

e 1d, d
y—-E -v=mc- —y  =mcy—y
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which proves (4.87). Next we show that (4.86) and (4.87) can be combined to a
covariant equation of motion, with u = x:

d
mau“ = ;F’“’uv . (4.88)

This means that the relativistic form of the Lorentz force is

K" = EF%V . (4.89)

Here, F*V is a tensor with respect to Lorentz transformations. It is antisymmetric,
F'' = —F" because, with u,u" = const., (4.88) implies that u, F*'u, = 0.
In an arbitrary inertial system it is given by

0 -Ee' -E> -E3

E! 0 —-B® B?

ny _

F'=1700 g3 o _g! (4.90)
E3 —-B? B! 0

The requirement that F#V yield the Lorentz force fixes this tensor uniquely. To
prove this, we note that u, (with a lower index) is u, = g,,u° = (yc, —yv) and
work out the multiplication on the right-hand side of (4.89). This indeed gives
(4.86) and (4.87).

The relativistic Lorentz force has a form that differs from the Newtonian force
of Sect.4.9.1. It is not generated by “boosting” a Newtonian, velocity-independent
force but is the result of applying the tensor (4.90) to the velocity u*. This tensor,
which is antisymmetric, is said to be the tensor of field strenghts. Its time—space
and space—time components are the components of the electric field,

Fi0— _p0 _ gl (4.91a)
while its space—space components contain the magnetic field according to
F?'=_F?=p3 (and cyclic permutations). (4.91b)

The covariant form (4.88) of the equation of motion for a charged particle in elec-
tric and magnetic fields shows that these fields cannot be the space components
of four-vectors. Instead, they are components of a tensor over Minkowski space
M?*, as indicated in (4.90) or (4.91). This means, in particular, that electric and
magnetic fields are transformed into each other by special Lorentz transformations.
For example, a charged particle that is at rest with respect to an observer gener-
ates a static (i.e. time-independent), spherically symmetric electric field. If, on the
other hand, the particle and the observer move at a constant velocity v relative to
each other, the observer will measure both electric and magnetic fields. (See e.g.
Jackson 1998, Sect. 11.10.)
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4.10 Time Dilatation and Scale Contraction

Suppose we are given a clock that ticks at regular and fixed time intervals At
and that we wish to read from different inertial systems. This idea is meaningful
because precise measurements of time are done by measuring atomic or molecu-
lar frequencies and comparing them with reference frequencies. Such frequencies
are internal properties of the atomic or molecular system one is using and do not
depend on the state of motion of the system.

For an observer who sees the clock at rest with respect to his inertial system,
two consecutive ticks are separated by the space—time interval {dx = 0, df = At}.
Using this data, he calculates the invariant interval of proper time with the result

dr = /(d)? — (dx)2/c? = At .

Another observer who moves with constant velocity relative to the first observer,
and therefore also relative to the clock, sees that consecutive ticks are separated
by the space-time interval {At’, Ax’ = vAt’}. From his data he calculates the
invariant interval of proper time to be

dt’ = \/(At/)2 — (Ax)?/c? = \/1 — B2Ar .

As proper time is Lorentz invariant, we have dt’ = dt. This means that the sec-
ond observer (for whom the clock is in motion) sees the clock tick with a longer
period, given by

Ao A
- = —yAr. (4.92)

N

This is the important phenomenon of time dilatation: for an observer who sees
the clock in motion, it is slower than at rest, i.e. it ticks at time intervals that are
dilated by a factor y. In Example (iii) of Sect.4.1 we discussed a situation where
time dilatation was actually observed. The experiment quoted there confirms the
effect predicted in (4.92) with the following accuracy: the difference At — At'/y
is zero within the experimental error bar

O -t w/y
O ()

Another, closely related effect of special Lorentz transformations is the scale
or Fitzgerald—Lorentz contraction that we now discuss. It is somewhat more dif-
ficult to describe than time dilatation because the determination of the length of a
scale requires, strictly speaking, the measurement of two space points at the same
time. As such points are separated by a spacelike distance, this cannot be a causal,
and hence physical, measurement. A way out of this problem would be to let two
scales of equal length move towards each other and to compare their positions at the
moment they overlap. Alternatively, we may use the following simple argument.

=(0.2+0.9) x 107>
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Suppose there are two landmarks at the space points
x® =(0,0,00 and x® = (Ly,0,0),

where the coordinates refer to the inertial system Ky. Because we want to mea-
sure their spatial distance, we ask an observer to make a journey from A to B,
as shown in Fig. 4.8, with constant velocity v = (v, 0, 0), and, of course, v < c.
As seen from Ko he departs from A at time ¢+ = 0 and reaches the landmark B
at time ¢ = 7p, B having moved to C during this time in our space—time diagram
(Fig. 4.8). In the case of Galilei transformations, i.e. for nonrelativistic motion, we
would conclude that the distance is

Lo = |x(B) —x(A)| =vTp .

t
TO ........................ C
|
I
|
|
|
|
! xl
Al L, B
Fig. 4.8. An observer traveling at constant velocity de-
termines the distance from A to B. He finds L = Lo/y

In the relativistic, Lorentz-invariant world we find a different result. When the
traveler reaches C, his own, comoving clock shows the time 7' = Tp/y, with
y = (1 —v%/c¢*)~1Y/2. Thus, he concludes that the length separating A and B is

L =vT =vTy/y = Lo/y - (4.93)

In other words, the scale AB that moves relative to the traveling observer (with
velocity —v) appears to him contracted by the factor 1/y. This is the phenomenon
of scale contraction, or Fitzgerald—Lorentz contraction.

One easily understands that scales oriented along the 2-axis or the 3-axis, or
any other direction in the (2,3)-plane, remain unchanged and do not appear con-
tracted. Therefore, the phenomenon of scale contraction means, more precisely,
that an extended body that moves relative to an inertial system appears contracted
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in the direction of its velocity v only. The spatial dimensions perpendicular to v
remain unmodified.

The book by Ellis and Williams (1994) contains an elementary but well il-
lustrated discussion of time dilatation and scale contraction as well as the appar-
ent paradoxes of special relativity. Although it was written for laymen, as Ruth
Williams told me, it seems to me that this book is not only entertaining but also
useful for the reader who wishes to get a better feeling for time and space in special
relativity.

4.11 More About the Motion of Free Particles

By definition, the state of motion of a free particle is characterized by its relativistic
energy—momentum vector (4.83) being on its mass shell,

p? = E?/c? — p* =m?? . (4.94)

We wish to describe this relativistic motion without external forces by means of
the methods of canonical mechanics. As we are dealing with free motion in a flat
space, the solutions of Hamilton’s variational principle will be just straight lines
in the space—time continuum. Therefore, we assume the action integral (2.27) to
be given by the path integral between two points A and B in space—time, where
A and B are timelike relative to each other:

B
I[x] = K/ ds, with (x® —x@W)2 >0, (4.95)
A

As we showed in Sect. 2.36, the action integral is closely related to the generating
function S*, which satisfies the equation of Hamilton and Jacobi. Assuming the
solutions to be inserted in (4.95), we have

B
§* = K/ ds . (4.96)
A

Here the quantity K is a constant whose dimension is easy to determine: the action
has the dimension (energy x time) and s has the dimension (length). Therefore,
K must have the dimension (energy/velocity), or, equivalently, (mass x velocity).
On the other hand, 7 or §* must be Lorentz invariant. The only invariant param-
eters, but those with dimension, are the rest mass of the particle and the velocity
of light. Thus, up to a sign, K is the product mc. In fact, as we show below, the
correct choice is K = —mec.

With respect to an arbitrary, but fixed, inertial system we have ds = ¢ dt =

V1 —v2/c2cdt, with v = dx/d¢. Thus,

(B (B

1=—mc2/ ,/1—v2/c2dtz/ Ldr.
(A t(A)
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This yields the (natural form of) the Lagrangian function whose Euler-Lagrange
equations describe relativistic free motion. Expanding this Lagrangian function in
terms of v/c, we find the expected nonrelativistic form

L=-mc*J1—v2/2~ —mc* + %mv2 , 4.97)

to which the term —mc? is added. The form (4.97) for the Lagrangian function is
not quite satisfactory because it refers to a fixed inertial system and therefore is not
manifestly invariant. The reason for this is that we introduced a time coordinate.
The time variable, being the time component of a four-vector, is not invariant. If
instead we introduce some other, Lorentz-invariant parameter t (we give it the
dimension of time), then (4.95) reads

(® dx® dx,
I =—mc dr -, (4.98)
£(4) dr dr

so that the invariant Lagrangian function reads

dxe d
Liny = —mey| — =% = —mey/32 (4.99)
dr dr

where % = dx®/dr. One realizes again the > must be positive, i.e. that X must
be timelike. The Euler-Lagrange equations that follow from the action (4.98) are

0 Liny d o Liny _

ax“ dr Jx¢

and hence
d mexy
dr 32

Here the momentum canonically conjugate to x¢ is

0 Liny )'Ca
P = e =M s (4.100)

It satisfies the constraint

P m =0 (4.101)

If we now attempt to construct the Hamiltonian function, following the rules of
Chap. 2, we find that

H = x%py — Liny :mc[—)'cz/\/)'cz—l—\/)'cz] =0.

The essential reason the Hamiltonian function vanishes is that the description of
the motion as given here contains a redundant degree of freedom, namely the time
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coordinate of x. The dynamics is contained in the constraint (4.101). One also re-
alizes that the Legendre transformation from L;,y to H cannot be performed: the
condition for this transformation to exist,

92L;
det ( nv ) ;é 0 ’

axPox
is not fulfilled. Indeed, calculating the matrix of second derivatives, one obtains

82Lim, mc

oiPore — @2t

2gotﬁ - J.Coszﬂ] .
The following argument shows that the determinant of this matrix vanishes. Define
def . ..
Ay = ngaﬂ — XoXg .

The homogeneous system of linear equations Aaﬂuﬂ = 0 has a nontrivial solution
precisely if det A = 0. Therefore, if we can find a nonvanishing uf #(0,0,0,0)
that is solution of this system, then the determinant of A vanishes. There is indeed
such a solution, namely uf = cxB, because for any P #0

AgpiP = 33y — i3y = 0.
For the first time we meet here a Lagrangian system that is not equivalent to a
Hamiltonian system, in a canonical way. In fact, this is an example for a Lagrangian
(or Hamiltonian) system with constraints whose analysis must be discussed sepa-
rately.

In the example discussed above, one could proceed as follows. At first one
ignores the constraint (4.101) but introduces it into the Hamiltonian function by
means of a so-called Lagrangian multiplier. With H as given above, we take

H =H+M0(p), with w(p) = p? —m??,

A denoting the multiplier. The coordinates and momenta satisfy the canonical Pois-
son brackets

(x¥ xg} =0={p%, pp}t; {p". xp}=06%.
The canonical equations read
X ={H' x} = L, xWW(p) + M¥(p), x%}
= a{p? — m22, x%) = A{p?, x¥) = 20p”
pY={H"p*} = {1 p*}¥(p) =0,

where we made use of the constraint ¥ (p) = 0. With p* and x* being related by
(4.100), we deduce A = —+/x2/2mc. The equation of the motion is the same as
above, py = 0.
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4.12 The Conformal Group

In Sect.4.3 we argued that the laws of nature that apply to massive particles al-
ways involve quantities with dimensions and therefore cannot be scale invariant.
As a consequence, the transformation law (4.23) must hold with condition (4.24)
and the choice @« = 1. In a world in which there is only radiation, this restric-
tion does not apply because radiation fields are mediated by massless particles
(quanta). Therefore, it is interesting to ask about the most general transformations
that guarantee the invariance of the form

2 =0 with z=x4 —xp and xA,xBeM4.

The Poincaré transformations that we had constructed for the case o = 1 certainly
belong to this class. As we learnt in Sect. 4.4, the Poincaré transformations form
a group that has 10 parameters. If only the invariance of z> = 0 is required, then
there are two more classes of transformations. These are the dilatations

x® =xrx* with AeR,

which depend on one parameter and which form a subgroup by themselves. Ob-
viously, they are linear.
One can show that there is still another class of (nonlinear) transformations
that leave the light cone invariant. They read (see Exercise 4.15)
x* + x2ct

W ' 4.102
T 1+2(c-x)+c2x2 ( )

They depend on four real parameters and are said to be special conformal transfor-
mations. They form a subgroup, too: the unit is given by ¢* = 0; the composition
of two transformations of the type (4.102) is again of the same type, because

x4 xZch .
=T T C it oo x) 1420 x) + 22,
o(c, x)
x/2 — x2
o(c,x)’

and

x4 xPdh x4 X (et +d)
o(d,x)) o(c+d,x)

me_

Finally, the inverse of (4.102) is given by the choice d* = —c*. Thus, one dis-
covers the conformal group over Minkowski space M*. This group has

10+1+4=15

parameters. It plays an important role in field theories that do not contain any
massive particle.



5. Geometric Aspects of Mechanics

In many respects, mechanics carries geometrical structures. This could be felt very
clearly at various places in the first four chapters. The most important examples
are the structures of the space—time continua that support the dynamics of non-
relativistic and relativistic mechanics, respectively. The formulation of Lagrangian
mechanics over the space of generalized coordinates and their time derivatives,
as well as of Hamilton—Jacobi canonical mechanics over the phase space, reveals
strong geometrical features of these manifolds. (Recall, for instance, the symplec-
tic structure of phase space and Liouville’s theorem.) To what extent mechanics
is of geometric nature is illustrated by the fact that, historically, it gave important
impulses to the development of differential geometry. In turn, the modern formula-
tion of differential geometry and of some related mathematical disciplines provided
the necessary tools for the treatment of problems in qualitative mechanics that are
the topic of present-day research. This provides another impressive example of
cross-fertilization of pure mathematics and theoretical physics.

In this chapter we show that canonical mechanics quite naturally leads to a
description in terms of differential geometric notions. We develop some of the ele-
ments of differential geometry and formulate mechanics by means of this language.
For lack of space, however, this chapter cannot cover all aspects of the mathemat-
ical foundations of mechanics. Instead, it offers an introduction with the primary
aim of motivating the necessity of the geometric language and of developing the
elements up to a point from where the transition to the mathematical literature on
mechanics (see the list of references) should be relatively smooth. This may help
to reduce the disparity between texts written in a more physics-oriented language
and the modern mathematical literature and thus to encourage the beginner who
has to bridge the gap between the two. At the same time this provides a starting
point for catching up with recent research developments in modern mechanics.

As a final remark, we note that studying the geometric structure of mechanics,
in recent years, has become important far beyond this discipline. Indeed, we know
today that all fundamental interactions of nature carry strong geometric features.
Once again, mechanics is the door to, and basis of, all of theoretical physics. In
studying these geometric aspects of the fundamental interactions, we will, at times,
turn back to mechanics where many of the essential building blocks are developed
in a concrete and well understood framework.
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5.1 Manifolds of Generalized Coordinates

In Sect.2.11 we showed that every diffeomorphic mapping of coordinates {g} onto
new coordinates {g'}

f
) ogi ., 0gi
. N e — oo (! — 2lg 4 28
G-{Q}'_){Q}-Qt—gz({],t)»{l—kz_l Bq,iqk+ Y (5.1

leaves the equations of motion form invariant. This means, except for purely prac-
tical aspects, any choice of a set of generalized coordinates {g} is as good as any
other that is related to the first in a one-to-one and differentiable manner. The phys-
ical system one wishes to describe is independent of the specific choice one makes,
or, more loosely speaking, “the physics is the same”, no matter which coordinates
one employs. It is obvious that the transformation must be uniquely invertible, or
one-to-one, as one should not loose information in either direction. The number
of independent degrees of freedom must be the same. Similarly, it is meaningful
to require the mapping to be differentiable because we do not want to destroy or
to change the differential structure of the equations of motion.

Any such choice of coordinates provides a possible, specific realization of the
mechanical system. Of course, from a practical point of view, there are appropri-
ate and inappropriate choices, in the sense that the coordinates may be optimally
adapted to the problem because they contain as many cyclic coordinates as possi-
ble, or, on the contrary, may be such that they inhibit the solution of the equations
of motion. This comment concerns the actual solution of the equations of motion
but not the structure of the coordinate manifold into which the mechanical system
is embedded.

In mechanics a set of f generalized coordinates arises by constraining an ini-
tial set of degrees of freedom by a number of independent, holonomic constraints.
For instance, the coordinates of a system of N particles that are initially elements
of an R3N are constrained by A = 3N — f equations, in such a way that the f
independent, generalized coordinates, in general, are not elements of an R/, Let
us recall two examples for the sake of illustration.

(i) The plane mathematical pendulum that we studied in Sects. 1.17.2 and 2.30,
Example (ii) has one degree of freedom. The natural choice for a generalized co-
ordinate is the angle measuring the deviation from the vertical, ¢ = ¢. As this
coordinate takes values in the interval [—m, +7], with ¢ =7 and ¢ = —7 to be
identified, it is an element of the unit circle S'. The coordinate manifold is the S,
independent of how we choose ¢. (For instance, if we choose the arc g = s = lg, s
is defined on the circle with radius /. This circle is topologically equivalent to S'.)

(i1) The coordinate manifold of the rigid body (Chap. 3) provides another ex-
ample. Three of the six generalized coordinates describe the unconstrained motion
of the center of mass and are therefore elements of a space R3. The remaining
three describe the spatial orientation of the top with respect to a system of ref-
erence whose axes have fixed directions in space. They are angles and belong
to the manifold of the rotation group SO(3). As we learnt earlier, this manifold
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can be parametrized in different ways: for instance, by the direction about which
the rotation takes place and by the angle of rotation (i1, ¢), or, alternatively, by
three Eulerian angles (61, 87, 83), using one or the other of the definitions given in
Sects. 3.9 and 3.10. We shall analyze the structure of this manifold in more detail
below, in Sect.5.2.3. Already at this point it seems plausible that it will turn out
to be rather different from a three-dimensional Euclidean space and that we shall
need further tools of geometry for its description.

dhaas
NI

Fig. 5.1. Velocity field in the space of coordinates
and their time derivatives for the one-dimensional
harmonic oscillator

Actual solutions of the equations of motion ¢(t, 1, qo) = Pt(qo) (cf.
Sect. 1.20) are curves in the manifold Q of coordinates. In this sense Q is the
physical space that carries the real motion. However, in order to set up the equa-
tions of motion and to construct their solutions, we also need the time derivatives
dg/dt = ¢ of the coordinates as well als Lagrangian functions L(q, ¢, t) over
the space M of the ¢ and the ¢. The Lagrangian function is to be inserted into
the action integral / fq], functional of q(t), from which differential equations of
second order in time follow via Hamilton’s variational principle (or some other
extremum principle). For example, for f = 1 the physical solutions can be con-
structed piecewise if one knows the velocity field. Figure 5.1 shows the example
of the harmonic oscillator and its velocity field (cf. also Sect.1.17.1). More gen-
erally, this means that we shall have to study vector fields over M, and hence the
tangent spaces T, Q of the manifold Q, for all elements x of Q.

A similar remark applies to the case where, instead of the variables (g, ¢), we
wish to make use of the phase-space variables (g, p). We recall that p was defined
to be the partial derivative of the Lagrangian function by q, i

def OL

pi = 8_q’ (5.2)

L being a (scalar) function on the space of the ¢ and the ¢ (it maps this space
onto the real number), i.e. on the union of tangent spaces T, Q, definition (5.2)
leads to the corresponding dual spaces T Q, the so-called cotangent spaces.
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These remarks suggest detaching the mechanical system one is considering
from a specific choice of generalized coordinates {¢g} and to choose a more ab-
stract formulation by defining and describing the manifold Q of physical motions
in a coordinate-free language. The choice of sets of coordinates {g} or {g'} is
equivalent to describing Q in terms of local coordinates, or, as one also sagls, in
terms of charts. Furthermore, one is led to study various geometric objects living
on the manifold Q, as well as on its tangent spaces Ty Q and cotangent spaces
T} Q. Examples are Lagrangian functions that are defined on the tangent spaces
and Hamiltonian functions that are defined on the cotangent spaces, both of which
give real numbers.

Fig. 5.2. Physical motion takes place in the
coordinate manifold Q. The Lagrangian
function and the Hamiltonian function
are defined on the tangent and cotangent
spaces, respectively

Figure 5.2 shows a first sketch of these interrelationships. As we shall learn
below, there are many more geometric objects on manifolds other than functions
(which are mappings to the reals). An example that we met earlier is vector fields
such as the velocity field of a flow in phase space. In order to awake the reader’s
curiosity, we just remind him of the Poisson brackets, defined on 7, Q, and of the
volume form that appears in Liouville’s theorem.

An example of a smooth manifold, well known from linear algebra and from
analysis, is provided by the n-dimensional Euclidean space R". However, Eu-
clidean spaces are not sufficient to describe general and nontrivial mechanical sys-
tems, as is demonstrated by the examples of the coordinate manifolds of the plane
pendulum and of the rigid body. As we shall see, the union of all tangent spaces

def

TQ = {TI:Q|x € 0} (5.3)

and the union of all cotangent spaces

%0 ¥ (17 Qlx € Q) (5.4)

are smooth manifolds. The former is said to be the tangent bundle, the latter the
cotangent bundle. Suppose then that we are given a conservative mechanical sys-
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tem, or a system with some symmetry. The set of all solutions lie on hypersurfaces
in 2 f-dimensional space that belong to fixed values of the energy or are charac-
terized by the conserved quantities pertaining to the symmetry. In general, these
hypersurfaces are smooth manifolds, too, but cannot always be embedded in R?/
Thus, we must learn to describe such physical manifolds by mapping them, at
least locally, onto Euclidean spaces of the same dimension. Or, when expressed
in a more pictorial way, whatever happens on the manifold M is projected onto a
set of charts, each of which represents a local neighborhood of M. If one knows
how to join neighboring charts and if one has at one’s disposal a complete set of
charts, then one obtains a true image of the whole manifold, however complicated
it may look globally.

The following sections (5.2—4) serve to define and discuss the notions sketched
above and to illustrate them by means of a number of examples. From Sect. 5.5
on we return to mechanics by formulating it in terms of a geometric language,
preparing the ground for new insights and results. In what follows (Sects. 5.2-5.4)
we shall use the following notation:

Q denotes the manifold of generalized coordinates; its dimension is equal to f,
the number of degrees of freedom of the mechanical system one is considering.

M denotes a general smooth (and finite dimensional) manifold of dimension
dim M = n.

5.2 Differentiable Manifolds

5.2.1 The Euclidean Space R"

The definition of a differentiable manifold relates directly to our knowledge of
the n-dimensional Euclidean space R”. This space is a fopological space. This
means that it can be covered by means of a set of open neighborhoods that fulfills
some quite natural conditions. For any two distinct points of R"” one can define
neighborhoods of these points that do not overlap: one says the R" is a Haus-
dorff space. Furthermore, one can always find a collection B of open sets such
that every open subset of R” is represented as the union of elements of B. Such
a collection B is said to be a basis. It is even possible to construct a countable set
of neighborhoods {U;} of any point p of R" such that for any neighborhood U
of p there is an i for which U; is contained in U. These {U;} can also be made
a basis, in the sense defined above: thus the space R”" certainly has a countable
basis. All this is summarized by the statement that R” is a topological, Hausdorff
space with a countable basis.

It is precisely these requirements that are incorporated in the definition of a
manifold. Even if they look somewhat complicated at first sight, these properties
are very natural in all important branches of mechanics. Therefore, as a physi-
cist one has a tendency to take them for granted and to assume tacitly that the
spaces and manifolds of mechanics have these properties. The reader who wishes
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to define matters very precisely from the start is consequently advised to consult,
for example, the mathematical literature quoted in the Appendix and to study the
elements of topology and set theory.

The space R" has more structure than that. It is an n-dimensional real vec-
tor space on which there exists a natural inner product and hence a norm. If
p=(p1,p2,...,pn) and ¢ = (q1, q2, - - ., qn) are two elements of R”, the inner
product and the norm are defined by

n
def def
p-a= Y pigi and [p|= Jpp. (5.5)
i=1

respectively. Thus R” is a metric space. The distance function

dp.q) Z 1p—ql (5.6)

following from (5.5) has all properties that a metric should have: it is nondegener-
ate, i.e. d(p, q) vanishes if and only if p = ¢; it is symmetric d(q, p) = d(p, q);
and it obeys Schwarz’ inequality

d(p,r) =d(p,q)+d(q,r) .
Finally, we know that on R"” one can define smooth functions,
f:UCR'->R,

which map open subsets U of R" onto the real numbers. The smoothness, or C*
property, of a function f means that at every point # € U all mixed partial deriva-
tives of f exist and are continuous. As an example consider the function f’ which
associates to every element p € R” its ith coordinate p;, as shown in Fig.5.3,

FlR'" > R:p=(pts.ccsPireeespn) > pi, i=12....n. (5.7)

These functions f/(p) = p; are said to be the natural coordinate functions of R".

p=t(p)f--------

Fig. 5.3. The coordinate functions fi and i assign to each
point p of R”" its coordinates p' and p/, respectively
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5.2.2 Smooth or Differentiable Manifolds

Physical manifolds like the ones we sketched in Sect. 5.1 often are not Euclidean
spaces but topological spaces (Hausdorff with countable basis) that carry differen-
tiable structures. Qualitatively speaking, they resemble Euclidean spaces locally,
i.e. open subsets of them can be mapped onto Euclidean spaces and these “patches”
can be joined like the charts of an atlas.

IR" (e,U)
P (U) Fig. 5.4. The chart mapping ¢ maps
an open domain U of the manifold
\{ M homeomorphically onto a domain
o(U) of R", where n = dim M

Let M be such a topological space and let its dimension be dim M = n. By
definition, a chart or local coordinate system on M is a homeomorphism,

p:UCM-— oU)CR", (5.8)

of an open set U of M onto an open set ¢(U) of R”, in the way sketched in
Fig.5.4. Indeed, applying the mapping (5.8) followed by the coordinate functions
(5.7) yields a coordinate representation in R”

x'=flop or ¢(p)='(p),....x"(p) eR" (5.9)

for every point p € U C M. This provides the possibility of defining a diversity
of geometrical objects on U C M (i.e. locally on the manifold M), such as curves,
vector fields, etc. Note, however, that this will not be enough, in general: since these
objects are to represent physical quantities, one wishes to study them, if possible,
on the whole of M. Furthermore, relationships between physical quantities must be
independent of the choice of local coordinate systems (one says that the physical
equations are covariant). This leads rather naturally to the following construction.

Cover the manifold M by means of open subsets U, V, W, ..., such that every
point p € M is contained in at least one of them. For every subset U, V, ... choose
a homeomorphism ¢, ¥, .. ., respectively, such that U is mapped onto ¢(U) in R",
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IR™ IR"

9o %

P (V)
G(V) ¢ oo 7

Fig. 5.5. Two overlapping, open domains U and V on M, by the mappings ¢ and ¥, respectively,
are mapped onto the open domains ¢(U) and ¥ (V) in two copies of R”. Their region of overlap on
M is mapped onto the hatched areas. The latter are related diffeomorphically through the transition

mappings (¢ oy ~) or (Y o™

V onto ¥ (V) in R”, etc. If U and V overlap partially on M, then also their images
¢(U) and ¥ (V) in R" will overlap partially, as shown in Fig.5.5. The composed
mapping ¢ o ¢! and its inverse ¥ o ¢! relate the corresponding portions of the
images ¢(U) and ¥ (V) (the hatched areas in Fig.5.5) and therefore map an open
subset of one R” onto an open subset of another R”. If these mappings (¢ oy~ 1)
and (Y op~!) are smooth, the two charts, or coordinate systems, (¢, U) and (yr, V)
are said to have smooth overlap. Obviously, this change of chart allows one to join
U and V like two patches of M. Assuming this condition of smooth overlap to
be trivially true, in the case where U and V do not overlap at all, provides the
possibility of describing the entire manifold M by means of an atlas of charts.
An atlas is a collection of charts on the manifold M such that

Al. Every point of M is contained in the domain of at least one chart.

A2. Any pair of two charts overlap smoothly (in the sense defined above).

Before we go on let us ask what we have gained so far. Given such an atlas,
we can differentiate geometric objects defined on M. This is done in the follow-
ing way. One projects the objects onto the charts of the atlas and differentiates
their images, which are now contained in spaces R", using the well-known rules
of analysis. As all charts of the atlas are related diffeomorphically, this procedure
extends to the whole of M. In this sense an atlas defines a differentiable structure
on the manifold M. In other words, with an atlas at hand, it is possible to introduce
a mathematically consistent calculus on the manifold M.

There remains a technical difficulty, which, however, can be resolved easily.
With the definition given above, it may happen that two formally different atlases
yield the same calculus on M. In order to eliminate this possibility one adds the
following to definitions Al and A2:

A3. Each chart that has smooth overlap with all other charts shall be contained in
the atlas.
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In this case the atlas is said to be complete (or maximal). It is denoted by A.
This completes the framework we need for the description of physical relationships
and physical laws on spaces that are not Euclidean R" spaces. The objects, defined
on the manifold M, can be visualized by mapping them onto charts. In this way,
they can be subject to a consistent calculus as we know it from analysis in R”.

In summary, the topological structure is given by the definition of the mani-
fold M, equipped with an atlas; the differential structure on M is fixed by giving
a complete, differentiable atlas A of charts on M. Thus, a smooth, or differen-
tiable, manifold is defined by the pair (M, A). We remark, in passing, that there
are manifolds on which there exist different differentiable structures that are not
equivalent.

5.2.3 Examples of Smooth Manifolds

Let us consider a few examples of differentiable manifolds of relevance for me-
chanics.

(i) The space R" is a differentiable manifold. The coordinate functions
f 1 f L f™) induce the identical mapping

id: R" - R"

of R” onto itself. Therefore they yield an atlas on R” that contains a single chart.
To make it a complete atlas, we must add the set ¥ of all charts on R"” compatible
with the identity id. These are the diffeomorphisms @ : U — ®(U) C R" on R".
The differentiable structure obtained in this way is said to be canonical.

(ii) A sphere of radius R in R3. Consider the sphere

def

Sk = lr=0hat 0 eRn? = )2 + 017 + ()2 = R}

We may (but need not) think of it as being embedded in a space R3. An atlas

that describes this two-dimensional smooth manifold in spaces R? must contain at
least two charts. Here we wish to construct an example for them. Call the points

N:(anvR)’ S:(Ovo»_R)

the north pole and south pole, respectively. On the sphere S12e define the open sub-
sets

U:S%2— (N} and V& s2_{(s}.

Define the mappings ¢ : U — R?, ¢ : V — R? onto the charts as follows: ¢
projects the domain U from the north pole onto the plane x* = 0 through the
equator, while i projects the domain V from the south pole onto the same plane
(more precisely, a copy thereof), cf. Fig.5.6. If p = (x!, x?, x%) is a point of U
on the sphere, its projection is given by
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Fig. 5.6. One needs at least two charts for
¢(p) the description of the surface of a sphere.
Here these charts are obtained by stere-
ographic projection from the north and
S south poles, respectively

(xl,xz).

p(p) =

R —x3
Taking the same point to be an element of the domain V, we see that its projection

onto R? is given by

(xl,xz) .

Y(p) =

R+x3

Let us then verify that (1 o ¢~!) is a diffeomorphism on the intersection of the
domains U and V. We have

pUNV)=R>—{0}=wUNV).

Let y = (y!,y?) be a point on the plane through the equator without origin
y € R2 —{0}. Its pre-image on the manifold is

p=o 'y ==l =1 %),

where A = (R —x3)/R, x3 being obtained from the condition 22u? 4+ (x3)? = R?,
and where we have set u? = (yl)2 + (y2)2. From this one finds

3_u2—R2R
_u2+R2

and A = 2R2/(u2 + RZ), from which one obtains, in turn,

ol 2.1 Hp2.2 2 2
p=9 (y)—mQRy,ZRy,R(u — R9)).

Applying the mapping ¥ to this point and taking account of the relation
R/(R + x3) = (u? + R?)/2u?, we find on R? — {0}

R2
—1 _ 1,2
lI/O(p (y)_uz(y ay)



5.2 Differentiable Manifolds 293

Clearly, this is a diffeomorphism from R? — {0} onto R? — {0}. The origin, which
is the projection of the south pole by the first mapping, and is the projection of the
north pole by the second, must be excluded. Hence the necessity of two charts.

(iii) The torus 7. m-dimensional tori are the natural manifolds of integrable
mechanical systems (see Sect.2.37.2). The torus 7™ is defined as the product of
m copies of the unit circle,

T" =S'x S' x ... x S' (m factors) .

For m = 2, for instance, it has the shape of the inner tube of a bicycle. The first S!
goes around the tube, the second describes its cross section. The torus T2 is also
homeomorphic to the space obtained from the square {x, y|0 <x < 1,0 <y < 1}
by pairwise identification of the points (0, y) and (1, y), and (x, 0) and (x, 1). An
atlas for T2 is provided, for example, by three charts defined as follows:

o (. ) = (%, ey e T2, k=1,2,3,

where a1, f1 € (0,27), a2, B2 € (—7, +7), a3, B3 € (—7 /2, 37/2).

Readers are invited to make a sketch of the torus and to convince themselves
thereby that T2 is indeed covered completely by the charts given above.

(iv) The parameter manifold of the rotation group SO(3), which is the essen-
tial part of the physical coordinate manifold of the rigid body, is a differentiable
manifold. Here we wish to describe it in somewhat more detail. For this purpose
let us first consider the group SU(2) of unitary (complex) 2 x 2 matrices U with
determinant 1:

{U complex 2 x 2 matrices UU=1, detU=1}.

These matrices form a group, the unitary unimodular group in two complex di-
mensions. U™ denotes the complex conjugate of the transposed matrix, (UT) pg =
(Ugp)*. It is not difficult to convince oneself that any such matrix can be written
as follows:

U= (_Z* ;) provided |al?+|b> =1.
With the complex numbers a and b written as a = x! +ix? and b = x3 +ix*,
the condition det U = 1 becomes

G2+ D2+ @+ M =1.

If the x' are interpreted as coordinates in a space R4, this condition describes
the unit sphere S? embedded in that space. Let us parametrize the coordinates by
means of angles u, v and w, as follows:

= Cosu Cosv

=cosu sinv u € [0,m/2]
=sinu cosw v, w € [0,2m)
=sinu sinw
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such as to fulfill the condition on their squares automatically. Clearly, the sphere
§3 is a smooth manifold. Every closed curve on it can be contracted to a point,
so it is singly connected. We now wish to work out its relation to SO(3).

For this purpose we return to the representation of rotation matrices R € SO(3)
by means of Eulerian angles, as defined in (3.35) of Sect.3.9. Inserting the ex-
pressions (2.71) for the generators and multiplying the three matrices in (3.35),
one obtains

cos y cos ff cos o cosycosfBsinae —cosysinp
—siny sin« +sin y cosa
R(o,B,y) = | —sinycosfBcosae —sinycosBsina  siny sinf
—cos y sinw +cos y cos o
sin B cos o sin 8 sin o cos

In the next step we define the following map from S° onto SO(3):
8= S0Q3)
by

y = v+ w (mod 27)
B =2u
o =v— w (mod2m)

As o and y take values in [0, 27r) and B takes values in [0, ], the mapping is
surjective. We note the following relations between matrix elements of R and the
angles u, v, w:

R33 = cosCu) ,

R31=,/1—R§3cos(v—w), R13=—,/1—R§3cos(v+w),
Ry =,/1 — Ri;sin(v —w) , Ry3 = /1 — R%;sin(v+ w) .

(The ramaining entries, not shown here, are easily derived.)

Consider a point x € s3, x(u, v, w) and its antipodal point x’ = —x,
which is obtained by the choice of parameters u’ = u, v/ = v + 7 (mod 2x),
w' = w + w(mod2x). These two points have the same image in SO(3) be-
cause ¥ = v +w = v+ w + 27(mod27w) = y + 27 (mod 27); similarly,
o' = a + 2w (mod27), while B/ = B. Thus, the manifold of SO(3) is the im-
age of S3, but x and —x are mapped onto the same element of SO(3). In other
words, the manifold of the rotation group is S> with antipodal points identified.
If opposite points on the sphere are to be identified then there are two distinct
classes of closed curves: (i) those which return to the same point and which can
be contracted to a point, and (ii) those which start in x and end in —x and which
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cannot be contracted to a point. This is equivalent to saying that the manifold of
SO(3) is doubly connected.

As a side remark we point out that we have touched here on a close relationship
between the groups SU(2) and SO(3) that will turn out to be important in describ-
ing intrinsic angular momentum (spin) in quantum mechanics. The manifold of
the former is the (singly connected) unit sphere S°.

5.3 Geometrical Objects on Manifolds

Next, let us introduce various geometrical objects that are defined on smooth man-
ifolds and are of relevance for mechanics. There are many examples: functions
such as the Lagrangian and Hamiltonian functions, curves on manifolds such as
solution curves of equations of motion, vector fields such as the velocity field of a
given dynamical system, forms such as the volume form that appears in Liouville’s
theorem, and many more.

We start with a rather general notion: mappings from a smooth manifold M
with atlas A onto another manifold N with atlas 3 (where N may be identical
with M):

F:M,A — (N,B). (5.10)

The point p, which is contained in an open subset U of M, is mapped onto the
point F(p) in N, which, of course, is contained in the image F(U) of U.

Let m and n be the dimensions of M and N, respectively. Assume that (¢, U)
is a chart from the atlas A, and (¥, V) a chart from B such that F(U) is contained
in V. The following composition is then a mapping between the Euclidean spaces
R™ and R”":

VoFop l:pU)CR" — y(V)CR". (5.11)

At this level it is meaningful to ask the question whether this mapping is continu-
ous or even differentiable. This suggests the following definition: the mapping F
(5.10) is said to be smooth, or differentiable, if the mapping (5.11) has this property
for every point p € U C M, every chart (¢, U) € A, and every chart (¢, V) € B,
the image F(U) being contained in V.

As we shall soon see, we have already met mappings of the kind (5.10) on
several occasions in earlier chapters, although we did not formulate them in this
compact and general manner. This may be clearer if we notice the following spe-
cial cases of (5.10). (i) The manifold from which F starts is the one-dimensional
Euclidean space (R, ©#), e.g. the time axis R;. The chart mapping ¢ is then simply
the identity on R. In this case the mapping F (5.10) is a smooth curve on the
manifold (N, B), e.g. physical orbits. (ii) The manifold to which F leads is R, i.e.
now the chart mapping ¥ is the identity. In this case F' is a smooth function on M,
an example being provided by the Lagrangian function. (iii) Initial and final man-
ifolds are identical. This is the case, for example, for F being a diffeomorphism
of M.
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5.3.1 Functions and Curves on Manifolds

A smooth function on a manifold M is a mapping from M to the real numbers,
fM—>R:peM— f(p)eR, (5.12)

which is differentiable, in the sense defined above.

An example is provided by the Hamiltonian function H, which assigns a real
number to each point of phase space P, assmuming H to be independent of time.
If H has an explicit time dependence, it assigns a real number to each point of
P x RR;, the direct product of phase space and time axis. As another example con-
sider the charts introduced in Sect.5.2.2. The mapping x' = f' o ¢ of (5.9), with
the function f! as defined in (5.7), is a function on M. To each point p € U C M
it assigns its ith coordinate in the chart (¢, U).

The set of all smooth functions on M is denoted by F(M).

In Euclidean space R” the notion of a smooth curve y(t) is a familiar one.
When understood as a mapping, it leads from an open interval I of the real axis
R (this can be the time axis R,, for instance) to the R”",

y: ICR->R':tel— y()eR". (5.13a)

Here, the interval may start at —oo and/or may end at +oo. If {¢;} is a basis of
R”, then y(t) has the decomposition

y@=> vy (e . (5.13b)
i=1

On an arbitrary smooth manifold N smooth curves are defined following the gen-
eral case (5.10), by considering their image in local charts as in (5.11),

y:ICR—>N:tel— y(t)eN. (5.14)

Let (i, V) be a chart on N. For the portion of the curve contained in V, the com-
position Yoy is a smooth curve in R” (take (5.11) with ¢ = id). As N is equipped
with a complete atlas, we can follow the curve everywhere on N, by following it
from one chart to the next.

We wish to add two remarks concerning curves and functions that are impor-
tant for the sequel. For the sake of simplicity we return to the simpler case (5.13a)
of curves on Euclidean space R”.

(i) Smooth curves are often obtained as solutions of first-order differential equa-
tions. Let 79 be contained in the interval I, and let pg = y (tr9) € R" be the point
on the curve reached at “time” t¢. If we take the derivative

_ dy (1)

(1) e

then
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n
. . def
y (1) =Y _ 7' (w)ei = vp,

i=1

is the vector tangent to the curve in py. Now, suppose we draw all tangent vectors
v, in all points p € y(t) of the curve. Clearly, this reminds us of the stepwise con-
struction of solutions of mechanical equations of motion. However, we need more
than that: the tangent vectors must be known in al/ points of an open domain in R”,
not just along one curve y (7). Furthermore, the field of vectors obtained in this
way must be smooth everywhere where it is defined, not just along the curve. y (1)
is then one representative of a set of solutions of the first-order differential equation

(7)) = Ve - (5.15)

As an example, consider a mechanical system with one degree of freedom: the
one-dimensional harmonic oscillator. From Sect. 1.17.1, let

1
ac:(q) . H=5("+4q%.
p 2

The equation of motion reads X = JH , = Xy, with

o= ( OH/OPY_( P
-7 \-oH/3q) " \-q)"
x is a point in the two-dimensional manifold N = R2; the vector field Xy is

said to be the Hamiltonian vector field. The solutions of the differential equation
X =Xu (5.15)

qo cos(t — tp) + po sin(t — 1p)
= X)) =
2(@) = Po—e(F0) <—qo sin(t — 79) + po cos(t — 79)

are curves on N, each of which is fixed by the initial condition

x(10) = %o = ("0).
Po

(ii) Let y be an arbitrary, but fixed, point of R”. We consider the set T,R" of
all tangent vectors at the point (i.e. vectors that are tangent to all possible curves
going through y), as shown in Fig. 5.7. As one can add these vectors and can mul-
tiply them with real numbers, they form a real vector space. (In fact, one can show
that this vector space T,R" is isomorphic to R", the manifold that we consider.
Therefore, in this case, we are justified in drawing the vectors v in the same space
as the curves themselves, see Fig.5.7.)

Consider a smooth function f(x) on R” (or on some neighborhood of the
point y) and a vector v =Y vie; of TyR", and take the derivative of f(x) at the
point y, in the direction of the tangent vector v. This is given by
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Fig. 5.7. The vectors tangent to all possible smooth curves
through a given point y of R” span a vector space, the tangent
space TyR"

n

of o ;D
v &S 2

: 5.16
P (5.16)

i=1 x=y

This directional derivative assigns to each function f(x) € F(R") a real number
given by (5.16),
vV:FRY > R: f=v(f).

This derivative has the following properties: if f(x) and g(x) are two smooth
functions on R”, and a and b two real numbers, then

V1. wv(af +bg) =av(f)+bv(g) (R-linearity) 5.17)
V2. v(fg) =v(f)g(y) + f(y)v(g) (Leibniz’ rule) . (5.18)

5.3.2 Tangent Vectors on a Smooth Manifold

Thinking of a smooth, two-dimensional manifold M as a surface embedded in R3,
we can see that the tangent vectors at the point y of M are contained in the plane
through y tangent to M. This tangent space Ty, M is the Euclidean space IR?. This is
true more generally. Let M be an n-dimensional hypersurface embedded in R**!.
TyM is a vector space of dimension n, isomorphic to R". Any element of 7, M
can be used to form a directional derivative of functions on M. These derivatives
have properties V1 and V2.

In the case of an arbitrary, abstractly defined, smooth manifold, it is precisely
these properties which are used in the definition of tangent vectors: a tangent vector
v in the point p € M is a real-valued function

v:F(M)— R (5.19)
that has properties V1 and V2, i.e.

v(af +bg) = av(f) +bv(g), (VD)

v(fg) =v(f)g(p) + f(pIv(g) , (V2)
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where f, g € F(M) and a, b € R. The second property, in particular, shows that
v acts like a derivative. This is what we expect from the concrete example of Eu-
clidean space R". The space T,M of all tangent vectors in p € M is a vector
space over R, provided addition of vectors and multiplication with real numbers
are defined as usual, viz.

(w1 +v2)(f) = vi(f) +v2(f),
(av)(f) = av(f),

for all functions f on M and all real numbers a. This vector space has the same
dimension as M.

In general, one cannot take a partial derivative of a function g € F(M) on M
itself. However, this is possible for the image of g in local charts. Let (¢, U) be
a chart, p € U a point on M, and g a smooth function on M. The derivative of
g o~ ! with respect to the natural coordinate function f7 (5.7), which is taken at
the image ¢(p) in R”, is well defined. It is

(5.20)

g | def (g0
i @)= = () (5.21)
P Xp f
The functions
g .
4 =—| FM)>R:g— —=| , i=12...,n, (5.22)
» ax? » ax? »

have properties V1 and V2 and hence are tangent vectors to M, at the point
peUCM.

The objects defined in (5.22) are useful in two respects. Firstly, they are used
to define partial derivatives of smooth functions g on M, by projecting g onto a
Euclidean space by means of local charts. Secondly, one can show that the vectors

al'pv 82|P7 st 8n|p

form a basis of the tangent space T, M (see e.g. O’Neill 1983), so that any vector
of T, M has the representation

n

v="> vl (5.23)

i=1

in local charts, x° being the coordinates defined in (5.9).

We now summarize our findings. A vector space T, M is pinned to each point
p of a smooth, but otherwise arbitrary, manifold M. It has the same dimension
as M and its elements are the tangent vectors to M at the point p. If (¢, U) is a
chart on M that contains p, the vectors 9;|,, i =1, ..., n, defined in (5.22), form
a basis of T, M, i.e. they are linearly independent and any vector v of T, M can
be represented as a linear combination of them.
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5.3.3 The Tangent Bundle of a Manifold

All points p, g, r, ... of a smooth manifold M possess their own tangent spaces
TyM, TyM, T, M, ... Although these spaces all have the same dimension they are
different from each other. For this reason one usually draws them, symbolically,
as shown in Fig. 5.8, in such a way that they do not intersect. (Had they been like
tangents to M, they would seem to intersect.)

Fig. 5.8. The set of all tangent
spaces at the points p, g, ... of the
manifold M, is the tangent bundle
TM of M

One can show, without too much difficulty, that the (disjoint) union of all tan-
gent spaces

TME | T,M (5.24)
peM

is again a smooth manifold. This manifold 7 M is said to be the tangent bundle,
M being the base space and the tangent spaces T, M being the fibres. If M has
dimension dim M = n, the tangent bundle has dimension

dmTM =2n.

Figure 5.8 exhibits symbolically this fibre structure of 7M. Very much like the
basis itself, the manifold 7 M is described by means of local charts and by means
of a complete atlas of charts. In fact, the differentiable structure on M induces
in a natural way a differentiable structure on 7M. Without going into the pre-
cise definitions at this point, qualitatively we may say this: each chart (¢, U) is a

differentiable mapping from a neighborhood U of M onto the R". Consider then

TU def Upeu TpM, i.e. the open subset TU of T M, which is defined once U is

given. The mapping ¢ from U to R” induces a mapping of the tangent vectors in
p onto tangent vectors in ¢(p), the image of p;
def n
To =TU — o(U) x R".
This mapping is linear and it has all the properties of a chart (we do not show
this here, but refer to Sect.5.4.1 below, which gives the definition of the tangent

mapping). As a result, each chart (¢, U) from the atlas for M induces a chart
(T, TU) for T M. This chart is said to be the bundle chart associated with (¢, U).
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A point of T M is characterized by two entries
(p,v) with peM and veT,M,

i.e. by the base point p of the fibre 7}, M and by the vector v, an element of this vec-
tor space. Furthermore, there is a natural projection from T M to the base space M,

7:TM—>M:(p,v)y—~>p, peMvel,M. (5.25)

To each element in the fibre 7, M it assigns its base point p.

Lagrangian mechanics provides a particularly beautiful example for the concept
of the tangent bundle. Let QO be the manifold of physical motions of a mechani-
cal system and let u be a point of Q, which is represented by coordinates {g} in
local charts. Consider all possible smooth curves y () going through this point,
with the orbit parameter always being chosen such that # = y(0). The tangent
vectors v, = y(0), which appear as {g} in charts, span the vector space T, Q.
The Lagrangian function of an autonomous system is defined locally as a function
L(q, q), where ¢ is an arbitrary point in the physical manifold Q, while ¢ is the
set of all tangent vectors at that point, both being written in local charts of T Q.
It is then clear that the Lagrangian function is a function on the tangent bundle,
as anticipated in Fig.5.2,

L:TQO—R.

It is defined in points (p, v) of the tangent bundle T Q, i.e. locally it is a function of
the generalized coordinates ¢ and the velocities . It is the postulate of Hamilton’s
principle that determines the physical orbits g () = @ (t) via differential equations
obtained by means of the Lagrangian function. We return to this in Sect.5.5.

As a final remark in this subsection, we point out that TM locally has the
product structure M x R". However, its global structure can be more complicated.

5.3.4 Vector Fields on Smooth Manifolds

Vector fields of the kind sketched in Fig. 5.9 are met everywhere in physics. For a
physicist they are examples of an intuitively familiar concept: flow fields of a lig-
uid, velocity fields of swarms of particles, force fields, or more specifically within
canonical mechanics, Hamiltonian vector fields. In the preceding two sections we
considered all possible tangent vectors v, € T, M in a point p of M. The concept
of a vector field concerns something else: it is a prescription that assigns to each
point p of M precisely one tangent vector V), taken from 7, M !, For example,
given the stationary flow of a liquid in a vessel, the flow velocity at each point
inside the vessel is uniquely determined. At the same time it is an element of the

I In what follows we shall often call Vp, i.e. the restriction of the vector field to Tp M, a repre-
sentative of the vector field.
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Fig. 5.9. Sketch of a smooth vector field on the
manifold M

tangent space that belongs to this point. In other words, at every point the flow
field chooses a specific vector from the vector space pertaining to that point.

These general considerations are cast into a precise form by the following def-
inition.

VF1. A vector field V on the smooth manifold M is a function that assigns
to every point p of M a specific tangent vector V,, taken from the vector
space T, M:

V:M—>TM:peM— V,eT,M. (5.26)

According to (5.19) tangent vectors are applied to smooth functions on M
and yield their generalized directional derivatives. In a similar fashion, vec-
tor fields act on smooth functions,

V:FM)— FM),

by the following rule: at every point p € M the representative V), of the
vector field V is applied to the function, viz.
def
VAP EVp(f). feFWM). (5.27)
This rule allows us to define smoothness of vector fields, as follows.

VF2. The vector field V is said to be smooth if V f is smooth, for all smooth
functions f on M.

The vector field V leads from M to TM by assigning to each p € M the
element (p, V) of TM. Applying the projection 7, as defined in (5.25), to this
element yields the identity on M. Any such mapping

o:M—->TM

that has the property mw o 0 = idy, is said to be a section in T M. Hence, smooth
vector fields are differentiable sections.
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In a chart (¢, U), i.e. in local coordinates, a vector field can be represented
locally by means of coordinate vector fields, or base fields. For every point p of
an open neighborhood U C M, the base field 0;],, according to (5.22), is defined
as a vector field on U:

0, :U—>TU:pelUr 0. (5.28)

As the functions (gog~!), which appear in (5.21), are differentiable, it is clear that
d; is a smooth vector field on U. As in Sect.5.2.2 let us denote the chart mapping
by ¢(p) = (xl(p), ..., x"(p)). Any smooth vector field V defined on U C M
has the local representation

V= Z(in)ai (5.29)
i=l1

on U. Finally, by joining together these local representations on the domains of
charts U, V, ... of a complete atlas, we obtain a patchwise representation of the
vector field that extends over the manifold as a whole. The base fields on two
contiguous, overlapping domains U and V of the charts (¢, U) and (¢, V), re-
spectively, are related as follows. Returning to (5.21) and making use of the chain
rule, one has
dgogp™") Z dgoy™H ayrop™
aft afk afi '

k=1

Denoting the derivatives (5.21) by 3lfﬂ ‘p and 8;” , 1.e. by indicating the chart map-
ping ¢ or ¥ as a superscript, we find in the overlap of U and V

" Ak o !
LROEDY 33|p<g>% : (5.30)
k=1

The matrix appearing on the right-hand side is the Jacobi matrix J,.,-1 of the
transition mapping (¥ o ¢~ 1).

The set of all smooth vector fields on M is usually denoted by X' (M) or V(M).
We already know an example from Sect.5.3.1: the Hamiltonian vector field on a
two-dimensional phase space. If x! = ¢ and x> = p denote local coordinates, then

X _8Ha 8Ha

so that v/ = Xg(x%) gives the vector field of that example.

According to (5.19) a tangent vector v of T}, M assigns to each smooth function
f areal number. In the case of a vector field this statement applies to every point
p of M, cf. (5.27). When we consider this equation as a function of p, we see
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that the action of the field V on the function f yields another smooth function on
M’

VeVM): feF(M)— VfeFM)
f(p) = V(). (5.31)

This action of V on functions in F (M) has the properties V1 and V2 of Sect.5.3.2,
i.e. V acts on f like a derivative. Therefore, vector fields can equivalently be un-
derstood as derivatives on the set F(M) of smooth functions on M2.

Starting from this interpretation of vector fields one can define the commutator
of two vector fields X and Y of V(M),

Z=1x.Y1 ¥ xy—vx. (5.32)

X or Y, when applied to smooth functions, yield again smooth functions. Therefore,
as X(Yf) and Y (Xf) are functions, the action of the commutator on f is given
by

Zf = XX [f) =Y (Xf).

One verifies by explicit calculation that Z fulfills V1 and V2, and, in particular,
that Z(fg) = (Zf)g + f(Zg). In doing this calculation one notices that it is
important to take the commutator in (5.32). Indeed, the mixed terms (Xf)(Yg)
and (Yf)(Xg) only cancel by taking the difference (XY — Y X). As a result, the
commutator is again a derivative for smooth functions on M, or, equivalently, the
commutator is a smooth vector field on M. (This is not true for the products XY
and Y X.) For each point p € M (5.32) defines a tangent vector Z, in T, M given
by Zp(f) = X,(Y.f) = Y, (Xf).

The commutator of the base fields in the domain of a given chart vanishes,
[0i, 9] = 0. This is an expression of the well-known fact that the mixed, second
partial derivatives of smooth functions are symmetric. Without going into the de-
tails, we close this subsection with the remark that [X, Y] can also be interpreted
as the so-called Lie derivative of the vector field Y by the vector field X. What this
means can be described in a qualitative manner as follows: a vector field X defines
a flow, through the collection of solutions of the differential equation (1) = Xy (1),
as in (5.15). One can ask the question, given certain differential-geometric objects
such as functions, vector fields, etc., how these objects change along the flow of
X. In other words, one takes their derivative along the flow of a given vector field
X. This special type of derivative is said to be the Lie derivative; in the general
case it is denoted by L. If acting on vector fields, it is Ly = [X, Y]. It has the
following property: Lix,y] = [Lx, Ly], to which we shall return in Sect.5.5.5.

2 The precise statement is this: the real vector space of R-linear derivations on F (M) is isomorphic
to the real vector space V(M).
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5.3.5 Exterior Forms
Let ¥ be a smooth curve on the manifold M,
y={' ...y ICR—> M,

that goes through the point p € M such that p = y (v = 0). Let f be a smooth
function on M. The directional derivative of this function in p, along the tangent
vector v, = y(0), is given by

d
dfp(vp) = d—rf(y(r)) . (5.33)
=0

This provides an example for a differentiable mapping of the tangent space T, M
onto the real numbers. Indeed,

dfp : TyM — R

assigns to every v, the real number d f (¥ (t))/dt|;=o. This mapping is linear. As
is well known from linear algebra, the linear mappings from 7, M to R span the
vector space dual to 7, M. This vector space is denoted by 7;M and is said to
be the cotangent space (cotangent to M) at the point p. The disjoint union of the
cotangent spaces over all points p of M,

UnmEru, (5.34)
peEM

finally, is called the cotangent bundle, in analogy to the tangent bundle (5.24). Let
us denote the elements of T;‘M by w,. Of course, in the example (5.33) we may
take the point p to be running along a curve y(t), or, more generally, if there is
a set of curves that cover the whole manifold, we may take it to be wandering ev-
erywhere on M. This generates something like a “field” of directional derivatives
everywhere on M that is linear and differentiable. Such a geometric object, which
is, in a way, dual to the vector fields defined previously, is said to be a differential
form of degree 1, or simply a one-form. Its precise definition goes as follows.

DF1. A one-form is a function
w:M—>T*M:pr—>w,,eT;‘M (5.35)

that assigns to every point p € M an element w, in the cotangent space
T;‘M . Here, thfa form w), i.s a linear mapping of the tangent space 7, M
onto the reals, i.e. w,(v,) is a real number.

Since w acts on tangent vectors v, at every point p, we can apply this one-
form to smooth vector fields X: the result w(X) is then a real function whose
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value in p is given by w,(X ). Therefore, definition DF1 can be supplemented
by a criterion that tests whether the function obtained in this way is differentiable,
viz. the following.

DF2. The one-form w is said to be smooth if the function w(X) is smooth
for any vector field X € V(M).

The set of all smooth one-forms over M is often denoted by X*(M), the no-
tation stressing the fact that it consists of objects that are dual to the vector fields,
denoted by X(M) or V(M).

An example of a smooth differential form of degree 1 is provided by the dif-
ferential of a smooth function on M,

df :TM —> R, (5.36)

which is defined such that (df)(X) = X (f). For instance, consider the chart map-
ping (5.9),

o(p) = (x'(p),....x"(p) ,

where the x’(p) are smooth functions on M. The differential (5.36) of x’ in the
neighborhood U C M, for which the chart is valid, is

dx':TU - R.

Letv = (v(x)),...,v(x") bea tangent vector _taken from the tangent space T, M
at a point p of M. Applying the one-form dx' to v yields a real number that is
just the component v(x') of the tangent vector,

dx'(v) = v(x") .

This is easily understood if one recalls the representation (5.23) of v in a local
chart and if one calculates the action of dx' on the base vector 9;], (5.22). One
finds, indeed, that

. 9 . .
1 . —_ 1 __ QI
dx'(9j)p) = ] dx' =45 .
p
With this result in mind one readily understands that the one-forms dx’ form a
basis of the cotangent space TI’;M at each point p of M. The basis {dx'|,} of
T[’,“M is the dual of the basis {9;],} of T, M. The one-forms dx!,..., dx" are said

to be base differential forms of degree 1 on U. This means, in particular, that any
smooth one-form can be written locally as

w= Za)(ai)dx" : (5.37)

i=1
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Here w(0;) at each point p is the real number obtained when applying the one-
form w onto the base field 0;; see DF1 and DF2. The representation is valid on
the domain U of a given chart. As the manifold M can be covered by means of
the charts of a complete atlas and as neighboring charts are joined together dif-
feomorphically, one can continue the representation (5.37) patchwise on the charts
(o, U), (Y, V), etc. everywhere on M.

As an example, consider the total differential of a smooth function g on M,
where M is a smooth manifold described by a complete atlas of, say, two charts.
On the domain U of the first chart (¢, U) we have dg(d;) = dg/dx’, and hence
dg =Y ,(dg/dx")dx'. Similarly, on the domain V of the second chart (¥, V),
dg(d;) = dg/dy" and dg = Y !_,(dg/dy")dy’. On the overlap of U and V either
of the two local representations is valid. The base fields on U and those on V are
related by the Jacobi matrix, cf. (5.30), while the base forms are related by the
inverse of that matrix.

Let us summarize the dual concepts of vector fields and one-forms. As indi-
cated in VF1 the vector field X chooses one specific tangent vector X, from each
tangent space T, M at the point p of M. This representative X, acts on smooth
functions in a differentiable manner, according to the rules V1 and V2. The base
fields {9;} are special vector fields that are defined locally, i.e. chartwise. The one-
form w, on the other hand, assigns to each point p a specific element w, from
the cotangent space T,;M. Thus, w; is a linear mapping acting on elements X,
of T,M. As a whole, w(X) is a smooth function of the base point p. The set
of differentials dx’ are special cases of one-forms in the domains of local charts.
They can be continued all over the manifold M, by going from one chart to the
next. The set {dxi|,,} is a basis of the cotangent space T;,“M that is dual to the
basis {9;|,} of the tangent space T), M.

5.4 Calculus on Manifolds

In this last of the preparatory sections we show how to generate new geometrical
objects from those studied in Sect. 5.3 and how to do calculations with them. We
introduce the exterior product of forms, which generalizes the vector product in
RR3, as well as the exterior derivative, which provides a systematic generalization
of the notions gradient, curl, and divergence, familiar from calculus in the space
R3. We also briefly discuss integral curves of vector fields and, thereby, return to
some of the results of Chap. 1. In this context, the central concepts are again those
of smooth mapping of a manifold onto another (or itself) and the linear transfor-
mations of the tangent and cotangent spaces induced by the mapping.

5.4.1 Differentiable Mappings of Manifolds
In Sect.5.3 we defined smooth mappings

F:M,A) — (N,B) (5.38)
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from the manifold M with differentiable structure .A onto the manifold N with
differentiable structure 5. Differentiability was defined by means of charts and in
Euclidean spaces, as indicated in (5.11). It is not difficult to work out the trans-
formation behavior of geometrical objects on M, under the mapping (5.38). For
functions this is easy. Let f be a smooth function on the target manifold N,

f:N—>R:qgeN— f(g)eR.

If g is the image of the point p € M by the mapping F, i.e. ¢ = F(p), then the
composition (f o F) is a smooth function on the starting manifold M. It is said
to be the pull-back of the function f, i.e. the function f on N is “pulled back”
to the manifold M, where it becomes (f o F). This pull-back by the mapping F
is denoted by F*,

F*f=foF:peMr f(F(p)eR. (5.39)

Thus, any smooth function that is given on N can be carried over to M. The con-
verse, i.e. the push-forward of a function from the starting manifold M to the target
manifold N is possible only if F is invertible and if F~! is smooth as well. For
example, this is the case if F is a diffeomorphism.

By (5.38), vector fields on M are mapped onto vector fields on N. This is seen
as follows. Vector fields act on functions, as described in Sect.5.3.4. Let X be a
vector field on M, X, its representative in 7, M, the tangent space in p € M, and
g a smooth function on the target manifold N. As the composition (g o F) is a
smooth function on M, we can apply X, to it, X,(g o F). If this is understood
as an assignment

(Xr)g: g€ F(N) > X,(goF) €R,

then (X r), is seen to be a tangent vector at the point ¢ = F'(p) on the target mani-
fold. For this to be true, conditions V1 and V2 must be fulfilled. V1 being obvious,
we only have to verify the Leibniz rule V2. For two functions f and g on N the
following equation holds at the points p € M and ¢ = F(p) € N, respectively,

Xr(fg) = X((foF)(goF))

=X(foF)g(F(p)+ f(F(p)X(goF)
=Xr(fgl@)+ fF(@XF(g) .

This shows that (Xr), is indeed a tangent vector belonging to 7, N. In this way,
the differentiable mapping F induces a linear mapping of the tangent spaces, which
is said to be the differential mapping dF corresponding to F. The mapping

dF :TM — TN : X — Xr (5.40a)
is defined at every point p and its image g by>

3 Below we shall also use the notation T F , instead of dF, a notation which is customary in the
mathematical literature.
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dFy : TyM — TyN : Xp = (XF)y, q=F(p). (5.40b)

Its action on functions f € F(N) is
dF,(X)(f) =X(foF),X e VM), f e F(N).

In Fig.5.10 we illustrate the mapping F and the induced mapping dF. As a
matter of exception, we have drawn the tangent spaces in p and in the image point
q = F(p) as genuine tangent planes to M and N, respectively. We note that if F
is a diffeomorphism, in particular, then the corresponding differential mapping is
a linear isomorphism of the tangent spaces. (For an example see Sect.6.2.2.)

M
/o7 PN o
\\

TepN

Fig. 5.10. The smooth mapping F from M to N induces a linear mapping dF (or TF) of the
tangent space T, M onto the tangent space Ty N in the image ¢ = F(p) of p

Given the transformation behavior of vector fields, we can deduce the trans-
formation behavior of exterior differential forms as follows. Let w € X*(N) be
a one-form on N. As we learnt earlier, it acts on vector fields defined on N. As
the latter are related to vector fields on M via the mapping (5.40a), one can “pull
back” the form w on N to the starting manifold M. The pull-back of the form w,
by the mapping F, is denoted by F*w. It is defined by

(Fro)(X) = wdF (X)), XeVM). (5.41)

Thus, on the manifold M the form F*w acts on X and yields a real function on
M whose value in p € M is given by the value of the function w(dF (X)) in

q=F(p).

5.4.2 Integral Curves of Vector Fields

In Sects. 1.16, 1.18-20, we studied the set of solutions of systems of first-order
differential equations, for all possible initial conditions. In canonical mechanics,
these equations are the equations of Hamilton and Jacobi, in which case the right-
hand side of (1.41) contains the Hamiltonian vector field. Smooth vector fields
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and integral curves of vector fields are geometrical concepts that occur in many
areas of physics. We start by defining the tangent field of a curve o on a manifold
M. The curve @ maps an interval I of the real r-axis R; onto M. The tangent
vector field on R; is simply given by the derivative d/dz. From (5.40a), the linear
mapping do maps this field onto the tangent vectors to the curve o on M. This
generates the vector field

¢ ¥ dao i ,
dr
tangent to the curve o : I — M. On the other hand, for an arbitrary smooth vector
field X on M, we may consider its representatives in the tangent spaces Ty ;)M
over the points on the curve. In other words, we consider the vector field X (1)
along the curve. Suppose now that the curve « is such that its tangent vector field
& coincides with X (7). If this happens, the curve « is said to be an integral curve
of the vector field X. In this case we obtain a differential equation for «(7), viz.

a@d=Xoa or &(r)= Xy forall tel. (5.42)

When written out in terms of local coordinates, this is a system of differential
equations of first order,

9 ow) =X oar....x" o), (5.43)

dr
which is of the type studied in Chap. I; cf. (1.41). (Note, however, that the right-
hand side of (5.43) does not depend explicitly on 7. This means that the flow of
this system is always stationary.) In particular, the theorem of Sect.1.19 on the
existence and uniqueness of solutions is applicable to the system (5.43).

Let us consider an example: the Hamiltonian vector field for a system with one
degree of freedom, i.e. on a two-dimensional phase space (see also Sects. 5.3.1 and
5.3.4),

The curve {x! o &, x? o a}(r) = {g(7), p(r)} is an integral curve of Xy if and
only if the equations

dg O0H dp oH
—=— and —=-——
dr ap dr g

are fulfilled. If the phase space is the Euclidean space R?, its representation
in terms of charts is trivial (it is the identity on R?) and we can simply write
a(t) = {q(7), p(v)}.

The theorem of Sect. 1.19 guarantees that for each p on M there is precisely
one integral curve o for which p is the initial point (or initial configuration, as
we said there) p = «(0). Clearly, one will try to continue that curve on M as far
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as this is possible. By this procedure one obtains the maximal integral curve a,
through p. The theorem of Sect. 1.19 tells us that it is uniquely determined. One
says that the vector field X is complete if everyone of its maximal integral curves
is defined on the entire real axis R.

For a complete vector field the set of all maximal integral curves

o(p.1) E a,(0)

yields the flow of the vector field. If one keeps the time parameter 7 fixed, then
@ (p, ) gives the position of the orbit point in M to which p has moved under
the action of the flow, for every point p on M. If in turn one keeps p fixed and
varies 7, the flow yields the maximal integral curve going through p. We return
to this in Sect.6.2.1.

In Chap. 1 we studied examples of flows of complete vector fields. The flows
of Hamiltonian vector fields have the specific property of preserving volume and
orientation. As such, they can be compared to the flow of a frictionless, incom-
pressible fluid.

5.4.3 Exterior Product of One-Forms

We start with two simple examples of forms on the manifold M = R3. Let
K = (K', K?, K?) be a force field and let v be the velocity field of a given phys-

ical motion in R3. The work per unit time is given by the scalar product K - v.

. . . def o
This can be written as the action of the one-form wg = Z?:] K'dx' onto the

tangent vector v, viz.
wK(v)=ZKi '—K-v.

In the second example let v be the velocity field of a flow in the oriented space
R3. We wish to study the flux across some smooth surface in R3. Consider two
tangent vectors ¢ and s at the point x of this surface. The flux (including its sign)
across the parallelogram spanned by ¢ and s is given by the scalar product of v
with the cross product £ x s,

Dy(t,s) = vl(tzs3 — t3s2) + 1)2(t3s1 — t1s3) + v3(t1s2 — tzsl) .

This quantity can be understood as an exterior form that acts on fwo tangent vec-
tors. It has the following properties: the form @, is linear in both of its arguments.
Furthermore, it is skew-symmetric because, as we interchange ¢ and s, the paral-
lelogram changes its orientation, and the flux changes sign. A form with these
properties is said to be an exterior two-form on R3.

Two-forms can be obtained from two exterior one-forms, for instance by defin-
ing a product of forms that is bilinear and skew-symmetric. This product is called
the exterior product. It is defined as follows. The exterior product of two base
forms dx’ and dx* is denoted by dx’ A dx*. It is defined by its action on two
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arbitrary tangent vectors s and ¢ belonging to 7, M,
(dx? A dx¥)(s, 1) = s't5 — s5¢ (5.44)

The symbol A denotes the “wedge” product. As any one-form can be written as
a linear combination of base one-forms, the exterior product of two one-forms w
and 6, in each point p of a manifold M, is given by

(A 0)p(v, w) = wp(v)0,(w) — wp(w)oy(v)

_ U)p(v) a)p(w)
= det (Qp(v) 9,,(w)> . (5.45)
Here v and w are elements of 7, M. To each point p the one-forms w and 6 as-
sign the elements w, and 6, of T,y M, respectively. The exterior product w A 6 is
defined at each point p, according to (5.45), and hence everywhere on M.

In much the same way as the coordinate one-forms dx’ serve as a basis for all

2 . L
one-forms, every two-form w can be represented by a linear combination of base
two-forms dx? A dx¥ (with i < k),

n
2 .
o= Y opdx’ Adx*, (5.46)
i<k=1
the restriction i < k taking account of the relation dx* A dx! = —dx’ A dx*. The

2
coefficients in (5.46) are obtained from the action of w onto the corresponding
base vector fields,

2
wik = @(9;, %) . (5.47)

The exterior product can be extended to three-forms, four-forms, and forms of
higher degree. For example, the k-fold exterior product is given by

(Wi Aan A ... Ao @D, 0@ 0®) = det(w; ) . (5.48)

It is linear in its k arguments and it is totally antisymmetric. Any k-form can be
expressed as a linear combination of base k-forms

dx" Adx2 AL AdxR L with i <ip < ... <if. (5.49)

There are (Z) such base forms. In particular, if K = 1 or kK = n, there is precisely

one such base form. On the other hand, for k > n, at least two one-forms in (5.49)
must be equal. By the antisymmetry of the base forms (5.49), any form of degree
higher than n vanishes. Thus, the highest degree a form on an n-dimensional mani-
fold M can have is k = n. For k = n the form (5.49) is proportional to the oriented
volume element of an n-dimensional vector space.

The examples show that the exterior product is a generalization of the vector
product in R3. In a certain sense, it is even simpler than that because multiple
products such as (5.48) or (5.49) pose no problems of where to put parantheses.
The exterior product is associative.
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5.4.4 The Exterior Derivative

In the preceding paragraph it was shown that one can generate two-forms as well
as forms of higher degree by taking exterior products of one-forms. Here we shall
learn that there is another possibility of obtaining smooth forms of higher degree:

by means of the exterior derivative, or Cartan derivative.

Let us first summarize, in the form of a definition, what the preceding section

taught us about smooth differential forms of degree k.

DF3. A k-form is a function
k .k k
w:M— (T"M)" : p+> wp, (5.50)

that assigns to each point p € M an element of (T;,"M )k, the k-fold di-

ko e .
rect product of the cotangent space. w, is a multilinear, skew-symmetric
mapping from (T, M )¥ onto the real numbers, i.e. it acts on k vector fields

®p(X1,....Xp) €R (5.51)

and is antisymmetric in all & arguments.

The real number (5.51) is a function of the base point p. Therefore, in analogy
to DF2 of Sect.5.3.5, one defines smoothness for exterior forms as follows.

DF4. The k-form cko is said to be smooth if the function c]f)(X 1o-ees Xg)
is differentiable, for all sets of smooth vector fields X; € V(M). Locally
(i.e. in charts) any such k-form can be written, in a unique way, as a linear
combination of the base forms (5.49),

k . .
o= Y . pdx AL Ad (5.52)

i1<iz<...<l

. . . k .
The coefficients are given by the action of @ onto the corresponding base
vector fields d;,, ..., 9;,.

Functions on M can be understood as forms of degree zero. As we showed

in Sect. 5.3.5, the well-known total derivative converts a function into a one-form.

Indeed, in a local representation we had

0 .
dg =Y —dx', (5.53)
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where dg/dx' are the partial derivatives, i.e. the result of the action of the one-form
dg onto the base fields d;, while the dx’ are the base one-forms.

The Cartan or exterior derivative generalizes this step to smooth forms of arbi-
trary degree. It maps smooth k-forms onto (k+ 1)-forms, this mapping being linear,

k k+1
d:o— '@ . (5.54)

It is defined uniquely and has the following properties:

CD1. For functions g on M, dg is the usual total derivative.
CD2. The action of d on the exterior (or wedge) product of two forms of
degree k and [ is

d@OA®) = (dd) A+ SAMD) .

k
CD3. The form w being represented locally as in (5.52), the action of the
exterior derivative on this form is

k . .
do = Z da)il,,,ik(xl,...,x")/\dx“/\.../\dx”‘.

i<..<ig

Here, dw;,. i, (x!, ..., x™) is the total differential and is expressed in terms
of base one-forms, as in (5.53).

This exterior derivative is a local and linear operator. Property CD2 can also be
described by saying that d is an antiderivation (with respect to the exterior product
A), in the sense that it obeys the Leibniz rule CD2 with extra signs that depend
on the degree of the first form. A remarkable property of the exterior derivative
is that the composition of d with itself gives zero,

dod=0. (5.55)

We prove this assertion for the case of smooth functions g € F(M). We have
dg =37 ,(3g/0x")dx" and, according to CD3,

(dod)g =d(dg) =Y d(dg/dx") Adx!

1
92 .
= Z (Z—l—Z) 8xk§xi dxk A dx! .

i k<i k>i

If we exchange dx* and dx’ in the second sum in the brackets on the right-hand
side, and if we relabel the indices by exchanging k and i, we obtain, using the
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antisymmetry of the wedge product,

3’g 9%g k .
(dod)g :Z(axkaxi - axiaxk>dx Adx' =0.
k<i

This vanishes because the second, mixed partial derivatives of smooth functions
are equal. The fact that (5.55) holds for any k-form follows from this result and
from the product rule CD2.

5.4.5 Exterior Derivative and Vectors in R3

To illustrate the general and somewhat abstract definitions of the preceding sec-
tions, we consider the manifold M = R3, i.e. the three-dimensional Euclidean
space of physics. For a smooth function f(x) the exterior derivative gives

3
df =) (3f/x")dx" .

i=1
This is the well-known total differential of f. When applied to the base field 0,
it gives
df @) = af/ox" .
This generates the triple {3f/dx', 8f/dx2, 3f/8x3} = V f, which represents the
gradient of f in R3.

The exterior product of two forms c]f) and c{) is an exterior form of degree (k+1).
Functions have to be understood as zero-forms. Thus, the exterior product of two
functions f and g is the ordinary product. In this case, rule CD2 is nothing but
the product rule for differentiation:

V(fe) =(Vfg+ f(Vg).

Consider now the one-form

3

0= ai(x)dxi . (5.56)

i=1

Its exterior derivative is

1 da; Oday | 2 da;  dajz 1 3
da)az(—m+@>dx Adx + —ﬁ"‘ﬁ dx" Adx

3612 a(l3 2 3

If {a1(x), az(x), a3(x)} are understood to be the components of a vector field a(x),

. 1 .
the coefficients of the two-form dw, are seen to be the coefficients of the curl of
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a(x). These identifications are specific for the dimension 3 of the space M = R3
and do not hold in general.

The three-dimensional Euclidean space admits a metric (see Sect.5.2.1). Fur-
thermore, it is orientable because three linearly independent vectors define an ori-
ented volume of the parallelepiped they span. Therefore, if (e], €3, €3) is a set of
orthonormal vectors in the tangent space T,R>, we can assign to each k-form
an (n — k)-form, i.e. a (3 — k)-form, denoted *w, through the definition

) (€rs1, - e3) L e, ....en), O<k<n=3. (5.58)

This assignment is said to be the Hodge star operation. In R3 it assigns to every
three-form a zero-form (a function), to every two-form a one-form, and vice versa.
For example, we obtain

xdx! = dx? A dx3 (cyclic permutations)  (two-form),
xdx2 A dx? = dx! = x(xdx!) (cyclic permutations)  (one-form),
sdx! Adx?2 Adx3 =1 (zero-form).

Assigning the one-form (5.56) to the vector field a(x), its exterior derivative is
given by (5.57). Applying the star operation to this two-form yields the one-form

3
1 1 - ad d
wp, def x dw, = E b; (x)d)cl = (a—fﬁ — a—j;) dx3 + cyclic permutations ,
i=1

where we have set by = da3/dx% — da>/dx> (and cyclic permutations). Thus, we
obtain again a form of the type (5.56) whose coefficients are the components of
curl a(x). This result is due to the dimension of the space R3: the star operation
turns a two-form into a one-form, and vice versa. The space of one-forms has
dimension (’11), the space of two-forms has dimension (g) For n = 3 we have
(1) = (5) = 3, i.e. these dimensions are equal and the two spaces are isomorphic.
On the basis of this observation let us work out the relation between the exterior
product of Sect.5.4.3 and the vector product in R3. For two vectors @ and b con-
struct the one-forms w, and wp, respectively, following the pattern of (5.56). Take
their exterior product and apply the star operation to it. This gives the one-form

1 1
#(wg A wp) = (a1by — azb1)* (dx' A dx?) + (cyclic permutations)
= (a1by — azbl)dx3 + (cyclic permutations)
1
— Saxs - (5.59)
This formula explains in which sense the A-product generalizes the ordinary vector
product.
Finally, to a given vector field a(x) we can also associate the following two-
form:

2
Wq def ardx? A dx3 + (cyclic permutations). (5.60)
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Taking its exterior derivative, we obtain a three-form whose coefficient is the di-
vergence of a,
2 day dar das I 5 3
dog=—+-—+—=)dx Adx" Adx’. 5.61
“ ( axl  9xZ  9x3 ) (>-61)
Of course, the star operation can be applied to the two expressions (5.60) and
(5.61), giving the results

*c%)a = c})a and % (dc%)a) =diva .

The dimension n = 3 is essential if one wishes to interpret the vector product
a x b as another vector. This isomorphism does not hold in dimensions other than
3. Note, however, that the cross product a x b in R3 is a vector of a different nature
than a or b. For example, a = r (position vector) and b = p (momentum vector)
are odd with respect to space reflection, while their vector product I = r x p
(angular momentum vector) is even. A vector that is even under space reflection
is said to be an axial vector.

A final remark: one may be surprised that the one-form (5.56) can be used to
describe a vector field, even though vector fields have the coordinate representa-
tion ) a' (x)d;. The reason for this is that R3 admits a metric that acts on vector
fields: g(v, w) with g(9;, 9) = gix. Interpreting the metric g(v, w) as a mapping
from w to v shows that it generates an isomorphism between X*(M) and X' (M).

5.5 Hamilton—Jacobi and Lagrangian Mechanics

In Sects. 5.1 and 5.3.3 we described qualitatively the manifolds of generalized co-
ordinates as well as their tangent and cotangent bundles on which the Lagrangian
function and the Hamiltonian function are respectively defined (cf. Fig.5.2). In
this section we examine these relations in more detailed and precise terms. We
study geometric objects that live on the manifolds sketched in Fig.5.2 and most
of which are already known to us from Chap. 2. In particular, we define and study
the so-called canonical two-form on phase space, which describes the symplectic
structure of phase space (cf. Sect. 2.28), as well as all consequences following from
this structure (such as Liouville’s theorem, Poisson brackets, etc.). We study the
Hamiltonian vector fields, (i.e. the canonical equations in a geometric language),
and the geometric formulation of Lagrangian mechanics, as well as the relation
between these two descriptions.

5.5.1 Coordinate Manifold Q, Velocity Space T Q,
and Phase Space T* Q

In Sect.5.3.3 we remarked that Lagrangian functions L(g, g, 1) are functions on
the tangent bundle 7 Q of the coordinate manifold Q, i.e. L € F(T Q),

L:TO—>R. (5.62)
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In ertmg this down we have used a local coordinate expression. Indeed, {g} =
{q',....q') represents the point u € Q 1n a chart, f = dim Q being the num-
ber of degrees of freedom, while {¢} = { s qf } gives the local components
of an arbitrary tangent vector v, = »_4'9; € T,,Q. One should not be confused
by the notation: the {g} are the tangent vectors to all possible curves y(7) pass-
ing through u € Q. Only if we are given the solutions ¢ = @(1, 19, qo) of the
equations of motion (which follow from the Lagrangian function) do their tangent
vectors generate the velocity field corresponding to real physical motion.

According to (5.62) L is to be understood really as a function on the manifold
T Q. It is not a mapping of the kind studied in Sect.5.3.5, which assigns to each
tangent vector, an element of 7' Q, a real number (in other words, it is not a one-
form). Let us analyze this in a little more detail. First, we confirm that T Q, the
tangent bundle of the smooth manifold Q, is again a smooth manifold of dimen-
sion dim 7'Q = 2dim Q. Therefore, it is possible to define smooth functions on
T Q. (The general prescription is this. Let M be a smooth manifold of dimension
m. With (¢, U), a local chart of (M, .A) belonging to the complete atlas A, we
construct the corresponding differential, or tangent, mapping T ¢, following the
definition (5.40a). With U C M, T¢ maps the domain TU = U x T,M, u € U,
of TM onto ¢(U) x R™. One then shows that T A = {(Te, TU)} is a complete
atlas for the manifold TM.)

In the simplest case a Lagrangian function has the local form (the so-called
natural form)

L = Tin(g. §) — V(g) . (5.63)

where V is a potential, while Ty, is the kinetic energy whose general form could
be

I & .
Tiin = 5 ;q’giug)q" (5.64)
1,K=

Here, the tensor gix(q) is the matrix representation of a metric and may depend on
the base point g. For a single particle in R? we have g;x = 8ix, with i,k = 1,2, 3.
Of course, a potentlal that does not depend on velocities, say V(u), is initially
defined to be a function on Q. However, from Sect.5.4.1, it can easily be trans-
ported to T Q. Indeed, if 7 : TQ — Q is the natural projection (5.25), then
the pull-back of the function V (u)

7*V=Vorm

is a function on T Q. The action of 7*V on elements v, of 7, Q is very simple:
7 projects onto the base point u, i.e. just cuts out the vector component of v,.
The kinetic energy (5.64), in turn, is defined on 7T Q from the start, in a nontriv-
ial way. To understand this better, we first give a precise definition of the metric.
So far we have dealt with the set of smooth vector fields X'(M) and with the set
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of smooth one-forms X*(M), cf. Sects.5.3.4-5.3.5. The former are also called
contravariant tensors of rank 1 and one may write equivalently

X(M) =T (M) . (5.65a)

The latter are also said to be covariant tensors of rank 1 and one writes corre-
spondingly

(M) =T (M) . (5.65b)

We have further considered geometric objects that can be understood to be
tensors of higher rank. For example, the two-forms we generated by taking the

exterior product of two one-forms, c%) = wg N c})b, are smooth, bilinear mappings
from the product T M x T M to R. Therefore, they are contravariant tensors of rank
2 that, in addition, are antisymmetric. In general, a tensor 7, with r contravariant
indices and s covariant indices is defined to be a multilinear mapping of r copies
of T*M times s copies of TM onto the real numbers, viz.

Ty (TM) (TyM)* — R (5.66)

A tensor field of type (:) assigns to each point p € M a tensor (5.66), in much the
same way as the vector fields (5.26) and the one-forms (5.35) did, both of which
are special cases of this general definition. The set of all smooth tensor fields of
type is denoted by 7, (M).

Here we wish to define the metric, which is another special tensor field. Loosely
speaking, a metric serves to define the norm of vectors and the scalar product of
vectors (thereby specifying, in particular, orthogonality of vectors). Furthermore,
by means of the metric tensor a vector (which is a contravariant rank-1 tensor)
is turned into a covariant object (i.e. a covariant tensor of rank 1). In either case,
the metric acts on vectors, i.e. on elements of the tangent space. Keeping this in
mind, the following definition will be plausible.

ME. Definition of metric. A metric on a smooth manifold M is a tensor
field g from 7'20(M ) (the smooth covariant tensor fields of rank 2), whose
representative at every point p of M is symmetric and nondegenerate. This
means that

1) gpvp, wp) = gp(wp,vy) for all vy, w, € TpM and at each point
p € M, and

(ii) if gp(vp, wp) = O for a fixed v, € TpM, but all w, € T,M, then
vp =0, at every point p € M.

We can treat the metric as a mapping. In analogy to (5.26) and (5.35) we have
geTXM): M — T*M x T*M : p+> g, , where (5.67a)
gp :TyM xT,M — R:v,w > gp(v,w) . (5.67b)
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Locally, i.e. in local charts, the metric can be applied to base fields, yielding the
so-called metric tensor

2p(3. 00 < gik(p) . (5.68)

The requirements ME(i) and ME(ii) then imply that (i) 8ik(p) = &ki(p), and (ii)
the matrix {g;x(p)} is nonsingular. Its inverse is denoted by g’¥. Using the decom-
position (5.29) of vector fields in terms of base fields, we have

n
gy, w) = Y vg(puw, (5.69)
i,k=1

where v’ and w* are the components of v p and w), respectively, in a local rep-
resentation of T, M. The same statement can be phrased differently: locally the
metric tensor can be written as a linear combination of tensor products of base
one-forms as follows®:

g=> gi(p)dx’ @ dx* . (5.70)
i,k

Equipped with this knowledge we readily understand the structure of the form
(5.64) of the kinetic energy, which is a function on T Q. Let v, € T,,Q be rep-
resented locally by v, = Zq'iai. Then, obviously, Tixin = gu(vy, vy). In fact, we
may say much more than that. If g,, (5.67a), is applied to only one vector field,
a mapping from TM to T*M is obtained,

gp:TM — T*M : w+— gp(e, w) (dot denotes vacancy) .

In other words, g, (e, w) is a one-form and g, (e, w) def wy, Which, upon appli-
cation to a vector v € Tp,M, yields the real number g, (v, w). Thus, the metric
assigns to each vector field X € X' (M) the smooth one form g(e, X) € X*(M),
and vice versa. This is precisely what happens when one introduces (in charts) the

generalized momenta p; = dL/d4', which are canonically conjugate to the g'.
Using (5.63) and (5.64) one obtains

_ T ik = 7% 571

pi—a—cf—;gik(p)q =gp<-,Zq k>~ (5.71)

The transition from the variables {gi , cjf } to the variables {gi , pj} that we studied
in Chap.2 in reality means that one goes over from a description of mechanics
on the tangent bundle 7 Q to a description on the cotangent bundle 7*Q. If there
exists a metric on Q then there is the isomorphism sketched above, which allows

4 Using well-known techniques of linear algebra one can show that at each point p € M one can
find a basis such that g;; is diagonal, i.e. g = Z?:l gidx' ®@dx', with ¢; = £1. If all ¢; are equal
to +1, the metric is said to be Riemannian. In all other cases it is said to be semi-Riemannian.
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one to identify the two pictures. In general, however, this canonical identification is
not guaranteed. In any case, whether or not a metric exists, 7Q and T*Q are two
different spaces. Therefore, the transition from the Lagrangian formulation of me-
chanics to the Hamiltonian formulation is more than a simple change of variables.
Very much like Q and T Q, the cotangent bundle 7*Q is a smooth manifold. In
mechanics T*Q is the phase space. In local charts it is described by coordinates
{q", px}, where py has the character of a one-form, see (5.71). The Lagrangian
function is defined on T Q, the Hamiltonian function on 7*Q (cf. Fig.5.2). The
two representations of mechanics are related by the Legendre transformation L,
as explained in Chap. 2.

The general case (without assuming a metric on Q) is treated by Abraham
and Marsden (1981): mechanics on T Q and its formulation on 7*Q are related
by means of the so-called fibre derivative. We cannot go into this more general
treatment without introducing further mathematical tools. We point out, however,
that the restricted case discussed above exhibits all essential features.

5.5.2 The Canonical One-Form on Phase Space

The Hamiltonian function is defined on the manifold M & T*Q, which plays a
central role in mechanics. Figure 5.11 shows in more detail the manifolds Q, T Q,
T*Q, and, in addition, the tangent bundle 7'M of the phase space. We shall return
briefly to Lagrangian mechanis (on 7 Q) in Sect.5.6 below. Here, our goal is to
work out more clearly the geometric-symplectic structure of mechanics in phase
space, well known to us from Chap. 2, and to understand it from a higher level.
One possible approach is provided by what is called the canonical one-form 6y on
phase space,

Fig. 5.11. The cotangent bundle

m &t T*Q is the phase space.

\(T*\p,T*U) M being a smooth manifold it-

1(TQ,TU) self, it possesses a tangent bun-
_— dle TM = T(T*Q). 79 and 7},

R' x TR' R'x R™ are the canonical projections from
(qi,q7) (q P, ) TQ and T*Q to Q, respectively,
| while 77 is the projection from

(9,U) TMtoM.TM and T Q, in turn,

- are related by the tangent map-
R'(q") i i
q ping corresponding to 7:5
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Op:M—T*M:meMw—> Oo)m €T M, (5.72)

which is defined as follows. Let « be an arbitrary smooth one-form on the coor-
dinate manifold Q:

«:Q—->TQ:ueQra,eT]Q. (5.73)

The form 6 is to be defined on M = T*Q. As « provides a mapping from Q to M,
we can use it to pull back 6y from M to Q. This yields the one-form («*6y), which
lives on the base manifold Q. With this remark in mind we state the following
definition.

CI1F. The canonical one-form 6y is the unique form on M = T*(Q whose
pull-back onto Q by means of an arbitrary one-form « (5.73) yields pre-
cisely this «. Expressed in a formula, the canonical one-form 6y fulfills

(a*0p) =a forall oc X*(Q). (5.74)

This requirement fixes 6y uniquely.

As shown in Fig.5.11, a chart (¢, U) of the domain U C Q induces a chart
(T, TU) for TU C TQ, as well as a chart (T*¢, T*U) for T*U Cc M =T*Q.
A point u € U has the image {¢'} = {¢' ()}, which belongs to the neighborhood

= go(U ) in ]Rf A tangent vector v, € T, Q, with base point u, has the image
{q =¢'w),v =Te'(v) =gq N in U’ x Rf Similarly, each one-form w, € T,/ Q
has the image {¢',o; = p;} in U’ x (Rf)*. Thus, the local representation of o,
(5.37) reads

f /
a, =Y ajlg)dg’ =" p;dg’ . (5.75)

j=1

When expressed in local form, the defining equation (5.74) is in fact very simple:
(6o)m being a one-form belonging to 7,'M = T,%(T* Q) it must have the general
local form

©O0)m =Y _oidg’ + ) thdpx,
i k

where o; and 7¥ are smooth functions of (g, p)- The condition (5.74) requires that
these functions be

0i(g, 2(9)) = 0i(q, p) = pi ,

g, a(g) =M. p) = 0.
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Thus, the local form of the canonical one-form is the same as «; (5.75)

f
O0)m =Y _ pidg'| meM=T*Q. (5.76)
i=1

Note, however, that 6y is defined on the phase space M = T*Q, i.e. that (6p),,
is an element of 7, M, in contrast to the arbitrary one-form «, which lives “one
storey below”.

Remark. The canonical one-form is the key to the geometric formulation of
mechanics on phase space. Starting from the definition given above and making
use of Fig.5.11, one can work out the following pattern. Let u be a fixed point
on the base manifold Q, v, a tangent vector from T, Q, and «;, a one-form from

T)Q. Thenr def o, (vy) is a real number. Using the definition (5.74) we can write
it alternatively as r = («¢*0p), (v,). Now, as o maps the basis Q onto 7*Q, the cor-
responding tangent mapping 7« maps 7 Q onto T M, the base point u# being fixed.
Let w, € Ty, M be the preimage of «, by the projection Ty, i.e. w, = r&l (ay).
Then we have w, = Ta(v,), while the same real number r is also given by

r = (90)m=au (wy) =ay 0 Tfa(wu) .

This last equation can be used to define 6y, (Abraham, Marsden 1981, Sect. 3.2.10).
With this alternative but equivalent definition the derivation of the local form (5.76)
is a bit more tedious.

One can understand that 6y is indeed unique by noting that condition C1F is
to be fulfilled for all «,,. These forms span the space 7, Q completely. As the v,
are arbitrary, too, their preimages w, span the complete space T, M.

Loosely speaking, C1F is a prescription that says that arbitrary one-forms on
Q should be interpreted as a specific one-form on 7* Q. It is canonical and charac-
teristic for the cotangent bundle insofar as one-forms live on 7*Q and are pulled
back by mappings (in contrast to vector fields, which are mapped “forward”). The
local representation (5.76) is sufficient because one can always join together the
charts of a complete atlas and describe 6y in this way, on the whole of M = T*(Q.
Of course, the definition given in (5.74), or the one described briefly in the remark
above, are completely free of coordinates.

Let F = oo~ ! be the transition mapping from the chart (¢, U) to the chart
(¢, V). In the overlap of the images of U and of V, F maps the point {g} = ¢(u)
to the point {Q} = ¥ (u). This is the same point in R/, but it is expressea in terms
of different coordinates. A tangent vector v, € T, Q whose coordinate image is
{g} in the first case and {Q} in the second is transformed by means of the tan-
gént mapping T F, while one-forms are pulled back according to (5.41). As to the
canonical one-form, we note that it keeps its local form (5.76). Indeed, we have
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and therefore

> pidg = Z Z Pk—dq = Pdor. (5.77)
i k

This result is obvious because the definition (5.74) fixes 6y on the whole of T*Q
and because the local form (5.76) holds in each chart. The following assertion is
somewhat less obvious.

Proposition. Let F : Q — Q be a diffeomorphism on the base manifold
Q. With « a one-form on Q the pull-back of o, € T, Q is then defined in
either direction, so that F induces a diffeomorphism 7*F : T*Q — T*Q.
Then the pull-back of the canonical one-form is given by

(T*F)* 0y = 6y . (5.78)

In this sense it is invariant.

Abraham and Marsden (1981, Theorem 3.2.12) provide a proof that does not
make use of coordinates. In coordinates, the proof, in essence, follows from the
calculation done in (5.77).

5.5.3 The Canonical, Symplectic Two-Form on M

The canonical two-form is defined to be (minus) the exterior derivative of the
canonical one-form 6y of C1F (5.74), viz.

C2F. wo™ —dg,. (5.79)

This is a closed form, dwy = —d o dfy = 0. Its representation in local coordinates
follows from the local form (5.76) of 6. It reads

f
(@wo)m = qui ANdp;, meM. (5.80)
i=l1

This form is of special importance because it exhibits the symplectic structure of
phase space. This will be clear from the following observations and propositions.

As a two-form on M, wq is a bilinear mapping from TM x TM to the real
numbers. It acts on pairs (w@, w®Y of vector fields on M, i.e. (wo)m is applied
to pairs (w,gf ), wm)) of tangent vectors from 7,, M, where w( 9 and w( ) are the
representatives in T, M of w® and w®, respectively. In charts any such vector

field has the form

L T A
D S he— 5.81
w ;waqﬁ;wkapk (5.81)
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so that
f ‘ _
(@0 (wiy wil) = (W@ — i w® . (5.82)
i=1
If we agree on ordering coordinates such that n' = dq’, withi =1, ..., f, form
the first set of base forms, and n’+f =dp;,i =1,..., f, form the second set,

and if we write (wp) in the general form

(@) = Y wixn' An* (5.82)
ik

it is easy to see that its coefficients w;; are given by

o Opxr o My
Colk_<—11fxf Opxr)’

This matrix is nothing but the matrix J of (2.102). As J is regular, one sees that
(w0)m 1s nondegenerate and skew-symmetric. As this holds at each point m € M,
the canonical two-form wp is nondegenerate and skew-symmetric on the whole of
M. Thus, the form wp must be closely related to the canonical equations (2.99).
Before we turn to this relationship we wish to point out an interesting property of
the cotangent bundle M = T*Q.

Taking the k-fold exterior products of (wg),, with itself yields forms of degree
2k. For example

f
(@0)m AN (@) = Z dqll A dPi1 A dqlz A dl?iz
i1,ip=1
= =21 ) " dg" Adq” Adpi, Adpi,
i1<ip
(@0)m A (@0)m A (@0)m = =31 Y dg" Adg™ Adg™ Adpi, Adpiy Adpiy .
i1<iy<i3

The form of highest degree that can be constructed in this way has degree 2 f. It
reads

(@) A A (@) = FUIHdg! Adg® AL Adg! Adpr AL Adpy,

f—fold
(5.83a)
where [ f/2] is the largest integer smaller than or equal to f/2. This f-fold product
generates the oriented volume form
—DHlf/2l
o def &1

7l woA...ANwy (f factors) (5.83b)
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on T*Q, whose value in the point m is proportional to the expression (5.83a). This
is an important result. On the cotangent bundle of a smooth manifold there always
exist the canonical forms 6y and wgy and thus also the volume form (5.83a). The
cotangent bundle of a manifold Q is always orientable, even if its base manifold Q
is not. At the same time, we have established the basis for Liouville’s theorem. Only
the result (5.83a) enables us to talk about flows on phase space that preserve vol-
ume and orientation. As a consequence, the specific properties of phase space that
we studied by means of the canonical equation (2.99), in the more “pedestrian” ap-
proach of Chap. 2, rest on an underlying, deeper geometric structure. The following
subsection is devoted to a short discussion of this structure. (As this is a digression,
the reader may wish to skip it on a first reading and move on directly to Sect.5.5.5.)

5.5.4 Symplectic Two-Form and Darboux’s Theorem

Very much like the metric on a Riemannian or semi-Riemannian manifold the
canonical two-form is a covariant tensor of rank 2 on the manifold M. Like the
metric it is nondegenerate. While the metric pertains to the set of symmetric ten-
sors, wo belongs to the set of antisymmetric forms of degree two.

Let M be a smooth manifold of dimension dim M = n, and let w be a covariant
tensor (a general one, at first),

w € ’7;)(M) M —>T*MxT*M: p+—> (w)). (5.84)

w is said to be nondegenerate if (w), has this property at every point p € M.
T, M is a vector space of dimension n, T,M x T, M has dimension 27, and (@),
maps Ty M x T, M onto the real numbers.

One proves the following assertions.

(a) If (w) p is symmetric and nondegenerate, i.e. if the matrix w;;y = () »(9;, )
is regular, then there is an ordered basis of 7, M and an ordered basis of T ;‘M ,
dual to the former, such that this matrix is diagonal, its eigenvalues being ¢; = %1
(cf Footnote 4 to (5.70)).

(b) If (w)p is antisymmetric and if the matrix {w;x} has rank r, then r is an
even integer and there is an ordered basis of 7, M and its dual in 7;M such that

r/2
(w)p = dei Adxitr/2
i=1

i.e. such that the matrix {w;;} has the form

OO =
==l

0
{wir} = | -1
0

with 1l being the unit matrix of dimension /2. In this case w can be nondegenerate
only if the dimension n of M is even; the rank r is then equal to r = 2n.
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This latter assertion is followed up by the following proposition.

Proposition. Let w be an antisymmetric two-form on the manifold M (fol-
lowing the pattern of (5.84)). The form w is nondegenerate if and only if M
has even dimension, n = 2k, and if the k-fold exterior product w A ... Aw
is a volume form on M.

Expressed differently, this says that if there exists a nondegenerate, skew-
symmetric two-form on M, then M is orientable. If this is true, (5.83b) provides
an oriented volume form, viz.

(=™

o0 = W{u A...ANwo (k-fold) (5.85)

with k given by dim M =n = 2k.
The relation to the symplectic group that we studied in Sect.2.28 becomes
clear by way of the following definitions and assertions.

SYF. Every nondegenerate, skew-symmetric two-form o on a vector space V of
even dimension n = 2k is called a symplectic form. In the case treated
above, we had 0 = (w), and V =T, M.

SYV. The pair (V, o) is said to be a symplectic vector space if dim V = 2k and
if o has the property SYF.

SYT. Symplectic transformations are defined to be transformations between vector
spaces that preserve the symplectic structure SYV, i.e. if (V, o) and (W, 1)
are symplectic vector spaces, then

F:V->W

is symplectic precisely if the pull-back of 7 onto V equals o, F*t = 0.

The vector spaces V and W need not have the same dimension. However, if
they do have the same dimension n = 2k, F preserves the oriented volume. This
is seen by showing that F*2; = §2,;, where £2; and §2,, are the standard n-forms
(5.85) on W and V, respectively. Symplectic transformations have the following
property. The symplectic mappings of a symplectic vector space (V, o) onto itself,

F:(V,0)—> (V,0), F‘o=o0,

form the symplectic group Sp> ¢ (IR). In order to show this, let us choose that basis
{e'} of V for which o has the canonical form

{oi} = (_g g) =J.

In this basis the transformation F is represented by the matrix {F,i}, ie ¢ =
> i_, Fiek. The condition F*o = o says that o(e, ¢’/) must be equal to
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o (e, el), ie. that FTJF = J. This is precisely (2.113) and tells us that the matrix
F pertains to Spyr(R).

Note that the definitions and assertions given above apply to the representative
(w)p of w over the base point p € M. They are extended to w, and thus to the
whole of M, by means of the following theorem.

Darboux’s Theorem. Let @ be a nondegenerate two-form on the manifold
M whose dimension is therefore even, dim M = n = 2k. The form w is
closed, i.e. dw = 0, precisely if for each point p € M there exists a chart
(¢, U) such that ¢(p) = 0 and such that in every point p’ € U C M with

o) = (PPN
o admits the local representation

k
o= dx' Adx'th (5.86)

i=1

on the neighborhood U.

For the proof of this theorem, as well as of the other assertions of this section,
we refer to Abraham and Marsden (1981).

We close this digression with some definitions and remarks that serve the pur-
pose of generalizing definitions SYF, SYV, and SYT to arbitrary manifolds.

S1. A symplectic form on a manifold M of even dimension dimM =n =
2k is a nondegenerate, skew-symmetric, closed two-form w,

do=0. (5.87)

S2. A pair (M, w), with w having property S1, is said to be a symplectic
manifold.

S3. Those charts where (5.86) holds true (whose existence is guaranteed by
Darboux’s theorem) are said to be symplectic charts. Their local coordinates
are called canonical coordinates.

S4. A smooth mapping F' that relates two symplectic manifolds (M, o) and
(N, 7) is said to be symplectic if F*t = o. The symplectic mappings are
the canonical transformations of mechanics if the starting and the target
manifolds are identical.

These notions belong to what is called symplectic geometry. As far as mechan-
ics is concerned, the importance of symplectic geometry should be clear from our
discussion. In fact, it seems to be relevant for many more parts of physics and there-
fore leads directly into modern research. In this connection we refer the reader to
Guillemin and Sternberg (1986).
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5.5.5 The Canonical Equations

In Chap.2, Sect. 2.25, we showed that the canonical equations (2.45) could be writ-
ten in the form (2.99), viz.
X =JH, = (Xn)x (5.88)

Here, x is a point in phase space, while H , and J are defined as in (2.102). We
realize that (5.88) is a local representation in charts. As indicated by the subscript
x, the Hamiltonian vector field on the right-hand side of (5.88) (cf. the definition
in Sect.5.3.1) is a coordinate expression in charts. On the basis of the results ob-
tained in Sect.5.5.3 it is clear that the canonical two-form will serve the purpose
of formulating the canonical equations of motion in a coordinate-free manner, i.e.
directly on 7*Q, the cotangent bundle of the coordinate manifold Q.

Let M = T*Q, as before. Vector fields on M assign to each p € M an element
of the tangent space T, M at that point,

XeXM):M—>TM:p— X,

In charts X, has the local form (5.81). Equation (5.88) defines the Hamiltonian
vector fields in charts, i.e. componentwise. Thus, in the notation of (5.88),

xwi =2 =24 (5.89)
H _3p," H)k = gk .
These partial derivatives of H also appear in the exterior derivative dH. As H
is a function on M, its exterior derivative is equal to the total differential. When
expressed locally, we have

dH = Z dg’ +Z—dp, (5.90)

As we know, the Hamiltonian vector field is

()= (3 )] o
X)) -1 )| s IV

or (Xyg)y = J(dH),, where the subscript x is meant to indicate that we still com-
pare coordinate expressions.

As J-! = —J, we can also write —J(Xy),y = (dH),. From this we can ab-
stract the coordinate-free definition of the Hamiltonian vector field as follows. J
is nothing but the local matrix representation (5.82") of the canonical two-form
wp. Such a two-form w acts on pairs of vector fields. In analogy to the case of
the metric, one may instead take w to act on only one vector field, e.g. w(V, o)
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with the dot denoting a vacancy (it stands for the missing second argument). As
such it maps the tangent bundle 7M onto R, i.e. it operates like an exterior form
of degree 1. With this remark in mind, the following definition becomes readily
understandable.

HVF. Let (M, w) be a symplectic manifold, i.e. dim M = 2f is even and
o has properties S1. The Hamiltonian function H is assumed to be given
as a smooth function on M = T*Q. The Hamiltonian vector field Xy is
defined through the condition

w(Xy, o) = dH . (5.91)

The triple (M, w, Xy) is said to be a Hamiltonian system.

With Y € X (M) an arbitrary vector field on M, we have from (5.91)
w(Xy,Y)=dH(Y) .

As o is nondegenerate, this equation fixes Xy uniquely. Indeed, if there were two
different vector fields Xy and X}, for the same function H, then w(Xy—Xj, Y) =
0 for all Y. This is possible only if Xy — X}; vanishes identically. On the other
hand, dH (Y) cannot be zero for all Y, unless H = 0. Hence, for each H there
is a unique Xg. In local coordinates the defining equation (5.91) yields precisely
the expressions (5.89). This is verified by direct calculation,

f f
wp(Xu, ®) =Y (Xw)'dp; — ) (Xn)dg* .
i=1 k=1

Comparing with dH (5.90) yields (5.89). The definition (5.91) is independent of
coordinates, however, and it is not restricted to the case of finite dimension.

The integral curves of the vector field Xy, i.e. the solutions of the differential
equation

y(®) =Xy » (5.92)

describe the possible physical motions of the system defined by the Hamiltonian
function H. When expressed in local coordinates, (5.92) becomes (5.88) and hence
the local form of the canonical equations of motion (2.45).

If H has no explicit time dependence and if y(¢) is a solution of (5.92), then

d
g Hr®) = dH(y) = dH(Xu(y (1)) = o(Xu(y), Xu(y)) =0.

This is the well-known fact that H is constant along solutions of the equations of
motion.
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It is not difficult to formulate once more Liouville’s theorem, Sect.2.29, using
the tools and results developed so far. When phrased in geometric terms it reads
as follows.

Liouville’s Theorem. Let (M, w, Xy) be a Hamiltonian system, i.e. let the
nondegenerate, closed two-form w and the Hamiltonian vector field Xy be
given on a manifold with even dimension. Denote by &; the flow of the
vector field Xy (this is the set of all integral curves corresponding to all
possible initial conditions). For all ¢ the flow @; is symplectic, i.e. @ 0w =
w. As a consequence, the oriented volume £2,, (5.85) is conserved.

In Sect. 2.29 we proved this theorem in two equivalent ways. The proof in terms
of geometry is instructive in several respects. The reader who wishes to skip it,
on a first reading, should move on immediately to Sect.5.5.6. The proof makes
use of the Lie derivative and of the fact that the symplectic form o is closed. The
Lie derivative Ly, which refers to a smooth vector field X, is obtained from the
following geometric picture. The vector field X defines (at least locally on M) the
flow @, i.e. the set of all solutions of the differential equation (5.42). Consider
an arbitrary differentiable geometric object 7 on M such as a function, another
vector field, a k-form or an (;)-tensor field. We ask the question in which way
the object T changes differentially, along the lines of the flow @, of the vector
field X. For a function the answer is very simple. At the point p € M this is just
the directional derivative

dfy (X)) E (Lxf)p .

described in (5.33). The same derivative can also be written as

d [} = d(P*
Ef( (p)) T:O_E L f(p) L

where @;—o(p) = p and where the right-hand side is to be understood as in (5.39).
If T is another vector field T =Y, its Lie derivative is given by the commutator

[X, Y] def LxY, as explained in Sect. 5.3.4. (One may define Ly to be a differen-
tial operator on the smooth tensor fields on M, with the condition that it operate
on functions and on vector fields as described above, see Abraham and Marsden
(1981). The following definition is equivalent to this.)

By the existence and uniqueness theorem for differential equations of the type
(5.42) the flow @, of X is a (local) diffeomorphism of M. Therefore, the geometric
object T can be transported forward or backward along that flow (cf. Sect.5.4.1).
In particular, it can be differentiated along the flux lines of @,>.

5 For this reason V.I. Arnol’d (1978) calls the Lie derivative the fisherman’s derivative. The fisherman
sees only the river in front of him. He sees all kinds of objects floating by on the river and
takes their differential along the lines of the river’s flow.
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Consider now the special case T = « being an exterior k-form on M, X a
vector field, and @ its (local) flow. According to what we said above, the Lie
derivative fulfills the identity

%@:‘a — Ly (5.93)
The Lie derivative Ly, at the point ¢ = @, (p), pulled back to the point p, is
the derivative with respect to the orbit parameter 7 of the pull-back of the form «.
Like o, Ly is a k-form. Functions are to be read as zero-forms for which Ly f =
d f(X). One can show that the Lie derivative can be expressed by means of the ex-
terior derivative. If the vector field X is inserted in the position of the first argument
of the form «, then a(X, o(k—1)e) is a (k — 1)-form (positions 2 to k are vacant).
Taking the exterior derivative of the latter yields again a k-form, d(« (X, e(k—1)e)).
If, in turn, we differentiate « first we obtain the (k + 1)-form de. Inserting X into
this (k 4 1)-form leads again to a k-form, namely (do)(X, o(k)e).® We then have

Lya = (da)(X, e(k)e) + d(x(X, e(k — 1)e)) . (5.94)

(The proof goes by induction, see e.g. Abraham and Marsden (1981).) With the
identities (5.93) and (5.94) Liouville’s theorem follows immediately. Inserting the
symplectic form w, as well as the Hamiltonian vector field Xy, we obtain

d % . ®%k
3P0 =P/ Lo

= &/ [(dw)(Xu, o, o) + d(@(Xu, ®))] .

The first term vanishes because w is closed. The second vanishes, too, because
d(w(Xy,e)) =dodH = 0, by the definition (5.91). Finally, as @;—¢ is the iden-
tity, we obtain @ w = w, for all ¢ for which the flow is defined. This proves the
theorem.

5.5.6 The Poisson Bracket

An essential ingredient in the proof of Liouville’s theorem is the fact that the sym-
plectic two-form w is closed. In this section we establish (once more) the relation-
ship between this form and the Poisson bracket, with the aim of understanding
better the significance of dw = 0. (In Sect.2.32 we showed that the Poisson bracket
of two dynamical quantities is identical to the symplectic, skew-symmetric scalar
product of their derivatives, hence the comment “once more”.

The dynamical quantities f and g that are to be inserted in the Poisson bracket
(2.122) are smooth function on the phase space M = T*Q. M is a symplectic
manifold. Following the example of the Hamiltonian function (which is a smooth

6 This prescription is called the inner product: ixa(Yq, ..., Yr) def a(X, Yy, ..., Yy) is said to be
the inner product of X with «. The indentity (5.94) then reads Lyo = iy (da) + d(ixa).
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function on M, too), we can assign to f and g vector fields Xy and X,, respec-
tively, by means of the definition (5.91). As w is nondegenerate, the vector fields
are uniquely fixed by the equations

o(Xs,0)=df and w(X,,e) =dg. (5.95)

The Poisson bracket of f and g is nothing but the expression

s o(Xg, Xp) . (5.96)

To see this, let us interpret (5.96) as a definition and let us verify that locally (i.e.
in charts) it is the same as (2.122). From (5.95) we have the local representation
of X fs

p q

and an analogous one for X, . Inserting these into w, we find, according to (5.82),
that

_0g af g\ af
w(Xg, Xf) = @ <—@) - <—@> % ={f. g},

i.e. precisely the expression (2.122). While the latter form is formulated in charts,
the definition (5.96) is free of coordinates on M.

The properties of Poisson brackets, well known to us from Chap. 2, can also
be formulated and proved in a manner that is independent of coordinates. One has
the following.

(i) The Poisson bracket can be expressed in terms of Lie derivatives, viz.

{f.g}=Lx,g=dg(Xy)=—Lx,f =—-df(X,) . (5.97)

(The reader should verify this in local form.)

Comparing this with the definition (5.93) of the Lie derivative yields assertions
(i1) and (iii).

(ii) The quantity f is constant along the flow of X, if and only if {f, g} = 0.
The same statement holds with f and g interchanged. For example, let ¥/, be the
flow of X,. Then, from (5.93)

d d
a(lpf*f) = d_r(f oWr) =¥ Ly, f =¥ {f g}
This is zero if and only if the Poisson bracket vanishes.

(iii) Let @, be the flow of the Hamiltonian vector field Xy, g being a dynamical
quantity as above. In the same manner as in (ii) one shows that

d
E(go¢t):{H»gO¢t}~ (5.98)
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If g does not depend explicitly on time, this is identical with (2.128). As we
know, the canonical equations themselves can be written in the form of (5.98), cf.
(2.127). What we have gained compared to Chap.2 is this: the definition (5.96),
the expressions (5.97), and the equations of motion (5.98) are formulated in a way
independent of coordinates (without charts). Furthermore, they are not restricted
to finite dimensions.

There are many more properties of Poisson brackets that can be derived using
the geometric formulation. As we studied them in some detail in Chap. 2, though
using a local representation, we restrict the discussion to a few characteristic ex-
amples.

The smooth functions F (M) on the phase space (which form a real vector
space), together with the Poisson brackets, generate a Lie algebra. In order to see
this, we must verify that { f, g} is bilinear, that { f, f} vanishes, and that the Jacobi
identity holds true, viz.

{filg. miy+{g. (. f} +{h.{f. 8}} =0. (5.99)

In local form, this identity was obtained by direct calculation, cf. Sect. 2.32 (2.131).
In a coordinate-free framework one proceeds as follows. Define a Poisson bracket
for one-forms d f, dg (instead of functions, as above), by

{df, dg} «f o((Xr, Xgl, 0. (5.100)

This Poisson bracket is again a one-form and we have d{ f, g} = {d f, dg}. The last
equation establishes the relation to the Poisson bracket of functions. (Abraham and
Marsden (1981) provide a proof.) With this result, and on the basis of the defini-
tion (5.100) as well as (5.95), we conclude that the vector field Xy ¢ defined by
w(X{fg) o =d{f, g} equals the commutator of X s and Xg, X{r¢ = [Xr, Xg].

In a second step we write out the individual terms of (5.99), making use of
(5.97):

{fs {gvh}} = LXf(LXgh) s
{g1 {h, f}} = _LXg(Lth) B
{ha {f» g}} = _LX(_/,g)h = _[LX_/a LXg]h .

In the last expression we made use of the property Ly, ] = [Ly, Ly ] of the Lie
derivative. Adding the three terms indeed yields the identity (5.99). We have only
sketched this proof here, because we had something else in mind: for the defini-
tion (5.96) of the Poisson bracket, together with the definition (5.95) of the vector
fields corresponding to the functions f and g, it was essential that the canonical
two-form was closed. Finally, then, this is the reason the algebra of the smooth
functions F (M), with the composition {, }, is a Lie algebra.

The following proposition is of interest in the light of the discussion in
Sect. 2.32.

Proposition. Let (¢, U) be a chart taken from the atlas for the symplectic manifold
(M, ), chosen such that points # € U are represented by ¢', ..., ¢/, p1, ..., Pf-
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This chart is symplectic (i.e. the canonical two-form becomes w = Z;le dg' Adp;)
if and only if the following Poisson brackets are fulfilled:

{a'.a’y=0=1{pi.pj}.pj.a'} =&} . (5.101)

Proof. (a) If the chart is symplectic one verifies (5.101) by direct calculation.
(b) We assume these equations to hold and determine the matrix representation
2 = (wjx) of w in the domain of this chart (¢, U). §2 is regular and hence has
an inverse (6'f) = X¥. From (5.97) and (5.96) we have

g'.¢" ) =dg' X0 =X =0, ik=1,..f.

In a similar fashion one shows that {p;, px} = o' */**/ and {¢’, pt} = o/ =
—o**+/i By assumption

_ (0 -0y _
2_<11 0>_ J=J7,

where J is defined as in (2.102). We conclude that £2 = J and hence that the chart
is symplectic. U

Finally, the invariance of Poisson brackets under canonical transformations
(2.124) is rediscovered in the following form. Let F be a diffeomorphism connect-
ing two symplectic manifolds, F : (M, w) — (N, ). This mapping is symplectic
precisely if it preserves the Poisson brackets of functions and/or one-forms, i.e.

{F*f, F*g} = F*{f, g} forall f,geF(N).

In this case F* preserves the Lie algebra structure on the vector space of the smooth
function.

5.5.7 Time-Dependent Hamiltonian Systems

The preceding sections 5.5.1-6 gave an introduction to the mathematical founda-
tions of the theory of Hamiltonian and Jacobi. They should be sufficient to study
the theory of time-dependent systems as well, without any major difficulties. We
restrict our discussion to a few remarks and refer to the more specialized, math-
ematical literature on mechanics for more details.

If the Hamiltonian function depends explicitly on time, H : M x R; — R,
then also the corresponding Hamiltonian vector field depends on time, i.e. assigns
to each point (m, ) of the direct product of phase space and time axis, a tan-
gent vector in T, M x R. The manifold M x R, cannot be symplectic because
its dimension is odd. However, the canonical two-form @ has maximal rank on
M x Ry, namely 2 f, where f = dim Q. In a local chart representation of (m, t) €
UxR;,, UCM, viz. (ql, . ..qf, Pis--., Df, T), the canonical two-form reads
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oly = qui Adp;

according to Darboux’s theorem, provided the chart is a symplectic one. As w was
given by w = —d6f, we have locally

d® =Y pidg') =0.

The form in parentheses is closed. Hence, locally, according to Poincaré’s lemma,
it can be written as the exterior derivative of a function, i.e.

9:Zp,'dqi+dr.

Note that the exterior product 6 A df A ... A df, with f factors df, is a volume
form on M x R;.

It is not difficult to generalize the time-independent situation discussed in the
previous sections to the case of time-dependent Hamiltonian vector fields. For ev-
ery fixed ¢ € R, such a vector field

X MxR—->TM

is a vector field on M. One associates with it a vector field X on M x R,
X MxR—>TMxR)=ZTM x TR,

(= means isomorphic) through the assignment
(m,t) > (X(m,1), (t,1)) .

Regarding the integral curves of X, we can say the following. Let y : I — M be
an integral curve of X going through the point m. Then y : I — M x R is the
integral curve of X, passing through the point (m, 0), precisely if y () = (y (1), t).
This is easily verified. Write

y(@) = (@), @) .
This is an integral curve of X provided
7o) =00, 7)) =XG ),
i.e. provided
Y'@)=X(y@).1) and T'(1)=1.

However, as 7(0) should be equal to 0, we conclude that 7(¢) = . The flux of X
is expressed in terms of the flux of X, viz.

@ (m,s) = ((t +5), Py 5(m)) .
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Let M be the phase space and let H be a time-dependent Hamiltonian function
on M x R. Then H(m,t), for fixed ¢, is a function on M,

Hm) ¥ Hm,1): M > R,

whose vector field Xy is determined as before. Define the vector field
XH: M xR—>TM: (m,t) — Xy, (m)

as well as the corresponding vector field Xy, to be constructed as above. The cor-
responding integral curves of Xy move across M x R, those of Xy move across
M. The latter are identical with the phase portraits introduced in Chap. 1.

The canonical equations of motion hold in every symplectic chart. So y : [ —
U,with I C Rand U C M, is an integral curve of Xy if and only if the equations

d .
d—t[q‘(y(t))] = 0H((y(1),1)/9p;

i=1,...f
d
a[p,-(y(t))] = —0H(y(),1)/9q;

are fulfilled.

5.6 Lagrangian Mechanics and Lagrange Equations

On the one hand, the Lagrangian function is defined as a smooth function on the
tangent bundle 7 Q of the coordinate manifold Q, L : T Q — R. As we know from
Chap. 2, on the other hand, it appears in the expressions for the Legendre transfor-
mation from Lagrangian mechanics, formulated on 7 Q, to Hamilton—Jacobi me-
chanics, which lives on 7*Q, and vice versa. The geometric approach shows very
clearly that this is more than just a simple transformation of variables. The formu-
lation of Hamilton and Jacobi is characteristic for the cotangent bundle 7* Q. The
aim of this section is to show that Lagrangian mechanics is rather different from
this, also as far as its geometric interpretation is concerned. The main difference
is that on the tangent bundle one can define differential equations of second order
(i.e. the Euler-Lagrange equations well known to us), in a natural way, while this
is not possible on 7*Q.

5.6.1 The Relation Between the Two Formulations of Mechanics

When expressed in local coordinates, the first step of the Legendre transformation
is the assignment

&g, ¢’} — { i = p; (5.102)

%def
q’aqi .
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Going back from the charts to the original manifolds 7 Q and T*Q, (5.102) says
that we assign to an element of T, Q, for fixed base point # € Q, an element of
T," Q by means of derivatives of the Lagrangian function. In other words, the fibre
T,Q over u € Q of the tangent bundle 7' Q is mapped to the fibre 7,°Q of the
cotangent bundle over the same base point. This mapping is linear and makes use
of the partial derivatives of the Lagrangian function within the fiber 7, O (in charts:
q is fixed, the derivatives are taken with respect to ¢). Thus, let v, be an element
of T, Q, the fibre of 7Q in u. Denoting the restriction of the Lagrangian function
to this fiber by L,, the mapping @1, (5.102) corresponds to the assignment

&L : 1,0 — T,;0 vy DL,(vy) . (5.103)

where D denotes the derivatives of L. The precise definition of D on manifolds
would lead us too far from our main subject. Therefore, the following, somewhat
qualitative remarks that clarify matters in charts may be sufficient. Let (¢, U) be
a chart taken from the atlas for Q and (T'¢, TU) the induced chart for 7 Q. L%
denotes the restriction of the Lagrangian function to the domains of these charts.
Then L@ o T~ ! is a function on R/ x R/, as shown schematically in Fig.5.12.

Q - TQ
@ L
L(t.p)

(@) (Tg,TU) )
Fig. 5.12. The Lagrangian function is defined
() -1 on the tangent bundle 7 Q (velocity space).
] ] ¢ L™ Tk‘p Its representation in charts L@ o T(p_1 is
TR TR'xTR the local form that one knows from Chap.2

Denoting the derivatives with respect to the first and the second arguments by
D1 and D», respectively, we have

aL

DIL® oTp™ ! = {;} , (5.104a)
q
aL

D)LY oTp ! = {a_} . (5.104b)
q

The derivative DL, of (5.103) leaves the base point # unchanged. Hence it is of
the type (5.104b).

@1, being a mapping from 7 Q to T*Q that is induced by the Lagrangian func-
tion, the canonical forms C1F (5.74) and C2F (5.79) can be pulled back from 7*Q
to TQ. If ®r is a regular mapping’, it is symplectic, so that canonical mechanics
on T*Q can be pulled back to T Q. If, furthermore, @1, is a diffeomorphism, then
the two formulations of mechanics are completely equivalent. As we know from

T A mapping @ : M — N is said to be regular in the point p € M if the corresponding differential,
or tangent, mapping from TpM to TP, N is surjective.
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Chap. 2, this is true if and only if (in charts) the matrix of the second derivatives
of L with respect to g is nowhere singular, i.e. if

d "L 0 5.105
“ (aqkacf) 7 G109
holds on the domain of definition of the problem. Strictly speaking, one should
distinguish the cases where @1 is regular from those where, in addition, it is a
diffeomorphism. In the first case, the condition (5.105) holds only locally while
in the second it holds on the domain of all charts. For what follows we assume
that L is chosen such that @p, is a diffeomorphism.

5.6.2 The Lagrangian Two-Form

The canonical two-form wy, defined by (5.79), can be pulled back to T Q by means
of @p. This yields what is called the Lagrangian two-form
oL oFay . (5.106)

The pull-back of wy, the canonical two-form on T*Q, to wp on T Q is defined as
described in Sect.5.4.1 (5.41). Very much like wq the form wy, is closed,

da)L=0.

This follows because the exterior derivative of the pull-back of a form d(F*w) is
equal to the pull-back F*(dw) of the exterior derivative of the original form (see
also Exercise 5.11).

Furthermore, the operation of pull-back commutes with the restriction to open
neighborhoods on the manifold, on which a given form is defined. For F : M — N

k .
and o an exterior k-form on N, one has

k k
(F*o)luem = F¥*(@ |rw)cn) -

Therefore, the expression of wr, in charts can be computed from the local represen-
tation (5.80) of wp. Let U be the domain of a chart on Q and T U the corresponding
domain on T Q. Then we have in the domain of the chart (¢, U)

oLty = (Pfwo)lry = Pf (wolr+v)
=of (qui N dp,-)
=Y _d(Pfq) Ad(@fpi) .

Here we have used the equality F*(c A t) = (F*o) A (F*t) for two exterior
forms o and 7, as well as the fact that the exterior derivative commutes with F*.
The last expression for wp, contains the functions ¢’ and py, pulled back to T Q,
for which we have
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. . oL
¢* 1 — l , (p* — - .

L9 =49 LPk _8q T
Thus we find

AL
oLlTy = qu' A da—qi )
i

The exterior derivative of the function dL/dg* is easily calculated with the rules
of Sect.5.4.4. Thus, we obtain

2

onlre = 3 (Gopadd’ Aadt + L g nait). (5.107)
— \dq*9g §'dg

The same result is obtained from the pull-back to 7' Q of the canonical one-form
def

(5.74), 6 = @[ 6p. In charts it reads
oL . ;
OLlru = Z a_qidq .
Taking the negative exterior derivative, wp, = —df, yields again the expression

(5.107).
Thus, if the mapping @, is regular, or even a diffeomorphism, then @, is sym-
plectic: it maps the symplectic manifold (7*Q, wg) onto the symplectic manifold

(TQ,wp).

5.6.3 Energy Function on 7 Q and Lagrangian Vector Field

In discussing the Legendre transformation in Chap. 2, we considered the function

. ;0L .
E(q..0=) g 5 L(g.q.1), (5.108)
which led to the Hamiltonian function, after transformation to the variables ¢ and
p (taking account of the condition (5.105)). For autonomous systems this was the
éxpression for the energy, the energy then being a constant of the motion. Given
the Hamiltonian function and the canonical two-form wg, the Hamiltonian vector
field was constructed following the definition HVF (5.91). A similar construction
can be performed on 7 Q. For that purpose we first define the function E on the
manifold T Q, its chart representation being given by (5.108) above. With u € Q,
v, € T Q, the first term on the right-hand side of (5.108) is given a coordinate-free
meaning by the definition

W:TQ - R:v, — @L(vy) - vy (5.109a)

According to (5.103), @1 (v,) is a linear mapping from 7,,Q to R, i.e. it is an
element of T, Q, which acts on v, € T Q. One verifies easily that, in charts, W
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is indeed given by the first term on the right-hand side of (5.108). W is said to
be the action.

The energy function, understood to be a smooth function on 7 Q, is then de-
fined by

E®w_1L. (5.109b)

We follow the analogous construction on phase space, Sect.5.5.5. We take the
exterior derivative of E and define the Lagrangian vector field by means of the
Lagrangian two-form wr,, as follows.

LVF. Given the function E = W — L on T Q, as well as the two-form
wL = @[ wy, with @, being a regular mapping (or even a diffeomorphism),
the Lagrangian vector field Xg is defined uniquely by

wL(Xg, ®) = dE . (5.110)

In local form E is given by (5.108) and therefore

oL . L
dEhUZZ(_"'Sl T4 555 ) Zq kaq
i,k

aq
oL oL
X gyt~ X gt

k
g 2L
:qu 3 q
F 0g~aq’

. 9°L dL
o1l 51/{) d k .
3 (4"~ ") 9
It is instructive to write out explicitly the local form of (5.110) as well as the vec-
tor field Xg. For the sake of simplicity, we do this for the case of one degree of
freedom, f = 1. The general case is no more difficult and will be dealt with in
the next section. Let 3 and 9 denote the base fields 3/d¢’ and 9/34’, respectively.
Then, in coordinates, the Lagrangian vector field is Xg = vd + 9, while another,
arbitrary vector field reads ¥ = wd + wd. From (5.107) we have

2
wL(Xg, Y) = 8—42(1)111 —vw) ,

while the action of dE on Y gives the local result
2L AL O°L _
- T o q—=w
dqdq  dq 9g>
Inserting these expressions into the equation wp (Xg, Y) = dE(Y) and comparing
the coefficients of w and w, we obtain

L <8L 9 8L> 92L
U:q,l}: ——q—
992

It is seen that the condition (5.105) is essential.

dEY) = (67
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We now follow the pattern of (5.92) and try to determine the integral curve of
the Lagrangian vector field Xg,

¢(t) = (XE)eq) -

Herec: I — Risacurveon T Q. In charts c(¢) is (Zg;) and obeys the differential

equations
gty =v=gq,
i) = 1 L .9 oL 92L
=V = _— _— _
1 oq  T9q 9q) [ 9@

While the first of these just tells us that the time derivative of the first coordinate
is equal to the second, the second equation has a somewhat surprising form. True,
it is obtained from the Euler-Lagrange equation

by taking the derivative with respect to ¢ and by solving for ¢. However, it is a
differential equation of second order and therefore, geometrically speaking, it is
different from the canonical equations (5.92). Let us consider this new feature in
more detail.

5.6.4 Vector Fields on Velocity Space T 0 and Lagrange Equations

A smooth vector field X that is defined on the tangent bundle 7 Q of a manifold
Q leads from T Q to T(T Q), the tangent bundle of the tangent bundle,

X:TQ—T(TQ).
Let g denote the projection from 7Q to Q and Tty the corresponding tangent

mapping. The composition Tty o X maps 7 Q onto T Q, as shown in Fig.5.13.
If this composition produces just the identity on 7' Q, i.e. if Ttg o X =idrg, the

T(TQ)

TTa

TQ

Fig. 5.13. A vector field on T Q generates an equation of second order if
Q it fulfills the condition (5.111)
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vector field X defines a differential equation of second order. This follows from
the following proposition.

Proposition. The smooth vector field X has the property

TtpoX =idrg (5.111)
if and only if each integral curve ¢ : I — T Q of X obeys the differential
equation

(tgoo)* =c. (5.112)

Proof. For each point v, € TQ there is a curve going through that point such
that ¢(r) = X(c(r)), with € I. Ttg o X is the identity on T Q precisely if
Tt o ¢(t) = c(r) holds true. Working out the left-hand side, we obtain

Ttgoé(t) =TtgoTe(r, 1) =T(tgoc)(r, 1) = (19 0¢)*(T)

which proves (5.112). O

From a physicist’s point of view the integral curves ¢ of X are not exactly
the solutions one is looking for. Rather, we are interested in the orbits y on the
base manifold Q itself. These are the physical orbits in the manifold of gener-
alized coordinates (the ones one can “see”), i.e. the orbits that we denoted by
D +(qo) in earlier sections. It is not difficult, however, to obtain these curves from
c (intégral curve of X on T Q) and from 7o (projection of 7Q on Q). Indeed,

ydéfthc:I—> Qisacurveon Q,sincec:/ — TQand 79 : TQ — Q.
A curve of this kind that is associated to the vector field X is said to be a base
integral curve. The condition (5.112) can be written as y = ¢, which means the
following: the vector field X defines a differential equation of second order if and
only if each of its integral curves is equal to the derivative of its corresponding
base integral curve y = 79 oc.

In charts the Lagrangian vector field Xg reads

Xg = Zvia,- + Zﬁiéj

with a,».déf 9/0q", 3 < 8/841, cf. Sect.5.6.3. Then v/ = ¢/, while the components
v =17 (g, cj) fulfill the differential equations

d? . .
@q’(t) =1'(q(1)),q®)) . (5.113)

As before, (Zf) is the local representation of the point c(¢) or y(t). Of course,
in charts one obtains the well-known Euler-Lagrange equations. In order to show
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this for the general case (f > 1), calculate wy,(Xg, Y) as well as dE(Y), for an
arbitrary vector field

Y:ZwiaiJrZwiéi.

One finds that

92L
X , Y — 1 k k 1
wL(XE, ¥) %:aqkal(vw vw')
+232—L(v"w"—f;"w") (5.114)
ks .
T 09794
and, similarly,
- 9L aL
dEY)= ¢ (q' : 5”‘) wk . (5.115)
Z "361 ; dgkagi  dgi
We insert v/ = ¢’ in (5.114) and set it equal to (5.115). The terms in w* cancel,

while the comparison of the coefficients of w* yields the equations

L SL P L
O Yl - X e =0
i i

dq dgq'dq dg'dq
Finally, inserting the result (5.113), these equations become

oL d oL

agk  dr 8k

’

i.e. the set of Euler—Lagrange equations, as expected.

5.6.5 The Legendre Transformation and the Correspondence
of Lagrangian and Hamiltonian Functions

We had assumed the mapping @1, (5.103) from 7,0 to 7,7Q to be a diffeomor-
phism. Locally this means that the condition (5.105) is satisfied everywhere. As
we learnt in Chap. 2, Sect.2.15, we can then go over from Lagrangian mechanics
to Hamilton—Jacobi mechanics and vice versa, as we wish. In this section we want
to clarify this relationship using the geometric language.

With @1 a diffeomorphism, geometric objects can be transported between 7' Q
and T*Q at will. For example, if X : TQ — T(T Q) is a vector field on 7' Q, then

def -1 * *

Y=TPLoXod :T°0—>T(T"Q)
is a vector field on the manifold 7*Q. Here, T @y is the tangent mapping cor-
responding to @r. It relates T(T Q) with T(T*Q). As @ is a diffeomorphism,
T @1, is an isomorphism. In this case one has the following results.
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(i) Proposition. Let the Lagrangian function be such that @ is a diffeomor-
phism. Let E be the function on T Q defined by (5.109b). Finally, define
the function

HY Eoo[':T*0 >R

on T*Q. Then the Lagrangian vector field Xg and the vector field Xy,
which corresponds to H, by the definition (5.91), are related by

TdpoXpod; ' =Xy. (5.116)

@1, maps the integral curves of Xg onto those of Xy. The two vector fields,
Xg on TQ and Xy on T*Q, have the same base integral curves (i.e. the
same physical solutions on Q).

Proof. 1t is sufficient to establish the relation (5.116) because the remaining as-
sertions all follow from it. Let v € T Q, w € T, (T Q), let v* be the image of v by
@1, and w* the image of w by the tangent mapping 7@y, i.e. w* = T, P (w).
At the point v we then have

wo(TPL(XE), w*) = oL (Xg, w) = dE(w) = d(H o @)(w) .
On the other hand, at the point v* = @ (v), we know that
wo(TPL(XE), w*) = dH (w*) = wo(Xu, w*) .

The assertion (5.116) now follows because w* is arbitrary, 7@y is an isomorphism,
and g is not degenerate. It is then also clear that the integral curves of Xg and
Xy are related by @r. Finally, denoting the projections from 7'Q and from 7*Q
to Q by 7p and by 1'5, respectively, we know that 79 = ra o @1.. Hence, the base
integral curves are the same. |

(i) The canonical one-form wqg (5.74) is closely related to the action W,
(5.109a). With H = E o &', one has

fo(Xy) =Wod . (5.117a)
Conversely, if 6 def chfGo is the pull-back of the canonical one-form on 7 Q,
then

6p(Xg) =W . (5.117b)

In charts this is easy to verify. For example, (5.117a) is equivalent to the statement
that 6p(Xy) o DL is equal to W. We have
oH
bo(Xu) = ) _pim—

so that, indeed



346 5. Geometric Aspects of Mechanics

oL ..
Oo(Xu) o L =) a—qitf =W
i
(iii) A transformation analogous to (5.103) can also be defined for the inverse
direction, i.e. going from 7*Q to T Q. Let H be a smooth function on T*Q. In

analogy to the definition (5.103) let us define the transformation
Py:T*Q—>T™Q=TQ. (5.118)
If this mapping @y is a diffeomorphism®, one can define the quantities

EYHoo;' . wW¥0xwoo;'., LEYW-E (5.119)
in analogy to (ii) above. This yields a Lagrangian system on 7 Q with L the La-
grangian function. For this L we again construct the mapping @1, (5.103). It then
follows that @1 = @;Il, or & o dy = idT*Q and @y o @, = idTQ. This leads
to the following theorem.

Theorem. The Lagrangian functions on 7 Q for which the correspond-
ing mappings @1, are diffeomorphisms, and the Hamiltonian functions for
which the corresponding @y are diffeomorphisms, correspond to each other
in a bijective manner.

The proof, which is simple, makes use of the tools introduced above, see e.g.
Abraham and Marsden (1981). Thus, under the assumptions stated above, there
is a one-to-one correspondence between the two descriptions of mechanics. The
relationship between them is illustrated once more in Fig.5.14.

T¢H

T(TQ) =————= T1(T*Q)

Fig. 5.14. If the condition (5.105) is fulfilled, the map-
ping @p, is a diffeomorphism. Its inverse @y is defined
by (5.118). A Lagrangian formulation of mechanics on
T Q and a Hamiltonian formulation on 7*Q then corre-
spond bijectively

8 As is easy to guess, this is true if det(azH/apkapi) vanishes nowhere.
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Note that most systems studied in nonrelativistic mechanics have this property.
As a counterexample, however, we remind the reader of the relativistic description
of a free particle, Sect. 4.11: in this case the Lagrangian function did not have the
regularity required for @1 to be a diffeomorphism.

5.7 Riemannian Manifolds in Mechanics

A Riemannian manifold (M, g) is a differential manifold M equipped with a met-
ric g. Differential or smooth manifolds are defined in Sect.5.2.2; the metric is a
smooth tensor field of type 7'20(M ), and its properties are summarized in defini-
tion (ME) in Sect.5.5.1. As can be seen from (5.67b), or from (5.69), the metric
defines a scalar product on 7, M, the tangent space attached to the point p € M.
This scalar product is often written in the ‘‘bra’” and ‘‘ket’’ notation, i.e. by
making use of the symbols < ..]and |.. .>, such that

gpv,w) = <v|w), v,weT,M. (5.120)

The phase space of a Hamiltonian system is a symplectic manifold, cf. the defini-
tion (S2) in Sect. 5.5.4. Symplectic manifolds are very different from Riemannian
manifolds: While all symplectic manifolds look the same locally, this is not true
for Riemannian manifolds. The first statement is the content of Darboux’ theorem
(Sect. 5.5.4) which may be expressed in more physical terms by the statement that
locally and outside of equilibrium positions, any Hamiltonian vector field can be
rectified (cf. Sect.2.37.1)°.

In this section we show that for certain systems of Lagrangian mechanics the
coordinate manifold Q can be interpreted as a Riemannian manifold with the metric
as defined by the kinetic energy; and that solutions of the Euler-Lagrange equations
are nothing but geodesics of Q. In this way we discover another illustration and
example of the geometrical nature of mechanics; at the same time we prepare the
ground for general relativity, which is a geometrical theory, in an even deeper sense.

In what follows we first introduce the notions of parallel transport and affine
connection that one needs in order to define parallel vector fields and to write
down the geodesic equation. We then show that geodesics are solutions of Euler—
Lagrange equations and conclude with a beautiful application of this somewhat
formal chapter.

9 The global properties of symplectic manifolds are the subject of an important research field of
mathematics. The present state of the art is described in the book by Hofer and Zehnder (1994).
This book should be readily accessible for the mathematically minded reader.
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5.7.1 Affine Connection and Parallel Transport

To begin with, let M simply be a Euclidean space R", equipped with the metric
defined in (5.5) and (5.6). Let W = Y. Wi3; and V = _ V'3, be smooth vector
fields on M, V), € T, M the local representative of V at the point p. We now ask
the question of how W at p will change in the direction of V). The answer is
simple in this case: At the point p we let V act on the functions (the components)
Wi(p) and use the result to construct the vector field 3 V (W)d;. This is the local
and natural expression for the covariant derivative of W with respect to V

Z vV (WHo;
i=1
n

aW!
=> V"a—kai ) (5.121)
i,k=1 X

Dy (W)

Obviously this expression is linear in W. Regarding its dependence on V it is also
possible to calculate the covariant derivative along the sum of two vector fields,
viz Dy, 4y, W = Dy, W + Dy, W, as well as along the vector field f -V, where
f is a smooth function on M, viz DyyW = f(Dy W). However, letting Dy act
on the vector field (f - W) is a different matter; one finds

Dy(fW)y =Y V(W) = (VDY Wo+fY VW)
i=1 i=1 i=1

=(VHW+ fDyW.

This formula expresses a generalized product rule, or Leibniz rule.

In case of a smooth manifold M which is not R" the formula (5.121) no longer
holds, and there is no obvious and natural definition of a covariant derivative. Ask-
ing the question of how a vector field W changes along the direction of another
vector field means that we have to compare elements of two distinct tangent spaces,
say W, € T,M with W, € T, M. In order to make such a comparison possible we
first need to know how to transport W), in a parallel fashion from T, M to T, M (by
means of a vector space isomorphism). Only then can one compare the result of the
parallel transport with W,,. As parallel transport, in general, is not given in a canon-
ical way, an explicit rule is necessary. It needs to be constructed in a manner consis-
tent with what we know from the flat space R”. Fixing the rule of parallel transport
on a smooth manifold means choosing what is called a connection. The example
studied above suggests the following defining properties of a connection D:
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CONN. A connection D on a smooth manifold M is a mapping
D : VM) x VM) — VM), (5.122)

which has the following properties:
(1) It is F(M)-linear in the first argument, that is to say
Dy,y v, W = Dy W + Dy, W, (5.123a)

DiyW = f(DyW); (5.123b)

(@i1) it is R-linear in its second argument, that is

Dy (MW + A W) = 1Dy (W1) + A2 Dy (W),
AL Ao € R: (5.124)

(iii) it obeys the Leibniz rule

Dy(fW)=(VHW+ fDyW, feFM). (5.125)

The vector field Dy W is called the covariant derivative of W along V and with
reference to the connection D.

Clearly, the parallel transport is fixed if its action on all base vectors is known.
Therefore, if in a local chart we choose V = 0; and W = 9;, the result is again
a vector field which can be expanded along base fields,

n
Dy (3j) =Y Tho. (5.126)
k=1

This equation defines the Christoffel symbols Fik of the connection D. For exam-
ple, if one computes the covariant derivative of a vector field W along the base
field 9;, equations (5.125) and (5.126) yield the following local expression

awk :

k k

DB,- ( E W ak> = E o5l + E Fij W/ b 0. (5.127)
k k J

One of the central theorems of Riemannian geometry is the following: Among
the set of connections on a Riemannian manifold M there is a special, uniquely
determined connection which, in addition to (5.123-125) has the properties

[V.W]l=DyW —DwV, (5.128)
X(VIW) = (Dx|W)+(VIDxW) forall X,V,W e V(M).  (5.129)

This special connection is called the Levi—Civita connection.
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The first of the additional properties (5.128) says that the commutator (5.32)
of the vector fields V and W equals the difference of the covariant derivative of
W along V and of V along W. By applying (5.128) to two base fields 0; and 9;
we see that the Christoffel symbols are symmetric in their lower indices,

k k
1*1.] = Fji . (5.130)

Indeed the left-hand side vanishes because the base fields commute; the right-hand
side, according to (5.126), gives (5.130)!°.

As it also possesses the property (5.129) the Levi—Civita connection is said
to be metric. Indeed, the covariant derivative can also be applied to other smooth
objects defined on M such as the metric g. One can show that (5.129) is equivalent
to the condition Dg = 0, which says that the covariant derivative of the metric
along any smooth vector field vanishes.

In local coordinates the Christoffel symbols can be expressed in terms of deriva-
tives of the metric tensor g;x as well as by its inverse g©. We skip this calculation
and simply quote the result

1 g, dgmi  08ij

k k ]m mi ]

Jij—zzgm<W+W_ax_m>' (>-131)
m

The symmetry (5.130) is obvious in this explicit formula.

5.7.2 Parallel Vector Fields and Geodesics

A smooth curve « : I C R; — M on the manifold M is itself a smooth, one-
dimensional manifold. Consider a smooth vector field Z € V(«) on this subman-
ifold of M. Let t be the parameter describing the curve, let the dot denote the
derivative with respect to 7 and let & be its tangent vector field. The derivative of
Z with respect to t can then be computed as follows,

. dzk dzk d(x! o @)
7 = Z?ak + szpd(ak) = Z {? +Zr/§nTz’" O .
k k

k Im

This is the rate of change of Z as one moves along the curve. In particular, if Z = 0
the vector field Z is said to be parallel. Given a tangent vector z € Ty(¢)M to
the point a(7p) on the curve we can now state precisely how to perform parallel
transport of a given vector along the curve «. In particular, for every smooth curve
a : I — M there is a unique parallel vector field Z such that at T = 1 it equals
a given tangent vector, say Z(19) = z.

A case of special interest is when Z = «, i.e. where Z is the tangent vector field
of a curve «. Obviously, Z is then none other than the acceleration &. Geodesics,
from the point of view of physics, describe motion of free fall on the manifold,

10 The condition (5.128) expresses the fact that the Levi—Civita connection has vanishing torsion.
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i.e. motion with vanishing acceleration. Geometrically speaking they are curves on
the manifold which link arbitrary points p and g such that the length of the arc pg
is extremal. An elementary example is provided by the unit sphere in three dimen-
sions, M = §2, where the geodesics are the great circles. The geodesic distance
between any two points A, B € S? is either a minimum (if the smaller segment
of the great circle joining them is chosen), or a maximum (if the larger segment
is chosen). If A and B are antipodes, the geodesic length corresponds to a saddle
point (cf. Sect.2.36).

These remarks illustrate the geometrical definition of geodesics.
Geodesics on a smooth Riemannian manifold are smooth curves y : I — M whose
tangent vector field y is parallel.

This definition and our previous remarks allow us to write down a differential
equation for geodesics in local coordinates. It reads

a2 , d . d
i oy)+%:ij(y)E(xJoy)E(x 0y)=0. (5.132a)

Here, the functions (x?oy) are coordinate functions on the curve y. As their mean-
ing is obvious and as there is no real danger of confusion one simplifies the notation
by writing just x’ for short. The geodesic equation then takes the simpler form

4y riopmiit=o. (5.132b)
IT;
5.7.3 Geodesics as Solutions of Euler-Lagrange Equations

As we have seen, geodesics describe force-free, unaccelerated motion on a given
manifold. They are curves whose length is an extremum and, therefore, they are
solutions of Euler—Lagrange equations. This is the content of the following theorem

Theorem on geodesics. Let (Q, g) be a Riemannian manifold and
1
L:TQ—R, Lk = E(v|u)

a Lagrangian function. A curve y is a solution of the Euler—Lagrange equa-
tions if and only if it is geodesic on Q.

Proof: In local coordinates the Lagrangian function reads
Liv) — 1 i1 s
W) =35> 8@V =33 e @i’
ij ij

Lagrange’s equations (2.18) yield
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08 jk
o Zg,/q —-Z —L4lgk=o0. (5.133)

We calculate the time derivative in the first term
d 5 J J g
5 Zguq Zg,,q +Z qu :
J

multiply the entire equation from the left with the inverse g/ of the metric tensor,
and sum over i to obtain the differential equation

. (081 10gjk\ ..
l li yo_ -Y8] Ik —

z : 6g agk ag 'k> i
li U ! J k
l.]k qu qu

|
=

In the second step we have written the first term of the expression within brackets
twice by making use of its symmetry in j and k. In its second form, upon inserting
the formula (5.131) for the Christoffel symbols, the differential equation becomes
precisely the geodesic equation (5.132b). This proves the theorem.

Remark: With L = T = g;14'¢*/2 and with T the kinetic energy, (5.133) shows
that the geodesic equation has the form of (2.18). The integral

hi= f dr \/Zglk(q(r»q gk = / e VT (5.134)

is the length of the curve with boundary values y(r1) = a and y(12) = b. As
long as T does not vanish these geodesics are curves whose length A is extremal
because as T # 0

dovT ovT _ 1 (daT T
dr 3¢ dgi 2T \dr 3¢l dqi )’
5.7.4 Example: Force-Free Asymmetric Top

We wish to conclude this chapter by illustrating these general results by means
of a particularly beautiful example!': We show that Euler’s equations (3.59) are
geodesic equations on the Riemannian manifold M = SO(3), with the metric being
determined by the inertia tensor J.

We start by recalling that by using S(¢) = Z?Zl ¢;J; the rotation matrix
(3.45a) can be written as an exponential series in S and that the action of the

11 vI. Arnol’d: Ann. Inst. Fourier 16, 319 (1966)
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latter on any vector equals the cross product of ¢ with that vector (cf. Sect. 2.22).
Thus, in symbols

R(9) = exp{—S(p)} and S(p)x = ¢ x x.

The action of the matrix £2(t) = RT(‘E)R(‘E), eq. (3.53), on a vector in the
laboratory system is that given in (3.56b). Clearly, these formulas can be rotated
to the body-fixed system,

Q2X=wxxX, where ®=Rw, £ = R2R” . (5.135)

The Lagrangian function is equal to the kinetic energy expressed in the body-fixed
system,

1
L=T=§5~J~6. (5.136)

Let R(7) be a smooth curve on the manifold M = SO(3) which assumes the
boundary values R(71) = R; and R(72) = Rj and which is such that the length
(5.134) is an extremum. We show that any such geodesic obeys Euler’s equations
(3.58) for vanishing external torque.

Let R(7) be a geodesic, Ry € SO(3) a constant, fixed rotation. We compute

T
[% (RoR(T))T] (RoR(1)) = [%Rm} RTR)R(r) = R"(D)R().

From this we conclude that £2, and hence also @ as well as ® remain unchanged.
This means that if R(7) is a geodesic, so is (RgR(7)). Therefore, it is sufficient
to discuss the special geodesic which goes through R(r = 0) = 1. In this case
R(©0) = £2(0). We compute 2 in the neighborhood of ¢ = 0 as follows

2 =RQR"' =R(OR (1)
A 1.
= (11—S+...)(s+—ss+—ss+...)
2 2
. 1 . 9
=S—5[S,S]+O(<o ),
and use the identity (cf. Sect.3.12)
[S. S1 = [S(@). S(9)] = S(¢ x §).

Note that ¢ and ¢ here are independent variables and need not have the same
direction. We conclude that

— 1
2 =S) - 38 x 9 + O(p?).

On the other hand (5.135) implies that Q= S(®w) and we conclude that
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— .1 . 2
w=¢—§¢x¢+(9(¢). (5.137)

Inserting (5.137) into (5.136) and keeping track of the symmetry of the inertia
tensor we have

1

.1, )
T=§¢~J-¢—§¢~J~(¢X¢)+O(<p2)~

In calculating, in a next step, the derivatives with respect to ¢ and to ¢ it is
useful to rewrite the second term of T by using the identities a-(bxc¢) = b-(cxa) =
c-(axb)ywitha= (@ - =J-¢, b=¢, and ¢ = ¢. To first order we find

ﬂ = —l(,b x (Jo) + O(p) = —16 x (Jo) + O(w) .
0@ 2 2

In much the same way one finds

d oT 1 . 1
———=J0—=J) x99+ 0O0(p)=Jo+ o x Jw) + O(gp).
dr 0¢ 2 2

Thus, taking ¢ = 0 one recovers the geodesic equation

—————=Jo+oxJo)=0. (5.138)

This equation is identical to Euler’s equations (3.58), with D = 0. Thus, Euler’s
equations of motion have a simple geometrical interpretation which is helpful in
visualizing their content:

The spinning top without external forces follows geodesics of the smooth manifold
SO3).



6. Stability and Chaos

In this chapter we study a larger class of dynamical systems that include but go
beyond Hamiltonian systems. We are interested, on the one hand, in dissipative
systems, i.e. systems that lose energy through frictional forces or into which energy
is fed from exterior sources, and, on the other hand, in discrete, or discretized, sys-
tems such as those generated by studying flows by means of the Poincaré mapping.
The occurence of dissipation implies that the system is coupled to other, external
systems, in a controllable manner. The strength of such couplings appears in the
set of solutions, usually in the form of parameters. If these parameters are varied
it may happen that the flow undergoes an essential and qualitative change, at cer-
tain critical values of the parameters. This leads rather naturally to the question of
stability of the manifold of solutions against variations of the control parameters
and of the nature of such a structural change. In studying these questions, one re-
alizes that deterministic systems do not always have the well-ordered and simple
behavior that we know from the integrable examples of Chap. 1, but that they may
exhibit completely unordered, chaotic behavior as well. In fact, in contradiction
with traditional views, and perhaps also with one’s own intuition, chaotic behavior
is not restricted to dissipative systems (turbulence of viscous fluids, dynamics of
climates, etc.). Even relatively simple Hamiltonian systems with a small number
of degrees of freedom exhibit domains where the solutions have strongly chaotic
character. As we shall see, some of these are relevant for celestial mechanics.

6.1 Qualitative Dynamics

In the preceding chapters, we dealt primarily with fundamental properties of me-
chanical systems, with principles that allowed the construction of their equations of
motion, and with general methods of solving these equations. The integrable cases,
although a minority among the dynamical systems, were of special importance be-
cause they allowed us to follow specific solutions analytically, to appreciate the
significance and the power of conservation laws, and to study the restrictions that
the latter impose on the manifold of motions in phase space.

On the other hand, there are questions to which we have paid less attention so
far; for example: What is the long-term behavior of a periodic motion that is subject
to a small pertubation? What is the structure of the flow of a mechanical system
(i.e. the set of all possible solutions) in the large? Are there structural, characteristic
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properties of the flow that do not depend on the specific values of the constants
appearing in the equations of motion? Can there be “ordered” and “unordered”
types of motions, in a given system? If yes, can one define a quantitative measure
for the lack of “order”? If a given system depends on external control parameters
(strength of a perturbation, amplitude and frequency of a forced vibration, varying
degree of friction, etc.), are there critical values of the parameters where the flow
of the system changes its structure in the large?

These questions show that, here, we approach the analysis of mechanical sys-
tems in a somewhat different spirit. The equations of motion are assumed to be
known (even though they may depend on control parameters that can be varied).
We concentrate less on the individual solution but, instead, study the flow as a
whole, its stability, its topological structure, and its behavior over long time peri-
ods. It is this kind of analysis we wish to call qualitative dynamics. Quite logically,
it leads one to investigate the stability of equilibrium positions and of periodic or-
bits, to study attractors for dissipative systems (i.e. manifolds of lower dimension
than the original phase space, to which the system tends, for large times, under the
action of dissipation), to study bifurcations (i.e. structural changes of the flow at
critical values of the control parameters), and to analyse the pattern of disordered
motion if it occurs.

6.2 Vector Fields as Dynamical Systems

The dynamics of a very great variety of dynamical systems can be cast in the form
of systems of first-order differential equations, viz.

d
SO = Fa@.n|. ©6.1)

Here, t is the time variable, x(¢) is a point in the configuration space of the system,
and F is a vector field that is continuous and often also differentiable. The space
of the variables x may be the velocity space, described locally by generalized co-
ordinates ¢’ and velocities ¢, or the phase space that we describe locally by the
g' and the canonically conjugate momenta p;. There are, of course, other cases
where the x live in some other manifold: an example is provided by the Eulerian
angles that parametrize the rotational motion of rigid bodies.
As an example, let the equation of the motion be given in the form

V+ G0y + 20,1 =0.
It is easy to recast this in the form of (6.1), by taking
def def .
00 =y, 2@ =30,

so that x| = xp, xo = — fix2 — f». The pattern (6.1), of course, is not restricted to
Lagrangian or Hamiltonian systems. It also describes systems with dissipation, that
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is systems where either mechanical energy is converted to other forms of energy
or where energy from external sources is fed into the system. Thus, (6.1) describes
a large class of dynamical systems, defined on the space of x variables and the
time axis R;. This equation is a local expression of the underlying physical laws.
For instance, it relates the acceleration at every point of space and at each time
¢t with the given field of forces. In this sense it determines the dynamics locally,
“in the small”. The temporal evolution of the system, starting from an arbitrary
but fixed initial configuration, will be known only when we have the complete
solution of the differential equation (6.1) that obeys this initial condition. As an
example, consider the Kepler problem (Sect. 1.7.2) for a given initial position rg
and initial velocity 7o of the relative coordinate. Take Ty = ;u"% /2 to be smaller
than |U (rg)| = A/ro (where A = Gmm») and take [ = |ro X io|u to be differ-
ent from zero. The specific solution that assumes this initial configuration is the
Keplerian ellipse with parameters />/Au and

e = \/1 +2(To + U@ro))I2/nA? .

This specific solution, though, gives little information on the general dynamics
of mass points in the field of the gravitational force F = —VU. Only when we
know the solutions for all allowed initial configurations do we learn that, besides
ellipses and circles, the Kepler problem also admits hyperbolas and parabolas as
the typical scattering orbits. In other words, the diversity of the dynamics hidden
in an equation such as (6.1) will come to light only if one knows and understands
all solutions, i.e. the complete flow of the vector field F'.

These remarks apply to a system whose law of motion is given once and for
all. In the case of real physical systems, this assumption is true only in exceptional
situations, for the following reasons.

(1) It may happen that the force law is not known exactly. Its explicit form
may contain one or several parameters that one whishes to determine from the
observed motions. Here is an example: if one doubts the long-range character of
the Coulomb potential between two point charges e; and e, one might assume
U(r) = erer/r* with @ = 1+ ¢, with the idea of studying the dependence of the
corresponding dynamics on the parameter ¢ (see also Practical Example 1.4).

(i) The vector field F on the right-hand side of (6.1) describes the influence
of an external system that might be varied. An example is an oscillator that is
coupled to an external oscillation of variable frequency and variable amplitude.

(ii1) It may be that the differential equation (6.1) contains a predominant force
field for which all physically allowed solutions are known. In addition, it contains
further terms that describe the coupling of the system to other, external systems, the
coupling being weak enough so that they may be taken to be small perturbations of
the initial, soluble system. This is the situation that we studied in Sect. 2.38-2.40.

In all cases and examples quoted above, the vector field F contains additional
parameters that can be varied and that may have a decisive influence on the man-
ifolds of solutions. For example, it may happen that the solutions of (6.1) change
their structure completely once the parameters cross certain critical values. Sta-
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ble solutions can turn into unstable ones, a periodic solution, by the bifurcation
phenomenon, can double its frequency, etc.

From these remarks it is clear that the task of studying deterministic dynamic
systems on the basis of their equation of motion (6.1) is a very ambitious one.
When formulated this generally, this field of differentiable dynamics, by far, is not
a closed subject. On the contrary, there are only relatively few rigorous results and
a number of empirical results based on numerical studies. Therefore, studying this
branch of mechanics leads one very quickly into the realm of modern research in
this field.

6.2.1 Some Definitions of Vector Fields and Their Integral Curves

In this section we take up the tools introduced in Chap.5 and discuss some con-
cepts that are important for studying vector fields as dynamic systems. The local
form of (6.1) is sufficient for an understanding of most of what follows in subse-
quent sections. Therefore, the reader who is not used to the geometrical language
may skip this section. On the other hand, if one wishes to learn more about the
subjects touched upon in this chapter, some knowledge of the content of Chap. 5 is
mandatory, as the specialized literature and the research in this field make extensive
use of the concepts and methods of topology and differential geometry.

In reality, (6.1) is a coordinate expression of the differential equation (5.42) for
integral curves of a smooth vector field F on the manifold M. In physics, typically
M is the phase space T*Q or the velocity space T Q, i.e. the cotangent or tangent
bundles of the coordinate manifold, respectively.

The curve @, : I — M is an integral curve of F if the tangent vector field
&,, coincides with F&,, ), the restriction of F to points along the curve @,

D) =Faopwy, t€ICR, FeXM). (6.2)

I is an open interval on the time axis R, that contains the origin ¢ = 0. The inte-
gral curve @, is chosen such that it goes through m at time zero. (We adopt the
notation of Sect. 1.19 because we shall use results from there.)

In the coordinates of the chart (¢, U) we obtain the differential equation (5.43),
ie.

d . .
3@ o Pm) = Fl(xko @y, 1), (6.3)

or, in a somewhat simplified notation, (6.1).

Somewhat more generally, we have the following. For each my of M there is
an open neigborhood V on M, an open interval / on the time axis containing the
origin t = 0, and a smooth mapping

®:VxI—>M, (6.4)

such that, for every fixed m € V, the curve @ (m, t) is the integral curve @,,(t) =
@ (m, t) of F that goes through m at time t = 0, @ (m, t = 0) = m. The theorem
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of Sect. 1.19 guarantees the existence and uniqueness of this integral curve. @ is
said to be the local flow of the vector field F and the integral curves @, : [ - M
are said to be the flux or flow lines of @. Keeping the time variable in @ (m, t)
fixed and letting m wander through V, we obtain the flow fronts

@ (m) = D (m, 1) (6.5)
of the flow @. This local manifold of solutions may be visualized as shown in

Fig.6.1. Given a fixed time ¢ € I, each point of the domain V flows along a cer-
tain section of its integral curve @,,. The domain as a whole moves on to @;(V).

S

. Fig. 6.1. During time ¢, the flow of a vector field trans-

ports a domain V to V’ = ®;(V). The figure also shows

— ‘ the orbits along which the points of V move during this
time

If Iy is the maximal allowed interval on the time axis for which @,, exists,
@,, is unique and is said to be the maximal integral curve through m. Applying this
reasoning to every point of M yields a uniquely determined, open set 2 C M xR,
on which the maximal flow @ : 2 — M of the vector field F is defined. This
leads to the following.

Definition. A vector field F is said to be complete if 2 = M x Ry, i.e. if its
maximal flow is defined on the whole manifold and for all times.

The Hamiltonian vector field of the harmonic oscillator provides an example
of a complete vector field,

o (xiy o (2 _9HN _
(f)z(XH)—<ap, aq)—(P, q) - (6.6)

Its maximal flow

cost  sint
P0m = (g, p).1) = <— sin ¢ cost) (Iqa)

is defined on the whole phase space (this is the example of Sect. 5.3.1 with 7o = 0).
In practice there are examples of vector fields that are not complete. For instance,
in the Kepler problem the origin of the potential must be cut out of the orbit plane
because of its singularity at this point. The corresponding Hamiltonian vector field
then ceases to be complete on R2. Similarly, in relativistic mechanics and in general
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relativity there are vector fields (such as velocity fields of geodesics) that are not
complete. For a complete vector field, @ is a global flow,

® MxR - M, 6.7)

that may be interpreted in yet another way. As in (6.5) let us keep the time fixed.
The flow (6.7) then generates a smooth mapping of M onto itself,

O M= M:ms @(m) = o, 1), (6.8)

which has the following properties. For + = 0 it is the identical mapping on M,
@ = idys. Taking the composition of (6.7) with itself, twice or several times, one
obtains

Dy =D0d; for t,s €R;.

For each t, &, is a diffeomorphism of M. The inverse of @; is @_;. In this way
we obtain a one-parameter group of diffeomorphisms on M, generated by the flow
@ and the assignment ¢ — @;. Thus every complete vector field defines a one-
parameter group of diffeomorphisms. Conversely, a group @ : M x R — M that
depends on a real parameter defines a complete vector field.

6.2.2 Equilibrium Positions and Linearization of Vector Fields

Suppose the laws of motion of a physical system are described by the local equation
(6.1) or, more generally, by an equation of the form of (6.2). A set of differential
equations of this kind is called a dynamical system (although, strictly speaking,
only the set of all solutions to these equations describes the dynamics). For what
follows, we treat dynamical systems in the simplified form of (6.1), i.e. in the form
of differential equations on R”. For manifolds that are not Euclidean spaces this
means that we work in local charts. Exceptions regarding dynamical systems on
more general, smooth manifolds will be mentioned explicitly.

A point xg is said to be an equilibrium position of the vector field F if
F(xo) = 0. Equivalently, one also talks about a singular or critical point of the
vector field. For an autonomous system, for example, (6.1) becomes

x(t) = Fx@) . (6.9)

At a critical point x the velocity vector vanishes so that the system cannot move
out of this point. However, as such, (6.9) says nothing about whether the configu-
ration xg is stable or unstable against perturbations. One learns more about this if
one linearizes (6.9) about the point x¢. For this purpose we introduce the following
definitions.

(i) Linearization in the neighborhood of a critical point. In the terminology of
Sect. 6.2.1 the linearization of a vector field at a critical point m( is defined to be
the linear mapping
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F'(mo) : TugM — TyoM ,

which assigns to every tangent vector v € T,,,)M the derivative

d
F'(mo) -v = 3 TP V)|, -

Here @ is the flow of F and T @ is the corresponding tangent mapping.

In the simplified form of (6.9), valid on R", linearization means simply that
we expand about the point x = x¢. Thus, take y = x — x¢ and F(xo) = 0. From
(6.9) we obtain the differential equation

" .

; aF!
Vi)=Y —| Y@ 6.10a
V=3 o Yo (6.10a)

k=1 X
or, in more compact notation,

y() = DF|)~CO y(@) . (6.10b)

This is a differential equation of the type studied in Sect.1.21. The symbol DF
denotes the matrix of partial derivatives, very much as in Sect.2.29.1. For an au-
tonomous system (6.9) this matrix is independent of time. The linear system (6.10)
obtained from it is homogeneous and autonomous.

The following case is more general (see Exercise 1.22 and the example of
Sect. 1.26).

(i) Linearization in the neighborhood of a given solution. Let @ (¢) be a so-
lution of (6.1) and let y(@) =x@) — @ (t). Then, from (6.1),

¥(0) = Fy(@) + (1), 1) — S (1) = F(y(t) + (1), 1) — F(D (1), 1) .

Expanding the right-hand side in a Taylor series about the solution @ (¢) yields the
linear and homogenous differential equation

i

: IF
V=Y (=20, 1)y 0, 6.11)

k
P ox
where the partial derivatives of F' must be taken along the orbit @(¢). Even if F
has no explicit time dependence, the linearized system (6.11) is not autonomous.
It becomes autonomous only if the specific solution is chosen to be an equilibrium
position, @ (t) = xo, taking us back to the first case (6.10).

In the simpler case of linearizing an autonomous system about an equilibrium
position we obtain the linear, homogeneous, and autonomous system (6.10), i.e.

y@) = Ay() (6.12)
with the matrix A being given by

AF!

ik = 7T .
0x Xo
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The linear system (6.12) can be solved explicitly. The solution that fulfills the
initial condition y(s) =0 is

(1) = W1 (y0) = expl(t — )Alyo (6.13)

with ¥ s(yo) = yo and with

e8]

expl(t — s)A] = Z S)n

If A is given in diagonal form, this series becomes particularly simple. With «;
denoting the eigenvalues of A the exponential series also has diagonal form, its
eigenvalues being exp(Aw;) with A = ¢ —s. For this reason, the eigenvalues of the
matrix A = DF are called characteristic exponents of the vector field F at the
point xg.

For the sake of illustration we consider two examples. The first is the example
of Sect. 1.21.1, which is understood to be the linearization of the plane pendulum
at the point x = 0. From (1.46)

0 1/m
A= (—ma)2 0 ) ’
The eigenvalues of A are easily found. From the characteristic equation det (1l —
A) = 0 one finds o] = iw, @y = —iw, so that the diagonalized matrix is

0 iw 0
A= <O —ia)> . (6.14)

In the second example we add a friction term to the plane pendulum, pro-
portional to the velocity of the motion. Thus, in linearized form we obtain the
differential equation

mg +2ymg +mw’q =0, (6.15)

where y is a constant with the dimension of a frequency.
Using the notation of Sect. 1.18, yl =gq, y2 = mgq, (6.15) becomes

-1 1
Yy _ y . _ 0 1/m

The eigenvalues of A are computed as in the previous example. For y? <
(this is the case of weak friction) one finds two, complex conjugate characteristic
exponents

2

0
Y| <w:A=

—ytivel—y? 0 (6.162)
0 —y —iyw? —y2 '
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For y? > o (this is the aperiodic limit) one finds two real characteristic exponents
both of which have the same sign as y,

0 _ 2 _ .2
yl>w:A= "V TVr - 02 - (6.16b)
0 —y =y —w

In all cases, yo = (y!, y*) = 0 is an equilibrium position. In the case of damped
motion, (6.16~a) and (6.16b) show that all solutions (6.13) approach the origin ex-
ponentially as ¢ goes to infinity. This point is certainly one of stable equilibrium.
If, on the other hand, y < 0, the oscillations are enhanced and every initial con-
figuration except yp = 0 moves away from the origin, no matter how close to O it
is chosen. In this situation the origin is certainly a point of unstable equilibrium.
In the case of purely harmonic oscillations (6.14) the origin is again stable but
in a weaker sense than with positive damping. Indeed, if we perturb the oscillator
a little from its position of rest, it becomes a stationary state of motion with small
amplitude. It neither returns to zero nor moves away from it for large times. The
origin is stable but, obviously, its stability is of a different character than for the
damped oscillator. Let us study these different kinds of stability in more detail.

6.2.3 Stability of Equilibrium Positions

Let xo be a stable critical point of the vector field F, i.e. F(xp,?) = 0 and xg
is an equilibrium position of the dynamical system (6.1) or (6.9). The notion of
stability of the critical point is qualified by the following definitions.

S1. The point xg is said to be stable (or Liapunov stable) if for every neigh-
borhood U of xq there is a further neighborhood V of x( such that the
integral curve, that, at time ¢ = 0, goes through an arbitrary point x € V,
exists in the limit + — 400 and never leaves the domain U. Thus, when
expressed in symbols, we have for x € V and @,(0) = x, @,(¢) € U for
all + > 0.

S2. The point xq is said to be asymptotically stable if there is a neighbor-
hood U of x( that is such that the integral curve @ (t) through an arbitrary
x € U is defined for t — +o00 and tends to xg as ¢ goes to infinity. Thus,
with @ (x, t) denoting the flow,

oWU,s)coWU,t)yclU for s>t>0 and

lim &,(t)=x9, forall xeU.
t—+o00 ~ -

In the first case orbits that belong to initial configurations close to xq stay in
the neighborhood of that point, at all later times. In the second case they move to-
ward the critical point as time increases. Clearly, S2 contains the situation defined
in S1: a point that is asymptotically stable is also Liapunov stable.

The following proposition gives more precise information on how rapidly the
points of the neighborhood U in S2 move towards xo as time increases.
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Proposition I. Let x( be an equilibrium position of the dynamical system
(6.1), which is approximated by the linearization (6.10b) in a neighborhood
of xo. Assume that for all eigenvalues «; of DF|x, we have Re{o;} < —¢ <
0. Then there is a neighborhood U of x( such that the flow of F on U (i.e.
which fulfills @ (U, t = 0) = U) is defined for all positive times, as well
as a constant d such that for all x € U and all # > 0 we have

1P (1) — xoll < de™|lx — xoll . (6.17)

Here || ...| denotes the distance function. The result (6.17) tells us that the
orbit through x € U converges to xo uniformly and at an exponential rate.

A criterion for instability of an equilibrium position is provided by the follow-
ing.

Proposition II. Let x¢ be an equilibrium position of the dynamical sys-
tem (6.1). If x¢ is stable then none of the characteristic exponents (i.e. the
eigenvalues of DF |y of the linearization of (6.1)) has a positive real part.

We skip the proofs of these propositions and refer, for example, to Hirsch and
Smale (1974). Instead, we wish to illustrate them by a few examples and to give
the normal forms of the linearization (6.10) for the case of two dimensions.

One should note that definitions S1, S2 and propositions I and II apply to
arbitrary smooth vector fields, and not only to linear systems. In general, the lin-
earization (6.10) clarifies matters only in the immediate neighborhood of the crit-
ical point x¢. The question of the actual size of the domain around x( from which
all integral curves converge to xg, in the case of asymptotic stability, remains open,
except for linear systems. We shall return to this below.

For a system with one degree of freedom, f = 1, the space on which the
system (6.1) is defined has dimension 2. In the linearized form (6.10) it is

VN L (e an (!

N ay an) \y*
with ajx = (AF/3x%)| xo- The eigenvalues are obtained from the characteristic
polynomial det (¢l — A) = 0, i.e. from the equation

2
a” —alay +axn) +ajjaxn —apa =0,

which may be expressed by means of the trace t+ = TrA and the determinant
d = det A as follows:

o> —ta+d=0. (6.18)
As is well known, the roots of this equation fulfill the relations

art+ay=t, aay=d.
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If the discriminant D = 12 — 4d is positive or zero, the solutions «; and oy are
real. In this case we must distinguish the following possibilities.

() o <ap <0,1e.d > 0 and —2Jd <t < 0. For diagonal A the solu-
tions are y! = exp(a 1) yé, y% = exp(aat) yg and we obtain the pattern shown in
Fig. 6.2a. The origin is asymptotically stable: it is a node.

(i) @1 = a2 < 0. This is a degenerate case contained in (i) and is shown in
Fig. 6.2b.

(iil) o < 0 < «q, i.e. d < 0. Here the origin is unstable. The orbits show the
typical pattern of a saddle point; see Fig.6.2c: some orbits approach the origin,
others leave it.

y? y? y2

//"\\
>- < : : - »
y y j“r y'
(a) (b) (c)

Fig. 6.2a—c.Typical behavior of a system with one degree of freedom in the neighborhood of an
equilibrium position. In cases (a) and (b) the equilibrium is asymptotically stable. In case (c) it is
unstable and has the structure of a saddle-point

If the discriminant D is negative, the characteristic exponents are complex con-
jugate numbers

ar=0+ip, wm=o0—ip,

with o and g real. Here t = 20, d = 0> 4 0. The various cases that are possible
here are illustrated in Fig. 6.3, which shows the examples of the damped, the ex-
cited, and the unperturbed oscillator (6.16a). The figure shows the solution with
initial condition yé =1, y(% = 0 of (6.15), viz.

Yoy =q@) = |:cos<r,/1 - g2> + <g/,/1 - g2> sin(r,/l - g2>i| e s,
V(@) =¢(t) = — (1/,/1 — gz) sin(t 1 - g2) e 8T, (6.19)

Here we have introduced T = wt and g = y/w. Curve A corresponds to g = 0,
curve B to g = 0.15, and curve C to g = —0.15. In the framework of our analysis
these examples tell us the following.

(iv) Curve A. Here 0 = 0, 0 = w, so that t = 0 and d > 0. The origin is
stable but not asymptotically stable. It is said to be a center.

(v) Curve B. Here 0 = —y < 0, 0 = Vw? — y2, so that t < 0, d > 0. The
origin is now asymptotically stable.
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(vi) Curve C. Now o = —y is positive while g is as in (v); therfore ¢ > 0,
d > 0. The orbits move away from the origin like spirals. The origin is unstable

for t — +o0.

N

Fig. 6.3. Nature of the equilib-
rium position (0, 0) for the case of
two, complex conjugate, characteris-
tic exponents. All curves start from
the initial configuration (1,0) and
belong to the example of the oscilla-
tor (6.15) with the explicit solution
(6.19)

Our discussion shows the typical cases that occur. Figure 6.4 illustrates the var-
ious domains of stability in the plane of the parameters (¢, d). The discussion is
easily completed by making use of the real normal forms of the matrix A and by
considering all possible cases, including the question of stability or instability as

t tends to —oo.

AS

AS

D

"
o

F1/4

Us

us

Fig. 6.4. For a system with f = 1
the various stability regions are deter-
mined by the trace ¢ and the deter-
minant d of the linearization A. AS
means asymptotically stable (the equi-
librium position is a node). S means
stable (center) and US means unstable
(saddle-point)
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6.2.4 Critical Points of Hamiltonian Vector Fields

It is instructive to try the stability criteria developed above on canonical systems.
These are governed by the canonical equations (2.99),

X =JH,, (6.20)
where J is defined as in (2.102), its properties being
detd=1, J'=d"'=-4,8=-1.

The system (6.20) having an equilibrium position at xo, the Hamiltonian vector
field Xy vanishes at that point. As J is regular, also the vector of partial derivatives
H , vanishes in x¢. Linearizing around xo, i.e. setting y = x — xo and expanding
the right-hand side of (6.20), we obtain the linear systém

y=A~Ay

with A = JB and B = {97 H/0x*0x'|x—x,}.
The matrix B is symmetric, B = B’ Making use of the properties of J we
have

ATJ+JA=0. (6.21)

A matrix that obeys condition (6.21) is said to be infinitesimally symplectic. This
name becomes clear if one considers a symplectic matrix M that differs only a
little from 1,

M= 1+ cA + O(?) .

The defining relation (2.113) then indeed yields (6.21), to first order in &'.
The following result applies to matrices which fulfill condition (6.21).

Proposition. If « is an eigenvalue of the infinitesimally sympletic matrix
A, having multiplicity k, then also —« is an eigenvalue of A and has the
same multiplicity. If « = 0 is an eigenvalue then its multiplicity is even.

Proof. The proof makes use of the properties of J, of the symmetry of B and of
well-known properties of determinants. The eigenvalues are the zeros of the char-
acteristic polynomial P(«) = det (el — A). Therefore, it is sufficient to show that
det (all — A) = det (11 + A). This is seen as follows

1 In Sect.5.5.4 symplectic transformations are defined without reference to coordinates, see defi-
nition SYT. If these are chosen to be infinitesimal, F' = id + ¢A, then to first order in & relation
(6.21) is obtained in the coordinate-free form w(Ae, e’) + w(e, Ae’) = 0.



368 6. Stability and Chaos

P(a) = det (a1l — A) = det (—ad? — JB) = detJ det (—ad — B)
= det (—ad — B)T = det (ad — B) = det (¢l —J~'B)
= det (@l +JB) = det (¢l + A) .

Thus, the proposition is proved. ]

This result shows that the assumptions of proposition I (Sect. 6.2.3) can never
be fulfilled for canonical systems. As a consequence, canonical systems cannot
have asymptotically stable equilibria. Proposition II of Sect. 6.2.3, in turn, can be
applied to canonical systems: it tells us that the equilibrium can only be stable
if all characteristic exponents are purely imaginary. As an example consider the
case of small oscillations about an absolute minimum ¢gq of the potential energy
described in Practical Example 2.1. Expanding the potential energy about go up
to second order in (¢ — go), we obtain equations of motion that are linear. After
we have transformed to normal coordinates the Hamiltonian function that follows
from the Lagrangian function (A.8), Practical Example 2.1, reads

/
1 2 212
H:EX;(Pi + 270} .
1=

Setting Q) = +/$2;Q; and P/ = P;/\/$2;, H takes the form

!
l / !
H=> > QPP+ 0P . (6.22)

i=1
We calculate the matrix A = JB from this: A takes the standard form
2 0

0 Q2
f (6.23)

— 82 0

0 -

Generally, one can show that the linearization of a Hamiltonian system has pre-
cisely this standard form if the Hamiltonian function of its linearization is positive-
definite. (Clearly, in the case of small oscillations about an absolute minimum of
the potential energy, H does indeed have this property.) Diagonalizing the matrix
(6.23) shows that the characteristic exponents take the purely imaginary values

+i2y, +if2, ..., £i2y .
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Therefore, a system for which A has the standard form (6.23) does not contra-
dict the criterion for stability of proposition II of Sect.6.2.3. The point x¢ has a
chance to be stable although this is not decided by the above propositions. In order
to proceed one tries to find an auxiliary function V (x) that has the property that
it vanishes in x( and is positive everywhere in a certain open neighborhood U of
that point. In the example (6.22) this could be the energy function (with x’ = 0:,
Xt =Pli=1,...,f)

f
1 . .
V) = E@ =) &l + e
i=1

We then take the time derivative of V (x) along orbits of the system. If this deriva-
tive is negative or zero everywhere in U, this means that no solution moves out-
ward, away from x¢. Then the point xg is stable.

Remark. An auxiliary function that has these properties is called a Liapunov func-
tion.

The test for stability by means of a Liapunov function can also be applied
to systems that are not canonical, and it may even be sharpened there. Indeed, if
the derivative of V(x) along solutions is negative everywhere in U, then all or-
bits move inward, towards x(. Therefore this point is asymptotically stable. Let us
illustrate this by the example of the oscillator (6.15) with and without damping.
The point (¢ = 0, ¢ = 0) is an equilibrium position. A suitable Liapunov function
is provided by the energy function,

V(g.9) = 1G* +w?q®) with V(0,0)=0. (6.24)

Calculate V along solution curves:

AV, av. . . . .
V=it ged= *qq —2y§* — w'qq = —2y4* . (6.25)

In the second step we have replaced § by ¢ and ¢, using (6.15). For y = 0, V
vanishes identically. No solution moves outward or inward and therefore (0, 0) is
stable: it is a center. For positive y, V is strictly negative along all orbits. The
solutions move inward and therefore (0, 0) is asymptotically stable.

6.2.5 Stability and Instability of the Free Top

A particularly beautiful example of a nonlinear system with stable and unstable
equilibria is provided by the motion of a free, asymmetric rigid body. Follow-
ing the convention of Sect.3.13 (3.60), the principal axes are labeled such that
0<1I) < I < I3 We set

i def __ def Ip — I3
! - and F!' S 223253

7 (with cyclic permutations) .
1
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The Eulerian equations (3.59) take the form (6.1), viz.

Li—1 Li—1 L—1
Al 272,23 0 2 BTN B3 2702 (6.06)
I I I3

)

Here, we have written the right-hand sides such that all differences I; — I are pos-
itive. This dynamical system has three critical points (equilibria) whose stability
we wish to investigate, viz.

1) = (@00, 1P =000, x¥ =000,

@i

 being an arbitrary positive constant. We set y = x —)50) and linearize equations

(6.26). For example, in the neighborhood of the point )g(()l) we obtain the linear

system

| 0
I —1
B y2 0 0 w3 1 Y1 _
y=\|y|= I 2| =Ay
y 0 — L—1 0 y3
I3

The characteristic exponents follow from the equation det (¢l — A) = 0 and are
found to be

1 1 .
V=0, o =—al —io/(L— 1) - I)/Li5 . (6.27a)
A similar analysis yields the following characteristic exponents at the points {c(()z)

and x (()3), respectively:

0’ =0, of =i’ =05 —b) (L - 1)/l (6.27b)

=0, o =-a zio/(5—L)( -1/l . (6.27¢)

Note that in the case of (6.27b) one of the characteristic exponents has a positive
real part. Proposition II of Sect.6.2.3 tells us that )5(()2) cannot be a stable equi-
librium. This confirms our conjecture of Sect.3.14 (ii), which we obtained from
Fig.3.22: rotations about the axis corresponding to the intermediate moment of
inertia cannot be stable.

Regarding the other two equilibria, the characteristic exponents (6.27a) and
(6.27c¢) are either zero or purely imaginary. Therefore, )g(()]) and {c((f) have a chance
of being stable. This assertion is confirmed by means of the following Liapunov

(1) (3)
0

functions for the points x, " and x;°, respectively:

VO () € 1L — 1) + B — 1)),

VO@ E L — )Y + b — .
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V) vanishes at x = {c(()]); it is positive everywhere in the neighborhood of this
point. Taking the time derivative of V1 along solutions, we obtain, making use
of the equations of motion (6.26),

VO (x) = Ll — L)X + B — I)x3x3
=[(L— Iz — 1) — (I3 — I))(I, — INDIx'x*x* = 0.

An analogous result is obtained for VG)({C). As a consequence the equilibria Jg(()])

and {(03) are stable. However, they are not Liapunov stable, in the sense of the
definition (St3) below.

6.3 Long-Term Behavior of
Dynamical Flows and Dependence on External Parameters

In this section we investigate primarily dissipative systems. The example of the
damped oscillator (6.15), illustrated by Fig.6.3 may suggest that the dynamics
of dissipative systems is simple and not very interesting. This impression is mis-
leading. The behavior of dissipative systems can be more complex by far than the
simple “decay” of the motion whereby all orbits approach exponentially an asymp-
totically stable point. This is the case, for instance, if the system also contains a
mechanism that, on average, compensates for the energy loss and thus keeps the
system in motion. Besides points of stability there can be other structures of higher
dimension that certain subsets of orbits will cling to asymptotically. In approach-
ing these attractors for t — 400, the orbits will lose practically all memory of
their initial condition, even though the dynamics is strictly deterministic. On the
other hand, there are systems where orbits on an attractor with neighboring initial
conditions, for increasing time, move apart exponentially. This happens in dynam-
ical systems that possess what are called strange attractors. They exhibit the phe-
nomenon of extreme sensitivity to initial conditions, which is one of the agents
for deterministic chaos: two orbits whose distance, on average, increases exponen-
tially, pertain to initial conditions that are indistinguishable from any practical point
of view.

For this phenomenon to happen, there must be at least three dynamical vari-
ables. In point mechanics this means that the phase space must have dimensions
4, 6, or higher. Obviously, there is a problem in representing the flow of a dynam-
ical system as a whole because of the large number of dimensions. On the other
hand, if we deal with finite motions that stay in the neighborhood of a periodic
orbit, it may be sufficient to study the intersection of the orbits with hypersurfaces
of smaller dimension, perpendicular to the periodic orbit. This is the concept of
Poincaré mapping. It leads to a discretization of the flow: e.g. one records the flow
only at discrete times tg, 1o+ 7T, to+27T, etc., where T is the period of the reference
orbit, or else, when it hits a given transversal hypersurface. The mapping of an
m-dimensional flow on a hypersurface of dimension (m — 1), in general, may give
a good impression of its topology. There may even be cases where it is sufficient
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to study a single variable at special, discrete points (e.g., maxima of a function).
One then obtains a kind of return mapping in one dimension that one may think
of as a stroboscopic observation of a one-dimensional system. If this mapping is
suitably chosen it may give hints to the behavior of the flow as a whole.

In general, dynamical systems depend on one or several parameters that control
the strength of external influences. An example is provided by forced oscillations,
the frequency and amplitude of the the exciting oscillation being the control param-
eters. In varying these parameters one may hit critical values at which the structure
of the flow changes qualitatively. Critical values of this kind are called bifurcations.
Bifurcations, too, play an important role in the development of deterministic chaos.

This section is devoted to a more precise definition of the concepts sketched
above. They are then discussed and illustrated by means of a number of examples.

6.3.1 Flows in Phase Space

Consider a connected domain Uy of initial conditions in phase space that has the
oriented volume Vj.

(i) For Hamiltonian systems Liouville’s theorem tells us that the flow @ carries
this initial set across phase space as if it were a connected part of an incompress-
ible fluid. Total volume and orientation are preseved; at any time ¢ the image U; of
Up under the flow has the same volume V; = Vj. Note, however, that this may be
effected in rather different ways: for a system with f = 2 (i.e. four-dimensional
phase space) let Uy be a four-dimensional ball of initial configurations. The flow
of the Hamiltonian vector field may be such that this ball remains unchanged or is
deformed only slightly, as it wanders through phase space. At the other extreme,
it may be such that the flow drives apart, at an exponential rate exp(at), points of
one direction in Up, while contracting points in a direction perpendicular to the
first, at a rate exp(—at) so that the total volume is preserved.? Liouville’s theorem
is respected in either situation. In the former case orbits through Uy possess a cer-
tain stability. In the latter case they are unstable in the sense that there are orbits
with arbitrarily close initial conditions that nevertheless move apart at an expo-
nential rate. Even though the system is deterministic, it is practically impossible
to reconstruct the precise initial condition from an observation at a time ¢ > 0.

(ii) For dissipative systems the volume V| of the initial set Uy is not conserved.
If the system loses energy, the volume will decrease monotonically. This may hap-
pen in such a way, that the initial domain shrinks more or less uniformly along all
independent directions in Up. There is also the possibility, however, that one di-
rection spreads apart while others shrink at an increased rate such that the volume
as a whole decreases.

A measure of constant increase or decrease of volume in phase space is pro-
vided by the Jacobian determinant of the matrix of partial derivatives D@ (2.119).

2 In systems with f =1, i.e. with a two-dimensional phase space, and keeping clear from saddle
point equilibria, the deformation can be no more than linear in time, cf. Exercise 6.3.
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If this determinant is 1, then Liouville’s theorem applies. If it decreases as a func-
tion of time, the phase space volume shrinks. Whenever the Jacobian determinant
is different from zero, the flow is invertible. If it has a zero at a point x of phase
space, the flow is irreversible at this point.

A simple phenomenological method of introducing dissipative terms into
Hamiltonian systems consists in changing the differential equation for p(#) in the
following manner: -

One calculates the time derivative of H along solutions of the equations of motion,

f
dH OH OH
& =t

Sobi=—) d'R@p). (6.29)
Pj i=1

Depending on the nature of the dissipative terms R;, the energy decreases either
until the system has come to rest or the flow has reached a submanifold of lower
dimension than dim > on which the dissipative term ) g'R;(¢, p) vanishes.

In the example (6.15) of the damped oscillator we have

H = (p?/m+mw’q*>)/2 and R =2ymq,

so that
dH 2
== oymg? =Yy (6.30)
t m

In this example the leakage of energy ceases only when the system has come to
rest, i.e. when it has reached the asymptotically stable critical point (0, 0).

6.3.2 More General Criteria for Stability

In the case of dynamical systems whose flow shows the behavior described above,
the stability criteria of Sect. 6.2.3 must be generalized somewhat. Indeed, an orbit
that tends to a periodic orbit, for t — +o00, can do so in different ways. Further-
more, as this concerns a local property of flows, one might ask whether there are
subsets of phase space that are preserved by the flow, without “dissolving” for large
times. The following definitions collect the concepts relevant to this discussion.

Let F be a complete vector field on R”, or phase space R?/, or, more generally,
on the manifold M, depending on the system one is considering. Let B be a subset
of M whose points are possible initial conditions for the flow of the differential
equation (6.1),

@;—0(B) =B .
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For positive or negative times ¢ this subset moves to @;(B). The image @;(B) can
be contained in B, but it may also have drifted out of B, partially or completely.
We sharpen the first possibility as follows.

(1) If the image of B under the flow is contained in B, for all r > 0,

®,(B) C B, 6.31)

the set B is said to be positively invariant.

(i1) Similarly, if the condition (6.31) held in the past, i.e. for all # < 0, B is
said to be negatively invariant.

(iii) Finally, B is said to be invariant if its image under the flow is contained
in B for all ¢,

®,(t) C B forallt. (6.32)

(iv) If the flow has several, neighboring domains for which (6.32) holds, ob-
viously, their union has the same property. For this reason one says that B is a
minimal set if it is closed, nonempty, and invariant in the sense of (6.32), and if
it cannot be decomposed into subsets that have the same properties.

A periodic orbit of a flow &, has the property @, (m) = @;(m), for all points
m on the orbit, T being the period. Very much like equilibrium positions, closed,
periodic orbits are generally exceptional in the diversity of integral curves of a
given dynamical system. Furthermore, equilibrium positions may be understood
as special, degenerate examples of periodic orbits. For this reason equilibria and
periodic orbits are called critical elements of the vector field F that defines the dy-
namical system (6.1). It is not difficult to verify that critical elements are minimal
sets in the sense of definitions (iii) and (iv) above.

Orbits that move close to each other, for increasing time, or tend towards each
other, can do so in different ways. This kind of “moving stability” leads us to the
following definitions. We consider a reference orbit A, say, the orbit of a mass
point m 4. This may, but need not, be a critical element. Let another mass point
mp move along a neighboring orbit B. At time t = 0 m 4 starts from mg and mp
starts from m%, their initial distance being smaller than a given § > 0,

|m% —mS|l <8 @¢=0). (6.33)

These orbits are assumed to be complete (or, at least, to be defined for ¢t > 0), i.e.
they should exist in the limit + — oo (or, at least, for t — +00). Then orbit A
is stable if

Stl. for every test orbit B that fulfills (6.33) there is an ¢ > 0 such that
for + > 0 orbit B, as a whole, never leaves the tube with radius & around
orbit A (orbital stability); or

St2. the distance of the actual position of m p(¢) from orbit A tends to zero
in the limit ¢+ — +o00 (asymptotic stability); or

St3. the distance of the actual positions of m4 and mp at time ¢ tends to
zero as t — +oo (Liapunov stability).
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Fig. 6.5. Stability of an orbit (A) for the exam-
ple of a system in two dimensions. (a) Orbital
stability, (b) asymptotic stability, (¢) Liapunov
stability

(A)

In Fig. 6.5 we sketch the three types of stability for the example of a dynamical
system in two dimensions. Clearly, analogous criteria can be applied to the past,
i.e. the limit + — —o0. As a special case, m4 may be taken to be an equilibrium
position in which case orbit A shrinks to a point. Orbital stability as defined by Stl
is the weakest form and corresponds to case S1 of Sect. 6.2.3. The two remaining
cases (St2 and St3) are now equivalent and correspond to S2 of Sect. 6.2.3.

Remarks: Matters become particularly simple for vector fields on two-dimen-
sional manifolds. We quote the following propositions for this case.

Proposition I. Let F be a vector field on the compact, connected manifold M
(with dim M = 2) and let B be a minimal set in the sense of definition (iv) above.
Then B is either a critical point or a periodic orbit, or else B = M and M has
the structure of a two-dimensional torus 72.

Proposition II. If, in addition, M is orientable and if the integral curve ®;(m)
contains no critical points for ¢+ > 0, then either @;(m) is dense in M (it covers
all of M), which is T2, or &,(m) is a closed orbit.

For the proofs we refer to Abraham and Marsden (1981, Sect. 6.1).
As an example for motion on the torus 72, let us consider two uncoupled
oscillators

pr+alq=0, pr+wigp=0. (6.34)
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Transformation to action and angle coordinates (see Sect.2.37.2, Example (vi))
gives

qi =+/2P;/w;sinQ;, p;i=+20;PicosQ;, i=1,2

with P; = I; = const. The integration constants I, I, are proportional to the
energies of the individual oscillators, I; = E;/w;. The complete solutions

Pi=1, Po=DhL, Qi=wit+ 0100, Qr=wit+ 02(0) (6.35)

lie on tori 72 in the four-dimensional phase space R* that are fixed by the constants
I1 and I,. If the ratio of frequencies is rational,

wz/a)l =n2/n1 s n; € N,

the combined motion on the torus is periodic, the period being T = 27wn|/w; =
27ny/wy. If the ratio wy/w; is irrational, there are no closed orbits and the or-
bits cover the torus densely. (Note, however, as the rationals are dense in the real
numbers, the orbits of the former case are dense in the latter.) For another and
nonlinear example we refer to Sect. 6.3.3(ii) below.

6.3.3 Attractors

Let F be a complete vector field on M = R” (or on another smooth manifold M,
for that matter) that defines a dynamic system of the type of (6.1). A subset A of
M 1is said to be an attractor of the dynamical system if it is closed and invariant
(in the sense of definition 6.3.2(iii)) and if it obeys the following conditions.

(i) A is contained in an open domain Uy of M that is positively invariant itself.
Thus, according to definition 6.3.2(i), Uy has the property

D,(Uy) Uy for t=>0.

(ii) For any neighborhood V of A contained entirely in Uy (i.e. which is such
that A C V C Up), one can find a positive time 7 > 0 beyond which the image
of Uy by the flow ¢, of F is contained in V,

D, (Up) cV forallt>T.

The first condition says that there should exist open domains of M that contain the
attractor and that do not disperse under the action of the flow, for large positive
times. The second condition says that, asymptotically, integral curves within such
domains converge to the attractor. In the case of the damped oscillator, Fig. 6.3,
the origin is a (pointlike) attractor. Here, Uy can be taken to be the whole of R?
because any orbit is attracted to the point (0,0) like a spiral. It may happen that M
contains several attractors (which need not be isolated points) and therefore that
each individual attractor attracts the flow only in a finite subset of M. For this
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reason one defines the basin of an attractor to be the union of all neighborhoods
of A that fulfill the two conditions (i) and (ii). Exercise 6.6 gives a simple example.

Regarding condition (ii) one may ask the question whether, for fixed Up, one
can choose the neighborhood V' such that it does not drift out of Uy under the ac-
tion of the flow for positive times, i.e. whether V; = &,(V) C Uy for all + > 0. If
this latter condition is fulfilled, the attractor, A, is said to be stable. The following
examples may help to illustrate the concept of attractor in more depth.

Example (i) Forced oscillations (Van der Pol’s equation). The model (6.15) of
a pendulum with damping or external excitation is physically meaningful only in
a small domain, for several reasons. The equation of motion being a linear one,
it tells us that if g(¢) is a solution, so is every q(f) = Aq(¢), with A an arbitrary
real constant. Thus, by this simple rescaling, the amplitude and the velocity can be
made arbitrarily large. The assumption that friction is proportional to ¢ then can-
not be a good approximation. On the other hand, if one chooses y to be negative,
then according to (6.30) the energy that is delivered to the system grows beyond
all limits. It is clear that either extrapolation — rescaling or arbitrarily large energy
supply — must be limited by nonlinear dynamical terms.

In an improved model one will choose the coefficient y to depend on the am-
plitude in such a way that the oscillation is stabilized: if the amplitude stays below
a certain critical value, we wish the oscillator to be excited; if it exceeds that value,
we wish the oscillator to be damped. Thus, if u(#) denotes the deviation from the
state of rest, (6.15) shall be replaced by

mii(t) + 2my W)i(t) + mo*ut) =0, (6.36a)

where y(u) € — yo(1 — u?(t)/ud) (6.36b)

and where yo > 0. ug is the critical amplitude beyond which the motion is damped.
For small amplitudes y (1) is negative, i.e. the motion is enhanced.
We introduce the dimensionless variables

t %o, g0 Y (V20 uoo)u()

and set p = ¢(t). The equation of motion can be written in the form of (6.28),
where

def
H=1p*+¢») and Rg.p)=—(—q)p. &= 2p/o,
and therefore
g=7p.
p=—q+@E—q)p. (6.36¢)

Figure 6.6 shows three solutions of this model for the choice ¢ = 0.4 that are
obtained by numerically integrating the system (6.36c) (the reader is invited to
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: Fig. 6.6. The dynamical system (6.36a) has an attractor.
Orbits that start inside or outside the attractor, for t —
00, tend towards the attractor at an exponential rate, on
average. The control parameter is ¢ = 0.4. The dashed
line segment is a transverse section

-4 -2 \A_? 2 4 9

2
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repeat this calculation). The figure shows clearly that the solutions tend rapidly to
a limit curve, which is itself a solution of the system. (In Exercise 6.9 one is invited
to find out empirically at what rate the solutions converge to the attractor.) Point
A, which starts from the initial condition (g9 = —0.25, pg = 0), initially moves
outward and, as times goes on, clings to the attractor from the inside. Points B
(go = —0.5, po = 4) and C (g0 = —4, po = 0) start outside and tend rapidly to the
attractor from the outside. In this example the attractor seems to be a closed, and
hence periodic, orbit. (We can read this from Fig. 6.6 but not what the dimension of
the attractor is.) Figure 6.7 shows the coordinate g(t) of the point A as a function
of the time parameter t. After a time interval of about twenty times the inverse
frequency of the unperturbed oscillator it joins the periodic motion on the attractor.
On the attractor the time average of the oscillator’s energy E = (p* + ¢2)/2 is
conserved. This means that, on average, the driving term proportional to ¢ feeds in
as much energy into the system as the latter loses through damping. From (6.29)
we have

dE/dt = 8p2 - qu2 .
Taking the time average, we have dE/dt = 0, and hence
ep? = q*p?, (6.37)

the left-hand side being the average energy supply, the right-hand side the average
loss through friction.

For ¢ = 0.4 the attractor resembles a circle and the oscillation shown in Fig. 6.7
is still approximately a harmonic one. If, instead, we choose ¢ appreciably larger,
the limit curve gets strongly deformed and takes more the shape of a hysteresis
curve. At the same time, ¢(t) shows a behavior that deviates strongly from a sine
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Fig. 6.7. Motion of the point A of Fig.6.6, Fig. 6.8. Motion of the point A, with initial
with initial condition (¢ = —0.25, p = 0) for condition (—0.25,0) as in Fig.6.7 but here
& = 0.4, as a function of time. It quickly joins with ¢ =5.0

the periodic orbit on the attractor

curve. Figure 6.8 shows the example ¢ = 5.0. The time variation of g(7) shows
cleary that it must contain at least two different scales.

Example (ii) Two coupled Van der Pol oscillators. The second example is di-
rectly related to, and makes use of the results of, the first. We consider two identical
systems of the type (6.36¢) but add to them a linear coupling interaction. In order
to avoid resonances, we introduce an extra term into the equations that serves the
purpose of taking the unperturbed frequencies out of tune. Thus, the equations of
motion read

Gi=pi, i=12,
P1=—q1+ (€ —qD)p1+ a2 —q1) (6.38)
pr=—q2—0q2+ (—q)p2+ g1 —q2) .

Here o is the detuning parameter while A describes the coupling. Both are assumed
to be small.

For A = o = 0 we obtain the picture of the first example, shown in Fig. 6.6,
for each variable: two limit curves in two planes of R* that are perpendicular to
each other and whose form is equivalent to a circle. Their direct product defines a
torus T2, embedded in R*. This torus being the attractor, orbits in its neighborhood
converge towards it, at an approximately exponential rate. For small perturbations,
ie. 0, A < ¢, one can show that the torus remains stable as an attractor for the
coupled system (see Guckenheimer and Holmes 2001, Sect. 1.8). Note, however,
the difference to the Hamiltonian system (6.35). There, for given energies E1, E2,
the torus is the manifold of motions, i.e. all orbits start and stay on it, for all times.
Here, the torus is the attractor to which the orbits tend in the limit t — +o00. The
manifold of motions is four-dimensional but, as time increases, it “descends” to a
submanifold of dimension two.
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6.3.4 The Poincaré Mapping

A particularly clear topological method of studying the flow in the neighborhood
of a closed orbit is provided by the Poincaré mapping to which we now turn.
In essence, it consists in considering local transverse sections of the flow, rather
than the flow as a whole, i.e. the intersections of integral curves with some local
hypersurfaces that are not tangent to them. For example, if the flow lies in the two-
dimensional space R?, we let it go through local line segments that are chosen in
such a way that they do not contain any integral curve or parts thereof. One then
studies the set of points where the integral curves cross these line segments and
tries to analyze the structure of the flow by means of the pattern that one obtains
in this way. Figure 6.6 shows a transverse section for a flow in two dimensions
(dashed line). The set of intersection points of the orbit starting in A and this line
section shows the average exponential approach to the attractor (see also Exercise
6.10).

A flow in three dimensions is cut locally by planes or other two-dimensional
smooth surfaces that are chosen such that they do not contain any integral curves.
An example is shown in Fig.6.9: at every turn the periodic orbit I" crosses the
transverse section S at the same point, while a neighboring, nonperiodic orbit cuts
the surface S at a sequence of distinct points. With these examples in mind the
following general definition will be readily plausible.

/"_\

~ O\

Fig. 6.9. Transverse section for a periodic orbit in R3

Definition. Let F be a vector field on M = R" (or on any other smooth manifold
of dimension 7). A local transverse section of F at the point x € M is an open
neighborhood on a hypersurface of dimension dim S = dimM — 1 =n —1 (i.e.
a submanifold of M) that contains x and is chosen in such a way that, at none of
the points s € S does the vector field F(s) lie in the tangent space TS.

The last condition makes sure that all flow lines going through points s of S
do indeed intersect with S and that none of them lies in S.

Consider a periodic orbit I” with period T, and let S be a local transverse
section at a point xo on I". Without restriction of generality we may take xo(f =
0) = 0. Clearly, we have xo(nT) = 0, for all integers n. As I does not vanish in
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X0, there is always a transverse section S that fulfills the conditions of the defi-
nition above. Let Sy be a neighborhood of x( that is contained in S. We ask the
question at what time 7(x) an arbitrary point x € Sp that follows the flow is taken
back to the transverse section S for the first time. For x = x( the answer is simply
7(x9) = T and @7(x9) = Pp(xo) = xo. However, points in the neighborhood of
X0 may return to § later or earlier than 7 or else may not return to the transverse
section at all. The initial set of Sy, after one turn, is mapped onto a neighborhood
S1, i.e. into the set of points

St = (@)@l € So} - (6.39)

Note that different points of Sp need different times for returning to S for the first
time (if they escape, this time is infinite). Therefore, S; is not a front of the flow.
The mapping generated in this way,

TSy —> S1ix @ch)({c) , (6.40)

is said to be the Poincaré mapping. It describes the behavior of the flow, as a
function of discretized time, on a submanifold S whose dimension is one less
than the dimension of the manifold M on which the dynamical system is defined.
Figure 6.10 shows a two-dimensional transverse section for a flow on M = R3.

\ / Fig. 6.10. Poincaré mapping of an initial domain Sy in the

S neighborhood of a periodic orbit I". The point x(, where I’
hits the transverse section, is a fixed point of the mapping

Of course, the mapping (6.40) can be iterated by asking for the image S, of
S1, after the next turn of all its points, etc. One obtains a sequence of open neigh-
borhoods

So—>8S1—=>%...—> 8,
b b

which may disperse, as time goes to +00, or may stay more or less constant, or
may shrink to the periodic orbit I". This provides us with a useful criterion for
the investigation of the flow’s long-term behavior in the neighborhood of a peri-
odic orbit, or, more generally, in the neighborhood of an attractor. In particular, the
Poincaré mapping allows for a test of stability of a periodic orbit or of an attractor.

In order to answer the question of stability in the neighborhood of the periodic
orbit I', it suffices to linearize the Poincaré mapping at the point xo. Thus, one
considers the mapping

DIT1(0) = {311' /dx"|x—o} . (6.41)
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(In the case of a general manifold M this is the tangent map TIT at xo € M.)
The eigenvalues of the matrix (6.41) are called characteristic multipliers of the
vector field F at the periodic orbit I". They tell us whether there is stability or
instability in a neighborhood of the closed orbit I". We have the following. Let I”
be a closed orbit of the dynamical system F and let IT be a Poincaré mapping in
xo = 0. If all characteristic multipliers lie strictly inside the unit circle, the flow
will tend to I" smoothly as + — +oo. This orbit is asymptotically stable. In turn,
if the absolute value of one of the characteristic exponents exceeds one, the closed
orbit I" is unstable.

We study two examples. The first concerns flows in the plane for which trans-
verse sections are one-dimensional. The second illustrates flows on the torus 72
in R*, or in its neighborhood, in which case the transverse section may be taken
to be a subset of planes that cut the torus.

Example (i) Consider the dynamical system
X1 = pxy —x2 — (7 +x3)"xp
X2 = g +x1 — (xf +x3)"x2 (6.42a)

where the exponent n takes the values n = 1, 2, or 3 and where u is a real param-
eter. Without the coupling terms (—x3) in the first equation and x; in the second,
the system (6.42a) is invariant under rotations in the (x1, x2)-plane. On the other
hand, without the nonlinearity and with u = 0, we have the system x; = —x3,
X7 = x1 whose solutions move uniformly about the origin, along concentric circles.
One absorbs this uniform rotation by introducing polar coordinates x; = r cos ¢,
x3 = rsin¢. The system (6.42a) becomes the decoupled system

a
F=pr ="t = —— UG ¢)
ar

. 3
b=1=—7-U09). (6.42b)

The right-hand side of the first equation (6.42b) is a gradient flow (i.e. one whose
vector field is a gradient field, cf. Exercise 6.7), with

1 1
Ur,¢) = —spr* + —— "2 — ¢ 6.43
(r, ) LA L ¢ (6.43)
The origin r = 0 is a critical point. Orbits in its neighborhood behave like spirals
around (0,0) with radial dependence r = exp(ut). Thus, for u < 0, the point (0,0)
is asymptotically stable. For ;v > 0 this point is unstable. At the same time, there
appears a periodic solution

x1 = R(u)cost, xp=R(p)sint with R(un)= %/,

which turns out to be an asymptotically stable attractor: solutions starting outside
the circle with radius R(u) move around it like spirals and tend exponentially to-
wards the circle, for increasing time; likewise, solutions starting inside the circle
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move outward like spirals and tend to the circle from the inside. (The reader is
invited to sketch the flow for p© > 0.)

In this example it is not difficult to construct a Poincaré mapping explicitly. It is
sufficient to cut the flow in the (x1, x2)-plane with the semi-axis ¢ = ¢9 = const.
Starting from (x?, xg) on this line, with rg = ,/(x?)z + (x(z))z, the flow hits the
line again after the time + = 27. The image of the starting point has the distance
r1 = I1(rg), where r; is obtained from the first equation (6.42b). Indeed, if ¥,
denotes the flow of that equation, | = W;—>, (r0).

Let us take the special case n = 1 and u > 0. Taking the time variable t = ut,
the system (6.42b) becomes

d 1 dp 1
(1ot E_ 1 (6.44)
dt uw dt  u

With r(r) = 1/\/o(r) we obtain the differential equation do/dt = 2(1/u — 0),
which can be integrated analytically. One finds o(c, 7) = 1/ + ¢ exp(—271), ¢
being an integration constant determined from the initial condition o(r = 0) =
oo=1/ rg. Thus, the integral curve of (6.44) starting from (rg, ¢) reads

@ (ro, $0) = (1/‘/9((;, r),q&o—l—r/umodZn) (6.45)

withc =1/ rg —1/u. Hence, the Poincaré mapping that takes (g, ¢o) to (r1, ¢1 =
¢p) is given by (6.45) with t = 2x, viz.

11 e
I(rg) = [Uu + (-2 - —) e_4”:| . (6.46)
ry 122

This has the fixed point ro = /i, which represents the periodic orbit. Linearizing
in the neighborhood of this fixed point we find

dr1

DI1(ro = /it) = o

_ e—47r .

ro=./I

The characteristic multiplier is A = exp(—4m). Its absolute value is smaller than
1 and hence the periodic orbit is an asymptotically stable attractor.

Example (ii) Consider the flow of an autonomous Hamiltonian system with
f = 2 for which there are two integrals of the motion. Suppose we have already
found a canonical transformation to action and angle coordinates, i.e. one by which
both coordinates are made cyclic, i.e.

{91, 92, p1, p2, HY — {61,62, 11, I, H} (6.47)

and H = w111 +wrl». An example is provided by the decoupled oscillators (6.34).
As both 6y are cyclic, we have
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Ii(g.p)=0, or Iq, p) = const = I;(qo, po)

along any orbit. Returning to the old coordinates for the moment, this means that
the Poisson brackets

(H, I;} and {I;,I;} (G,j=1,2) (6.48)
vanish.? In the new coordinates we have
6 =dH/dL =w; or 6;(1) =wit +67 . (6.49)

From (6.49) we see that the manifold of motions is the torus 72, embedded in the
four-dimensional phase space. For the transversal section of the Poincaré mapping
it is natural to choose a part S of a plane that cuts the torus and is perpendicular
to it. Let 01 (z) be the angular variable running along the torus, and 6, (¢) the one
running along a cross section of the torus. A point s € Sy C S returns to S for
the first time after T = (27 /w;). Without loss of generality we measure time in
units of this period T, Tt =¢/T, and take 69 = 0. Then we have

01(t) =27, 6a(7) = 2Tan/w + 65 . (6.49")

Call C the curve of intersection of the torus and the transverse section of S. The
Poincaré mapping maps points of C on the same curve. The points of intersection
of the orbit (6.49") with S appear, one after the other, at T =0, 1, 2, . .. If the ratio
of frequencies is rational , wy/w; = m/n, the first (n — 1) images of the point
6 = 98 are distinct points on C, while the nth image coincides with the starting
point. If, in turn, the ratio w»/w; is irrational, a point sg on C is shifted, at each
iteration of the Poincaré mapping, by the azimuth 2w w,/w;. It never returns to
its starting position. For large times the curve C is covered discontinuously but
densely.

6.3.5 Bifurcations of Flows at Critical Points

In Example (i) of the previous section the flow is very different for positive and
negative values of the control parameter. For u < 0 the origin is the only critical
element. It turns out to be an asymptotically stable equilibrium. For u > 0 the
flow has the critical elements {0, 0} and {R(x) cost, R(u) sint}. The former is an
unstable equilibrium position, the latter a periodic orbit that is an asymptotically
stable attractor. If we let o vary from negative to positive values, then, at u = 0,
a stable, periodic orbit branches off from the previously stable equilibrium point
{0, 0}. At the same time, the equilibrium position becomes unstable as shown in
Fig. 6.11. Another way of expressing the same result is to say that the origin acts
like a sink for the flow at © < 0. For u > 0 it acts like a source of the flow,
while the periodic orbit with radius R(u) is a sink. The structural change of the
flow happens at the point (x = 0, r = 0), in the case of this specific example. A
point of this nature is said to be a bifurcation point.

3 H, I, and I, are in involution, for definitions cf. Sect.2.37.2
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\ Fig. 6.11. For the system (6.42a) the
point r = 0 is asymptotically stable
for u < 0. At u = 0 a periodic solu-
tion (circle with radius R(uw)) splits
off and becomes an asymptotically
stable attractor. At the same time the
point » = 0 becomes unstable

RN

The general case is that of the dynamical system
i=Fux) . (6.50)

whose vector field depends on a set u = {1, U2, ..., i} of k control parameters.
The critical points xo(u) of the system (6.50) are obtained from the equation

F(u. x0) =0. (6.51)

The solutions of this implicit equation, in general, depend on the values of the
parameters . They are smooth functions of w if and only if the determinant of
the matrix of partial derivatives DF = {9 F "(~;~L, X) /9x*} does not vanish in Xg.
This is a consequence of the theorem on implicit functions, which guarantees that
(6.51) can be solved for x¢, provided that the condition is fulfilled. The points
(i, x0) where this condition is not fulfilled, i.e. where DF has at least one van-
ishing eigenvalue, need special consideration. Here, several branches of differing
stability may merge or split off from each other. By crossing this point, the flow
changes its structure in a qualitative manner. Therefore, a point (u, xo) where the
determinant of DF vanishes, or, equivalently, where at least one of its eigenvalues
vanishes, is said to be a bifurcation point.

The general discussion of the solutions of (6.51) and the complete classifica-
tion of bifurcations is beyond the scope of this book. A good account of what is
known about this is given by Guckenheimer and Holmes (2001). We restrict our
discussion to bifurcations of codimension 1.* Thus, the vector field depends on
only one parameter (t, but is still a function of the n-dimensional variable x. If
(10, Xo) is a bifurcation point, the following two forms of the matrix of partial
derivatives DF are typical (cf. Guckenheimer and Holmes 2001):

0 0
DF(M! {C)|M0,)~C0 = <0 A) s (652)

where Ais a (n — 1) x (n — 1) matrix, as well as

4 The codimension of a bifurcation is defined to be the smallest dimension of a parameter space
{u1, ..., ng} for which this bifurcation does occur.
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0 —w O
DF(Ma{C)Mo,{Co: o 0 0], (6.53)
0O 0 B

with B a (n — 2) x (n — 2) matrix.

In the first case (6.52) DF has one eigenvalue equal to zero, which is respon-
sible for the bifurcation. As the remainder, i.e. the matrix A, does not matter, we
can take the dimension of the matrix DF to be n = 1, in the case of (6.52). Fur-
thermore, without restriction of generality, the variable x and the control parameter
W can be shifted in such a way that the bifurcation point that we are considering
occurs at (i = 0, xo = 0). Then the following types of bifurcations are contained
in the general form (6.52).

(i) The saddle-node bifurcation:

F=p—x>. (6.54)
For 4 > 0 the branch xo = /it is the set of stable equilibria and xo = —,/u the set
of unstable equilibria, as shown in Fig. 6.12. These two branches merge at 1 = 0
and compensate each other because, for < 0, there is no equilibrium position.

(ii) The transcritical bifurcation:

X = pux — x>, (6.55)

Here the straight lines xo = 0 and x¢p = p are equilibrium positions. For u < 0
the former is asymptotically stable and the latter is unstable. For u© > 0, on the
other hand, the former is unstable and the latter is asymptotically stable, as shown
in Fig.6.13. The four branches coincide for u© = 0, the semi-axes (xo = 0, or
x0 = U, < 0) and (xg = u, or xo = 0, u > 0) exchange their character of
stability; hence the name of the bifurcation.

Xo l °

—_——— — ——
N T /
Lt 1/
Y l ~ /
~

| 4
Fig. 6.12. Illustration of a saddle-node bifurca- Fig. 6.13. The transcritical bifurcation. In cross-
tion at xg = u = 0. As in Fig.6.11 the arrows ing the point of bifurcation u = 0, the two
indicate the direction of the flow in the neigh- semi-axes exchange their character of stability

borhood of the equilibria
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(iii) The pitchfork bifurcation:
X =px—x>. (6.56)

All the points of the straight line xg = O are critical points. These are asymptoti-
cally stable if u is negative, but become unstable if w is positive. In addition, for
@ > 0, the points on the parabola x(% = u are asymptotically stable equilibria,
as shown in Fig.6.14. At u = 0, the single line of stability on the left of the
figure splits into the “pitchfork” of stability (the parabola) and the semi-axis of
instability.

Xo

Fig. 6.14. The pitchfork bifurcation

In all examples and prototypes considered above the signs of the nonlinear
terms are chosen such that they act against the constant or linear terms for u > 0,
i.e. in such a way that they have a stabilizing effect as one moves from the line
xo = 0 to positive x. The bifurcations obtained in this way are called supercrit-
ical. Tt is instructive to study the bifurcation pattern (6.54-6.56) for the case of
the opposite sign of the nonlinear terms. The reader is invited to sketch the re-
sulting bifurcation diagrams. The so-obtained bifurcations are called subcritical.
In the case of the second normal form (6.53) the system must have at least two
dimensions and DF must have (at least) two complex conjugate eigenvalues. The
prototype for this case is the following.

(iv) The Hopf bifurcation:

¥ = puxp —x — (xF +xHx1
(6.57)

Xy = Ux2 +x1 — ()cl2 +x22)xz .
This is the same as the example (6.42a), with n = 1. We can take over the results
from there and draw them directly in the bifurcation diagram (u, xo). This yields
the picture shown in Fig. 6.15. (Here, again, it is instructive to change the sign of
the nonlinear term in (6.57), turning the supercritical bifurcation into a subcritical
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Fig. 6.15. The Hopf bifurca-
tion in two dimensions. The
lower part of the figure shows
the behavior of the flow in the
neighborhood of the asymptoti-
—————————— cally stable equilibrium and of
H the asymptotically stable peri-
odic solution

one. The reader should sketch the bifurcation diagram.) We add the remark that
here and in (6.53) the determinant of DF does not vanish at (uo, Xo). It does so,
however, once we have taken out the uniform rotation of the example (6.42a). One
then obtains the system (6.42b) for which the determinant of DF does vanish and
whose first equation (for n = 1) has precisely the form (6.56). Figure 6.15 may be
thought of as being generated from the pitchfork diagram of Fig. 6.14 by a rotation
in the second x-dimension.

6.3.6 Bifurcations of Periodic Orbits

We conclude this section with a few remarks on the stability of closed orbits, as
a function of control parameters. Section 6.3.5 was devoted exclusively to the bi-
furcation of points of equilibrium. Like the closed orbits, these points belong to
the critical elements of the vector field. Some of the results obtained there can
be translated directly to the behavior of periodic orbits at bifurcation points, by
means of the Poincaré mapping (6.40) and its linearization (6.41).

A qualitatively new feature, which is important for what follows, is the bi-
furcation of a periodic orbit leading to period doubling. It may be described as
follows. Stability or instability of flows in the neighborhood of closed orbits is
controlled by the matrix (6.41), that is the linearization of the Poincaré mapping.
The specific bifurcation in which we are interested here occurs whenever one of the
characteristic multipliers (i.e. the eigenvalues of (6.41)) crosses the value —1, as a
function of the control parameter u. Let 5o be the point of intersection of the peri-
odic orbit I" with a transverse section. Clearly, s¢ is a fixed point of the Poincaré
mapping, I1(sg) = so. As long as all eigenvalues of the matrix DIT(sp) (6.41)
are inside the unit circle (i.e. have absolute values smaller than 1), the distance
from so of another point s in the neighborhood of sy will decrease monotonically
by successive iterations of the Poincaré mapping. Indeed, in linear approximation
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we have
7" (s) — so = (DIT(s0))" (s — s0) - (6.58)

Suppose the matrix DIT(sg) to be diagonal. We assume the first eigenvalue to
be the one that, as a function of the control parameter p, moves outward from
somewhere inside the unit circle, by crossing the value —1 at some value of .
All other eigenvalues, for simplicity, are supposed to stay inside the unit circle.
In this special situation it is sufficient to consider the Poincaré mapping only in
the 1-direction on the transverse section, i.e. in the direction the eigenvalue A
refers to. Call the coordinate in that direction u. If we suppose that Ai(u) is
real and, initially, lies between O and —1, the orbit that hits the transverse sec-
tion at the point s; of Fig.6.16a appears in u, after one turn, in u#3 after two
turns, etc. It approaches the point sg asymptotically and the periodic orbit through
so is seen to be stable. If, on the other hand, A;(u) < —1, the orbit through
s1 moves outward rapidly and the periodic orbit through sg, obviously, is unsta-
ble.

(a) (b)

Fig. 6.16a,b. Poincaré mapping in the neighborhood of a periodic orbit, for the case where a char-
acteristic multiplier approaches the value —1 from above (a), and for the case where it equals that
value (b)

A limiting situation occurs if there is a value p( of the control parameter for

which A;(up) = —1. Here we obtain the pattern shown in Fig. 6.16b: after one
turn the orbit through s appears in uy = —uj, after the second turn in u3 = +uy,
then in u4 = —uy, then in us = +uj, etc. This applies to each s on the u axis,

in a neighborhood of sy. As a result, the periodic orbit I" through sy has only
a sort of saddle-point stability: orbits in directions other than the u-axis are at-
tracted towards it, but orbits whose intersections with the transverse section lie
on the u-axis will be caused to move away by even a small perturbation. Thus,
superficially, the point (i, so) seems to be a point of bifurcation having the char-
acter of the pitchfork of Fig.6.14. A closer look shows, however, that there is
really a new phenomenon. In a system as described by the bifurcation diagram
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of Fig.6.14, the integral curve tends either to the point xo = +./u, or to the
point xg = —./i, for positive u. In the case shown in Fig.6.16b, on the con-
trary, the orbit alternates between 1| and —uj. In other words, it is a periodic
orbit I with the period 7> = 2T, T being the period of the original reference
orbit.

If we take I3 as the new reference orbit, the Poincaré mapping must be re-
defined in such a way that I hits the transverse section for the first time after
the time 7>. One can then study the stability of orbits in the neighborhood of I*;.
By varying the control parameter further, it may happen that the phenomenon of
period doubling described above happens once more at, say, © = u1, and that
we have to repeat the analysis given above. In fact, there can be a sequence of
bifurcation points (o, so), (i1, S1), etc. at each of which the period is doubled.
We return to this phenomenon in the next section.

6.4 Deterministic Chaos

This section deals with a particularly impressive and characteristic example for de-
terministic motion whose long-term behavior shows alternating regimes of chaotic
and ordered structure and from which some surprising empirical regularities can
be extracted. Although the example leaves the domain of mechanics proper, it
seems to be so typical, from all that we know, that it may serve as an illustra-
tion for chaotic behavior even in perturbed Hamiltonian systems. We discuss the
concept of iterative mapping in one dimension. We then give a first and somewhat
provisional definition of chaotic motion and close with the example of the logis-
tic equation. The more quantitative aspects of deterministic chaos are deferred to
Sect. 6.5.

6.4.1 Iterative Mappings in One Dimension

In Sect. 6.3.6 we made use of the Poincaré mapping of a three-dimensional flow
for investigating the stability of a closed orbit as a function of the control para-
meter . We found, in the simplest case, that the phenomenon of period doubling
could be identified in the behavior of a single dimension of the flow, provided one
concentrates on the direction for which the characteristic multiplier A (i) crosses
the value —1 at some critical value of . The full dimension of the flow of F(u, x)
did not matter. We can draw two lessons from this. Firstly, it may be sufficient
to choose a single direction within the transverse section S (more generally, a
one-dimensional submanifold of §) and to study the Poincaré mapping along this
direction only. The picture that one obtains on this one-dimensional submanifold
may already give a good impression of the flow’s behavior in the large. Secondly,
the restriction of the Poincaré mapping to one dimension reduces the analysis of
the complete flow and of its full, higher-dimensional complexity, to the analysis
of an iterative mapping in one dimension,
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uj = uiy1 = fu;) . (6.59)

In the example of Sect. 6.3.6, for instance, this iterative mapping is the sequence
of positions of a point on the transverse section at times 0, 7, 27, 3T, ... Here the
behavior of the full system (6.1) at a point of bifurcation is reduced to a difference
equation of the type (6.59).

There is another reason one-dimensional systems of the form (6.59) are of
interest. Strongly dissipative systems usually possess asymptotically stable equi-
libria and/or attractors. In this case a set of initial configurations filling a given
volume of phase space will be strongly quenched, by the action of the flow and
as time goes by, so that the Poincaré mapping quickly leads to structures that look
like pieces of straight lines or arcs of curves. This observation may be illustrated
by the example (6.38). Although the flow of this system is four dimensional, it
converges to the torus T2, the attractor, at an exponential rate. Therefore, con-
sidering the Poincaré mapping for large times, we see that the transverse section
of the torus will show all points of intersection lying on a circle. This is also
true if the torus is a strange attractor. In this case the Poincaré mapping shows a
chaotic regime in a small strip in the neighborhood of the circle (see e.g. Bergé,
Pomeau, Vidal 1987). Finally, iterative equations of the type (6.59) describe spe-
cific dynamical systems of their own that are formulated by means of difference
equations (see e.g. Devaney 1989, Collet and Eckmann 1990). In Sect. 6.4.3 be-
low we study a classic example of a discrete dynamical system (6.59). It belongs
to the class of iterative mappings on the unit interval, which are defined as fol-
lows.

Let f(u, x) be a function of the control parameter p and of a real variable x
in the interval [0, 1]. f is continuous, and in general also differentiable, and the
range of p is chosen such that the iterative mapping

Xi+1 = f(l'l/vxi) ) X € [01 1] ) (660)

does not lead out of the interval [0, 1]. An equation of this type can be ana-
lyzed graphically, and particularly clearly, by comparing the graph of the function
y(x) = f(u, x) with the straight line z(x) = x. The starting point x; has the im-
age y(x1), which is then translated to the straight line as shown in Fig. 6.17a. This
yields the next value x,, whose image y(x;) is again translated to the straight line,
yielding the next iteration x3, and so on. Depending on the shape of f(u, x) and
on the starting value, this iterative procedure may converge rapidly to the fixed
point x shown in Fig.6.17a. At this point the straight line and the graph of f
intersect and we have

x=f(u,x). (6.61)

The iteration x; — xp — ... — X converges if the absolute value of the derivative
of the curve y = f(u, x) in the point y = x is smaller than 1. In this case x is
an equilibrium position of the dynamical system (6.60), which is asymptotically
stable. If the modulus of the derivative exceeds 1, on the other hand, the point x
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Fig. 6.17a,b. The iteration x; 1 = f(u, x;) converges to x, provided |d f/dx|z < I (a). In (b) both
0 and x, are stable but x| is unstable

is unstable. In the example shown in Fig.6.17a X = 0 is unstable. Figure 6.17b
shows an example where X9 = 0 and x, are stable, while x| is unstable. By the
iteration (6.60) initial values x; < X; tend to Xo, while those with x| < x; < 1
tend to x».

The nature and the position of the equilibria are determined by the control pa-
rameter . If we let u vary within its allowed interval of variation, we may cross
certain critical values at which the stability of points of convergence changes and,
hence, where the structure of the dynamical system changes in an essential and
qualitative way. In particular, there can be bifurcations of the type described in
Sects. 6.3.5 and 6.3.6. We do not pursue the general discussion of iterated map-
pings (6.60) here and refer to the excellent monographs by Collet and Eckmann
(1990) and Guckenheimer and Holmes (1990). An instructive example is given in
Sect. 6.4.3 below. Also we strongly recommend working out the PC-assisted exam-
ples of Exercises 6.12—14, which provide good illustrations for iterative mappings
and give an initial feeling for chaotic regimes.

6.4.2 Qualitative Definitions of Deterministic Chaos

Chaos and chaotic motion are intuitive concepts that are not easy to define in a
quantitative and measurable manner. An example taken from daily life may il-
lustrate the problem. Imagine a disk-shaped square in front of the main railway
station of a large city, say somewhere in southern Europe, during rush hour. At the
edges of the square busses are coming and going, dropping passengers and waiting
for new passengers who commute with the many trains entering and leaving the
station. Looking onto the square from the top, the motion of people in the crowd
will seem to us nearly or completely chaotic. And yet we know that every single
passenger follows a well-defined path: he gets off the train on platform 17 and
makes his way through the crowd to a target well known to him, say bus no. 42,
at the outer edge of the square.
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Now image the same square on a holiday, on the day of a popular annual
fair. People are coming from all sides, wandering between the stands, going here
and there rather erratically and without any special purpose. Again, looking at the
square from the top, the motion of people in the crowd will seem chaotic, at least
to our intuitive conception. Clearly, in the second case, motion is more accidental
and less ordered than in the first. There is more chaoticity in the second situation
than in the first. The question arises whether this difference can be made quanti-
tative. Can one indicate measurements that answer quantitatively whether a given
type of motion is really unordered or whether it has an intrinsic pattern one did
not recognize immediately?’

We give here two provisional definitions of chaos but return to a more quan-
titative one in Sect. 6.5 below. Both of them, in essence, define a motion to be
chaotic whenever it cannot be predicted, in any practical sense, from earlier con-
figurations of the same dynamical system. In other terms, even though the motion
is strictly deterministic, predicting a state of motion from an initial configuration
may require knowledge of the latter to a precision that is far beyond any practical
possibility.

(1) The first definition makes use of Fourier analysis of a sequence of val-

ues {xi, x2,...,Xx,}, which are taken on at the discrete times t; = 7 - A, T =
1,2, ..., n. Fourier transformation assigns to this sequence another sequence of
complex numbers {X, X2, ..., X,} by

n
~ dif 1 —i2not/n _
xg—ﬁZxTe , o=1,2,...,n. (6.62)
While the former is defined over the time variable, the latter is defined over a fre-

quency variable, as will be clear from the following. The sequence {x;} is recorded
during the total time

T=t,=nA,

=1

or, if we measure time in units of the interval A, T = n. The sequence {x;} may
be understood as a discretized function x(¢z) such that x; = x(tr) (with time in
units of A). Then F = 2n/n is the frequency corresponding to time 7', and the
sequence {X,} is the discretization of a function X of the frequency variable with
Xo = X(o - F). Thus, time and frequency are conjugate variables.

Although the {x;} are real, the X, of (6.62) are complex numbers. However,
they fulfill the relations X,_, = X and thus do not contain additional degrees of
freedom. One has the relation

n n

2 ~ 2
Yo =D Il
=1 o=1

5 In early Greek cosmology chaos meant “the primeval emptiness of the universe” or, alternatively,
“the darkness of the underworld”. The modern meaning is derived from Ovid, who defined chaos
as “the original disordered and formless mass from which the maker of the Cosmos produced
the ordered universe” (The New Encyclopedia Britannica). Note that the loan-word gas is derived
from the word chaos. It was introduced by J.B. von Helmont, a 17th-century chemist in Brussels.
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and the inverse transformation reads®
1 n
— ~ i2xto/n
X = X € . 6.63
= ;— - (6.63)

The following correlation function is a good measure of the predictability of
a signal at a later time, from its present value:

n
def 1
8§05 =) FoXoss (6.64)

o=1

g, 1is a function of time, g, = g, (A - A). If this function tends to zero, for increas-
ing time, this means that any correlation to the system’s past gets lost. The system
ceases to be predictable and thus enters a regime of irregular motion.

One can prove the following properties of the correlation function gj. It has
the same periodicity as x;, i.e. g4+, = gx. It is related to the real quantities |X, |2
by the formula

l n
gn== Y |i|*cosQuor/n), A=12,....n. (6.65)
n

o=1

Hence, it is the Fourier transform of |%,|?. Equation (6.65) can be inverted to give

n
2o def |id|2 = Zg;\ cos(2moi/n) . (6.66)

r=1

The graph of g, as a function of frequency gives direct information on the sequence
{x;}, i.e. on the signal x(¢). For instance, if {x;} was generated by a stroboscopic
measurement of a singly periodic motion, then g, shows a sharp peak at the corre-
sponding frequency. Similarly, if the signal has a quasiperiodic structure, the graph
of g, contains a series of sharp frequencies, i.e. peaks of various strengths. Exam-
ples are given, for instance, by Bergé, Pomeau, and Vidal (1987). If, on the other
hand, the signal is totally aperiodic, the graph of g, will exhibit a practically con-
tinuous spectrum. When inserted in the correlation function (6.65) this means that
g will go to zero for large times. In this case the long-term behavior of the system
becomes practically unpredictable. Therefore, the correlation function (6.65), or its
Fourier transform (6.66), provides a criterion for the appearance of chaotic behav-
ior: if g, tends to zero, after a finite time, or, equivalently, if g, has a continuous
domain, one should expect to find irregular, chaotic motion of the system.

% In proving this formula one makes use of the “orthogonality relation”

1!
; Z eiZﬂma/n =80 »

o=1
m=0,1,...,n—1.

(see also Exercise 6.15)
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(ii) The second definition, which is closer to the continuous systems (6.1), starts
from the strange or hyperbolic attractors. A detailed description of this class of
attractors is beyond the scope of this book (see, however, Devaney 1989, Bergé,
Pomeau, Vidal 1987, and Exercise 6.14), and we must restrict our discussion to a
few qualitative remarks. One of the striking properties of strange attractors is that
they can sustain orbits that, on average, move apart exponentially (without escaping
to infinity and, of course, without intersecting). In 1971 Newhouse, Takens, and
Ruelle made the important discovery that flows in three dimensions can exhibit this
kind of attractors’. Very qualitatively this may be grasped from Fig.6.18, which
shows a flow that strongly contracts in one direction but disperses strongly in the
other direction. This flow has a kind of hyperbolic behavior. On the plane where the
flow lines drive apart, orbits show extreme sensitivity to initial conditions. By fold-
ing this picture and closing it with itself one obtains a strange attractor on which
orbits wind around each other (without intersecting) and move apart exponentially®.

Fig. 6.18. Flow in R3 that can be bent and glued such
that it generates a strange attractor

Whenever there is extreme sensitivity to initial conditions, the long-term be-
havior of dynamical systems becomes unpredictable, from a practical viewpoint, so
that the motion appears to be irregular. Indeed, numerical studies show that there
is deterministically chaotic behavior on strange attractors. This provides us with
another plausible definition of chaos: flows of deterministic dynamical systems
will exhibit chaotic regimes when orbits diverge strongly and, as a consequence,
practically “forget” their initial configurations.

7 Earlier it was held that chaotic motion would occur only in systems with very many degrees of
freedom, such as gases in macroscopic vessels.

8 See R.S. Shaw: “Strange attractors, chaotic behavior and information flow”, Z. Naturforschung
A36, (1981) 80.
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6.4.3 An Example: The Logistic Equation’

An example of a dynamical system of the type (6.60) is provided by the logistic
equation

Xip1 = pxi(1 —x;i) = f(u, x;) (6.67)

with x € [0,1] and 1 < pu < 4. This seemingly simple system exhibits an ex-
tremely rich structure if it is studied as a function of the control parameter w. Its
structure is typical for systems of this kind and reveals several surprising and uni-
versal regularities. We illustrate this by means of numerical results for the iteration
(6.67), as a function of the control parameter in the interval given above. It turns out
that this model clearly exhibits all the phenomena described so far: bifurcations of
equilibrium positions, period doubling, regimes of chaotic behavior, and attractors.

We analyze the model (6.67) as described in Sect.6.4.1. The derivative of
f(u, x), taken at the intersection x = (u — 1)/u with the straight line y = x, is
f'(u,x) = 2 — . In order to keep | f'| initially smaller than 1, one must take
@ > 1. On the other hand, the iteration (6.67) should not leave the interval [0, 1].
Hence, ;« must be chosen smaller than or equal to 4.

In the interval 1 < u < 3, |f/| < 1. Therefore, the point of intersection
X = (u — 1)/ is one of stable equilibrium. Any initial value x; except 0 or 1
converges to x by the iteration. The curve x (u) is shown in Fig. 6.19, in the domain
1 <up<3i.

At . = po = 3 this point becomes marginally stable. Choosing x; = x + &
and linearizing (6.67), the image of x; is found in x, = X — §, and vice versa.
If we think of x1, x2, ... as points of intersection of an orbit with a transverse
section, then we have exactly the situation described in Sect. 6.3.6 with one of the
characteristic multipliers crossing the value —1. The orbit oscillates back and forth
between x| = X 4+ § and x; = X — §, i.e. it has acquired twice the period of the
original orbit, which goes through x. Clearly, this tells us that

(o =3, X0 = x(1o)) (6.68)

is a bifurcation. In order to determine its nature, we investigate the behavior for
W > po. As we just saw, the point x = (u — 1)/ becomes unstable and there
is period doubling. This means that stable fixed points no longer fulfill the con-
dition x = f(u, x) but instead return only after two steps of the iteration, i.e.
x = f(u, f(u,x)). Thus, we must study the mapping f o f, that is the iteration

Xip1 = 2 (1= xp)[1 — i (1 —x)1, (6.69)

9 This equation takes its name from its use in modeling the evolution of, e.g., animal population
over time, as a function of fecundity and of the physical limitations of the surroundings. The
former would lead to an exponential growth of the population, the latter limits the growth, the
more strongly the bigger the population. If A; is the population in the year n, the model calculates
the population the following year by an equation of the form A, = rA,(1 — A,) where r
is the growth rate, and (1 — A;) takes account of the limitations imposed by the environmental
conditions. See e.g. hypertextbook.com/chaos/42.shtml.
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Fig. 6.19. Numerical results for large number of iterations of the logistic equation (6.67). The first

bifurcation occurs at (g = 3, xg = 2/3), the second at u; =1+ V6, etc. The range of p shown
isl<u<4

and find its fixed points. Indeed, if one sketches the function g = f o f, one
realizes immediately that it possesses two stable equilibria. This is seen also in
Fig.6.19, in the interval 3 < pu < 1 + V6 ~ 3.449, Returning to the function
f, this tells us that the iteration (6.67) alternates between the two fixed points of
g = f o f. If we interpret the observed pattern as described in Sect. 6.3.6 above,
we realize that the bifurcation (6.68) is of the “pitchfork™ type shown in Fig. 6.14.

The situation remains stable until we reach the value u; = 1 + /6 of the
control parameter. At this value two new bifurcation points appear:

(m =146, 510 = (@4 +v6+ V3 ﬁ))) . (6.70)

At these points the fixed points of g = f o f become marginally stable, while for
@ > 1 they become unstable. Once more the period is doubled and one enters
the domain where the function

h€gog=fofofof

possesses four stable fixed points. Returning to the original function f, this means
that the iteration visits these four points alternately, in a well-defined sequence.

This process of period doublings 27, 4T, 8T, ... and of pitchfork bifurcations
continues like a cascade until p reaches the limit point

Moo = 3.56994 ... . (6.71)

This limit point was discovered numerically (Feigenbaum 1979). The same is true
for the pattern of successive bifurcation values of the control parameter, for which
the following regularity was found empirically. The sequence
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has the limit § = 4.669201 609 ... (Feigenbaum 1979), which is found to be uni-
versal for sufficiently smooth families of iterative mappings (6.60).

For it > p the system shows a structurally new behavior, which can be fol-
lowed rather well in Figs. 6.21 to 6.24. The figures show the results of the iteration
(6.67) obtained on a computer. They show the sequence of iterated values x; fori >
i, with i, chosen large enough that transients (i.e. initial, nonasymptotic states of
oscillations) have already died out. The iterations shown in Figs. 6.19-21 pertain to
the range 1001 < i < 1200, while in Figs. 6.22-24 that range is 1001 < i < 2000.
This choice means the following: initial oscillations have practically died out and
the sequence of the x; lie almost entirely on the corresponding attractor. The density
of points reflects approximately the corresponding invariant measure on the respec-
tive attractor. Figure 6.22 is a magnified section of Fig. 6.21 (the reader should mark
in Fig. 6.21 the window shown in Fig. 6.22). Similarly, Fig. 6.23 is a magnified sec-
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Fig. 6.20. In this figure the domain of pitchfork bifurcations and period doubling up to about 16 T
as well as the window of period 3 are clearly visible. Range shown: 2.8 < u <4
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Fig. 6.21. Range shown is 3.7 < u < 3.8 in a somewhat expanded representation. The window with
period 5 is well visible
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Fig. 6.22. A window of Fig.6.21, with 0.4 <x < 0.6 and 3.735 < u < 3.745

107 4
5,259
5204
5.15
5.0
5.05
5,00
4,95 ]
490
485
480

4.764

42— T
3.740 A4 w742 3743 3.744
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representation with 0.47 < x < 0.53 and 3.740 < u < 3.745
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The window shown corresponds to 0.47 < x < 0.53 and 3.7440 < p < 3.7442
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tion of Fig. 6.22. The number of iterations was chosen such that one may compare
the average densities on these figures directly with those in Figs.6.19-2110.

The figures show very clearly that once p exceeds the limit value (oo (6.71)
there appear domains of chaotic behavior, which, however, are interrupted repeat-
edly by strips with periodic attractors. In contrast to the domain below oo, Which
shows only periods of the type 2", these intermediate strips also contain sequences
of periods

p2t, p3", p5" with p=3,56,....

Figures 6.22 and 6.23 show the example of the strip of period 5, in the neigh-
borhood of p = 3.74. A comparison of Figs. 6.23 and 6.20 reveals a particularly
startling phenomenon: the pattern of the picture in the large is repeated in a sec-
tional window in the small.

A closer analysis of the irregular domains show that here the sequence of iter-
ations {x;} never repeats. In particular, initial values x| and x| always drift apart,
for large times, no matter how close they were chosen. These two observations hint
clearly at the chaotic structure of these domains. This is confirmed explicitly, e.g.,
by the study of the iteration mapping (6.67) close to u = 4. For the sake of sim-
plicity we only sketch the case u = 4. It is not difficult to verify that the mapping

fr=4.2) =4x(1 - x)

has the following properties.

(i) The points x; < x; of the interval [0, %] are mapped onto points x| < x} of
the interval [0, 1]. In other words, the first interval is expanded by a factor 2, the
relative ordering of the preimages remains unchanged. Points x3 < x4 taken from
[%, 1] are mapped onto points x5 and x; of the expanded interval [0, 1]. However,
the ordering is reversed. Indeed, with x3 < x4 one finds xé > xi. The observed
dilatation of the images tells us that the distance § of two starting values increases
exponentially, in the course of the iteration. This in turn tells us that one of the cri-
teria for chaos to occur is fulfilled: there is extreme sensitivity to initial conditions.

(i1) The change of orientation between the mappings of [0, %] and [%, 1] onto
the interval [0, 1], tells us that an image x;11, in general, has two distinct preim-
ages, x; € [0, %] and xi’ € [%, 1]. (The reader should make a drawing in order to
convince him or herself.) Thus, if this happens, the mapping ceases to be invert-
ible. x;4+1 has two preimages, each of which has two preimages too, and so on.
It is not possible to reconstruct the past of the iteration. Thus, we find another
criterion for chaotic pattern to occur.

One can pursue further the discussion of this dynamical system, which seems
so simple and yet which possesses fascinating structures. For instance, a classifi-
cation of the periodic attractors is of interest that consists in studying the sequence
in which the stable points are visited, in the course of the iteration. Fourier analy-
sis and, specifically, the behavior of the correlation functions (6.65) and (6.66) in

10 1 thank Peter Beckmann for providing these impressive figures and for his advise regarding the
presentation of this system.
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the chaotic zones are particularly instructive. The (few) rigorous results as well as
several conjectures for iterative mappings on the unit interval are found in the book
by Collet and Eckmann (1990). For a qualitative and well-illustrated presentation
consult Bergé, Pomeau, and Vidal (1987).

6.5 Quantitative Measures of Deterministic Chaos

6.5.1 Routes to Chaos

The transition from a regular pattern of the solution manifold of a dynamical sys-
tem to regimes of chaotic motion, as a function of control parameters, can happen
in various ways. One distinguishes the following routes to chaos.

(i) Frequency doubling. The phenomenon of frequency doubling is characteris-
tic for the interval 1 < p < oo = 3.56994 of the logistic equation (6.67). Above
the limit value oo the iterations (6.67) change in a qualitative manner. A more
detailed analysis shows that periodic attractors alternate with domains of genuine
chaos, the chaotic regimes being characterized by the observation that the iteration
Xn > Xp41 = f(u, x,) yields an infinite sequence of points that never repeats
and that depends on the starting value x;. This means, in particular, that sequences
starting at neighboring points x| and x| eventually move away from each other.
Our qualitative analysis of the logistic mapping with u close to 4 in Sect. 6.4.3 (i)
and (ii) showed how this happens. The iteration stretches the intervals [0, %] and
[%, 1] to larger subintervals of [0, 1] (for u = 4 this is the full interval). It also
changes orientation by folding back the values that would otherwise fall outside
the unit interval. As we saw earlier, this combination of stretching and back-folding
has the consequence that the mapping becomes irreversible and that neighboring
starting points, on average, move apart exponentially. Let x| and x| be two neigh-
boring starting values for the mapping (6.67). If one follows their evolution on a
calculator, one finds that after n iterations their distance is given approximately by

X! — xn| = e |x] — x1] . (6.73)

The factor A in the argument of the exponential is called the Liapunov characteris-
tic exponent. Negative X is characteristic for a domain with a periodic attractor: the
points approach each other independently of their starting values. If A is positive,
on the other hand, neighboring points move apart exponentially. There is extreme
sensitivity to initial conditions and one finds a chaotic pattern. Indeed, a numerical
study of (6.67) gives the results (Bergé, Pomeau and Vidal 1987)

foruy =28, Ax~-02,
foruy =38, A>~+404. (6.74)

(i) Intermittency. In Sect.6.3.6 we studied the Poincaré mapping at the tran-
sition from stability to instability for the case where one of the eigenvalues of
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DII(sp) crosses the unit circle at —1. There are other possibilities for the tran-
sition from stability to instability. (a) As a function of the control parameter, an
eigenvalue can leave the interior of the unit circle at +1. (b) Two complex conju-
gate eigenvalues ¢(p)eT?Y) Jeave the unit circle along the directions ¢ and —¢.
All three situations play their role in the transition to chaos. In case (a) one talks
about intermittency of type I, in case (b) about intermittency of type II, while the
first case above is also called type-III intermittency. We wish to discuss type I in
a little more detail.

Figures 6.19 and 6.20 show clearly that at the value = p. = 1 ++/8 ~ 3.83
a new cycle with period 3 is born. Therefore, let us consider the triple iteration
h(u, x) = fofof.Figure6.25 shows that the graph of 7(i = ., x) is tangent to
the straight line y = x in three points ¥, x®, x®_ Thus, at these points, we have

. ) d .
h(pe, ¥y =D, —h(ue, xP)=1.
dx

In a small interval around p. and in a neighborhood of any one of the three fixed
points, 7 must have the form

h x) = 30 + (0 = 30) t o =39+ Bl — pe) -

hipex)
T ————

Fig. 6.25. Graph of the threefold iterated map-
ping (6.67) for u = ue =1+ V8. The func-
tion h = fo fo f is tangent to the straight
0 x 1 line in three points

We study the iterative mapping x,+1 = h(u, x,) in this approximate form, i.e.
we register only every third iterate of the original mapping (6.67). We take z =
a(x — xD) and obtain

Il =2+ 2247 (6.75)

with n = a¢B(u — u.). The expression (6.75) holds in the neighborhood of any of
the three fixed points of h(u, x). For negative n, (6.75) has two fixed points, at
7z = —/—n and at z4 = \/—n, the first of which is stable, while the second is
unstable. For n = 0 the two fixed points coincide and become marginally stable.
For small, but positive 1, a new phenomenon is observed as illustrated in Fig. 6.26.
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Fig. 6.26. The iterative mapping (6.75) with
wiz) small positive n spends a long time in the
narrow channel between the curve w = z +
2241 and the straight line w =z

Iterations with a negative starting value of the variable z, move for a long time
within the narrow channel between the graph of the function z 4+ z> 4+ 7 and the
straight line w = z. As long as z is small the behavior is oscillatory and has nearly
the same regularity as with negative values of 1. This phase of the motion is said
to be the laminar phase. When |z| increases, the iteration quickly moves on to
a chaotic or turbulent phase. However, the motion can always return to the first
domain, i.e. to the narrow channel of almost regular behavior. Practical models
such as the one by Lorenz (see e.g. Bergé, Pomeau, Vidal 1987) that contain this
transition to chaos indeed show regular oscillatory behavior interrupted by bursts
of irregular and chaotic behavior.

For small |z| the iteration remains in the channel around z = O for some finite
time. In this case successive iterates lie close to each other so that we can replace
(6.75) by a differential equation. Replacing z,4+1 — z, by dz/dn, we obtain

dz

—=n4+27. (6.76)
dn

[Note that this is our equation (6.54) with a destabilizing nonlinearity, which de-
scribes then a subcritical saddle-node bifurcation.] Equation (6.76) is integrated at
once,

z(n) = /g (Yn(n —no)) .

no is the starting value of the iteration and may be taken to zero, without restriction.
This explicit solution tells us that the number of iterations needed for leaving the
channel is of the order of n ~ 7 /2,/5. Hence, 1/,/7 is a measure of the time that
the system spends in the laminar regime. Finally, one can show that the Liapunov
exponent is approximately A ~ /7, for small values of 7.

(iii) Quasiperiodic motion with nonlinear perturbation. A third route to chaos
may be illustrated by Example (ii) of Sect.6.3.4. We consider quasiperiodic mo-
tion on the torus T2, choosing the Poincaré section as described in (6.49), i.e. we
register the points of intersection of the orbit with the transverse section of the
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torus at 01 = 0 (mod 27r). When understood as an iterative mapping, the second
equation (6.49") reads

Ot = (9,, +on %> mod 277
w1
where we write 0 instead of 6>, for the sake of simplicity.
Let us perturb this quasiperiodic motion on the torus by adding a nonlinearity
as follows:

Ot = (9,, o % + «sin 9,,) mod 27 . 6.77)
1
This model, which is due to Arnol’d, contains two parameters: the winding num-
ber § = wy/wi, with 0 < B < 1, and the control parameter x, which is taken
to be positive. For 0 < x < 1 the derivative of (6.77), 1 + « cos6,, has no zero
and hence the mapping is invertible. For x > 1, however, this is no longer true.
Therefore, ¥ = 1 is a critical point where the behavior of the flow on 72 changes
in a qualitative manner. Indeed, one finds that the mapping (6.77) exhibits chaotic
behavior for ¥ > 1. This means that in crossing the critical value x = 1 from reg-
ular to irregular motion, the torus is destroyed. As a shorthand let us write (6.77)
as follows: 0,11 = f(B, «, 0,). The winding number is defined by the limit
w(B, k) L lim L[f”(ﬂ, k,0)—0]. (6.78)
n—>00 27Tn
Obviously, for k = 0 it is given by w(B,0) = B = wy/w;. The chaotic regime
above x = 1 may be studied as follows. For a given value of k¥ we choose
B = B, (k) such that the starting value 68y = 0 is mapped to 2w p,, after g, steps,
gn and p, being integers,

(B, k,0) =2mpy, .

The winding number is then a rational number. w(B, k) = p,/qn = rn, rn € Q.
This sequence of rationals may be chosen such that r, tends to a given irrational
number 7, in the limit n — oo. An example of a very irrational number is the
Golden Mean. Let r,, = F,,/F,+1, where the F,, are the Fibonacci numbers, de-
fined by the recurrence relation F,,+1 = F,, + F,,—1 and the initial values Fy = 0,
F; = 1. Consider

F, _ 1
Fop1 1+ rp-1

in the limit n — oo. Hence ¥ = 1/(1 4 r). The positive solution of this equation
is the Golden Mean 7 = (v/5 — 1)/211.

Iy =

11 The Golden Mean is a well-known concept in the fine arts, in the theory of proportions. For
example, a column of height H is divided into two segments of heights 4| and h,, with H =
hq + hy such that the proportion of the shorter segment to the longer is the same as that of
the longer to the column as a whole, i.e. h1/hy = hy/H = hy/(hy + hp). The ratio hy/hy =
F=K5-1) /2 is the Golden Mean. This very irrational number has a remarkable continued
fraction representation: r = 1/(1+1/(1+ ...
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With this choice, the winding numbers defined above, w(B,(x), k) = r,, will
converge to w = r. A numerical study of this system along the lines described
above reveals remarkable regularities and scaling properties that are reminiscent of
the logistic mapping (6.67) (see e.g. Guckenheimer and Holmes (1990), Sect. 6.8.3
and references quoted there).

6.5.2 Liapunov Characteristic Exponents

Chaotic behavior is observed whenever neighboring trajectories, on average, di-
verge exponentially on attractors. Clearly, one wishes to have a criterion at hand
that allows one to measure the speed of this divergence. Thus, we consider a so-
lution @ (¢, y) of the equation of motion (6.1), change its initial condition by the
amount 8y, and test whether, and if yes at what rate, the solutions @ (t,y) and
D1,y +8~y) move apart. In linear approximation their difference obeys (6.11), i.e.

83O =d(t,y+8y) — Dt y) = AD[P(1, y + 8y) — D (1, )]
= A(1)89 , (6.79)

the matrix A(¢) being given by

oF;
Aty = — .
Ik ) @
Unfortunately, (6.79), in general, cannot be integrated analytically and one must
resort to numerical algorithms, which allow the determination of the distance of

neighboring trajectories as a function of time. Nevertheless, imagine we had solved
(6.79). At t =0 we have 6@ = @ (0, y+38y) — @(0,y) =8y. Fort > 0 let

§@ () =U(@) -8y (6.80)

be the solution of the differential equation (6.79). From (6.79) one sees that the
matrix U(z) itself obeys the differential equation

Ui) = A(HU@)

and therefore may be written formally as follows:

t
U(t):exp{/ dt/A(t’)}U(O), with U©)=1. (6.81)
0

Although this is generally not true, imagine the matrix to be independent of time.
Let {Ax} denote its eigenvalues (which may be complex numbers) and use the basis
system of the corresponding eigenvectors. Then U(7) = {exp(ix?)} is also diagonal.
Whether or not neighboring trajectories diverge exponentially depends on whether
or not the real part of one of the eigenvalues Re A, = %(Ak +A}) is positive. This

can be tested by taking the logarithm of the trace of the product u'u,
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1 1
% InTr (U ()U(@)) = > In Tr (exp{(Ax + AD)1}) ,
and by letting ¢ go to infinity. In this limit only the eigenvalue with the largest
positive real part survives. With this argument in mind one defines

1
w1 lim —InTr U (HU()) . (6.82)
t—o00 2t

The real number w1 is called the leading Liapunov characteristic exponent. It pro-
vides a quantitative criterion for the nature of the flow: whenever the leading Li-
apunov exponent is positive, there is (at least) one direction along which neigh-
boring trajectories move apart, on average, at the rate exp(u1¢). There is extreme
sensitivity to initial conditions: the system exhibits chaotic behavior.

The definition (6.82) applies also to the general case where A(#) depends on
time. Although the eigenvalues and eigenvectors of A(f) now depend on time,
(6.82) has a well-defined meaning. Note, however, that the leading exponent de-
pends on the reference solution @ (z, y).

The definition (6.82) yields only the leading Liapunov exponent. If one wishes
to determine the next to leading exponent o < 11, one must take out the direction
pertaining to 1 and repeat the same analysis as above. Continuing this procedure
yields all Liapunov characteristic exponents, ordered according to magnitude,

IR T = | (6.83)

The dynamical system exhibits chaotic behavior if and only if the leading Liapunov
exponent is positive.

For discrete systems in f dimensions, X, = F(x,), X € R/, the Liapunov
exponents are obtained in an analogous fashion. Let v(!) be those vectors in the tan-
gent space at an arbitrary point x that grow at the fastest rate under the action of the
linearization of the mapping F, i.e. those for which |(DF ()g))”v(l)| is largest. Then

1
= lim —In|[(DF )" (6.84)

In the next step, one determines the vectors v® that grow at the second fastest
rate, leaving out the subspace of the vectors v{1. The same limit as in (6.84) yields
the second exponent py etc. We consider two simple examples that illustrate this
procedure.

(i) Take F to be two-dimensional and let )50 be a fixed point, {CO =F ()50).
DF ()50) is diagonalizable,

DF(x%) = (A(‘) )2) .

with, say, A1 > Ap. Choose v from {R2\2—axis}, i.e. in such a way that its 1-
component does not vanish, and choose v® along the 2-axis,
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(e)) @)
U(l) = (Cbl(l)) 5 a(l) 7é 0 ; 0(2) = <Z(2)) B a(z) =0.

Then one obtains
ap* 0 a®
0 ") \»®

1
ui = lim —1In

o1

lim —1InA;|" = In|A;|
n—oon

n—oon

and | > .
(i1) Consider a mapping in two dimensions, x = (ﬁ), that is defined on the
unit square 0 <u < 1, 0 < v < 1, by the equations

Upt+1 = 2u,(mod 1), (6.85a)
avy for 0 <u, < %

6.85b
av,,—i—% for%gunfl ( )

Un+1 =

with a < 1. Thus, in the direction of v this mapping is a contraction for u < %
and a contraction and a shift for u > % In the direction of u its effect is stretching
and back-bending whenever the unit interval is exceeded. (It is called the baker’s
transformation because of the obvious analogy to kneading, stretching, and back-
folding of dough.) This dissipative system is strongly chaotic. This will become
clear empirically if the reader works out the example a = 0.4 on a PC, by following
the fate of the points on the circle with origin (%, %) and radius a, under the action
of successive iterations. The original volume enclosed by the circle is contracted.
At the same time horizontal distances (i.e. parallel to the 1-axis) are stretched ex-
ponentially because of (6.85a). The system possesses a strange attractor, which is
stretched and folded back onto itself and which consists of an infinity of horizontal
lines. Its basin of attraction is the whole unit square. Calculation of the Liapunov
characteristic exponents by means of the formula (6.84) gives the result

ur=1In2, pp=Inla|,

and thus uy <0 < uy.

6.5.3 Strange Attractors

Example (ii) of the preceding section shows that the system (6.85a) lands on a
strangely diffuse object which is neither an arc of a curve nor a piece of a surface
in the unit square, but somehow ‘“something in between”. This strange attractor
does indeed have zero volume, but its geometric dimension is not an integer. Geo-
metric structures of this kind are said to be fractals. Although a rigorous discussion
of this concept and a detailed analysis of fractal-like strange attractors is beyond
the scope of this book, we wish at least to give an idea of what such objects are.
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Imagine a geometric object of dimension d embedded in a space R”, where
d need not necessarily be an integer. Scaling all its linear dimensions by a factor
A, the object’s volume will change by a factor k = A9, i.e.

_ln/c
T Ina’

Clearly, for points, arcs of curves, surfaces, and volumes in R3 one finds in this
way the familiar dimensions d = 0, d = 1, d = 2 and d = 3, respectively. A
somewhat more precise formulation is the following. A set of points in R”, which
is assumed to lie in a finite volume, is covered by means of a set of elementary
cells B whose diameter is €. These cells may be taken to be little cubes of side
length &, or little balls of diameter ¢, or the like. If N(¢) is the minimal num-
ber of cells needed to cover the set of points completely, the so-called Hausdorff
dimension of the set is defined to be

In(N (¢)
dg = lim ——— | (6.86)
e—0 In(1/¢)

provided this limit exists. To cover a single point, one cell is enough, N(¢) = 1; to
cover an arc of length L one needs at least N(¢) = L/e cells; more generally, to
cover a p-dimensional smooth hypersurface F, N (¢) = F /&P cells will be enough.
In these cases, the definition (6.86) yields the familiar Euclidean dimensions dg =
0 for a point, dg = 1 for an arc, and dg = p for the hypersurface F with p < n.
For fractals, on the other hand, the Hausdorff dimension is found to be nonin-
teger. A simple example is provided by the Cantor set of the middle third, which is
defined as follows. From a line segment of length 1 one cuts out the middle third.
From the remaining two segments [0, %] and [%, 1] one again cuts out the mid-
dle third, etc. By continuing this process an infinite number of times one obtains

the middle third Cantor set. Taking g9 = %, the minimum number of intervals of

length g9 needed to cover the set is N(gg) = 2. If we take &1 = % instead, we

need at least N(e1) = 4 intervals of length ¢, etc. For &, = 1/3" the minimal
number is N(g,) = 2". Therefore,

p I In2" ln2~0631

= e m3 "3 '

Another simple and yet interesting example is provided by the so-called snow-
flake set, which is obtained by the following prescription. One starts from an equi-
lateral triangle in the plane. To the middle third of each of its sides one adds another
equilateral triangle, of one third the dimension of the original one, and keeps only
the outer boundary. One repeats this procedure infinitely many times. The object
generated in this way has infinite circumference. Indeed, take the side length of
the initial triangle to be 1. At the nth step of the construction described above
the side length of the last added triangles is ¢, = 1/3". Adding a triangle to the
side of length &, _; breaks its up in four segments of length ¢, each. Therefore,
the circumference is C,, = 3 x 4" x g, = 4"/3"~!. Clearly, in the limit n — oo
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this diverges, even though the whole object is contained in a finite portion of the
plane. On the other hand, if one calculates the Hausdorff dimensions in the same
way as for the middle third Cantor set one finds dg = In4/In3 ~ 1.262.

There are further questions regarding chaotic regimes of dynamical systems,
such as: If strange attractors have the structure of fractals, can one measure their
generalized dimension? Is it possible to describe deterministically chaotic motion
on the attractor quantitatively by means of a test quantity (some kind of entropy),
which would tell us whether the chaos is rich or poor? These questions lead us
beyond the range of the tools developed in this book. In fact, they are the subject of
present-day research and no final answers have been given so far. We refer to the
literature quoted in the Appendix for an account of the present state of knowledge.

6.6 Chaotic Motions in Celestial Mechanics

We conclude this chapter on deterministic chaos with a brief account of some fas-
cinating results of recent research on celestial mechanics. These results illustrate in
an impressive way the role of deterministically chaotic motion in our planetary sys-
tem. According to the traditional view, the planets of the solar system move along
their orbits with the regularity of a clockwork. To a very good approximation, the
motion of the planets is strictly periodic, i.e. after one turn each planet returns to
the same position, the planetary orbits are practically fixed in space relative to the
fixed stars. From our terrestrial point of view no motion seems more stable, more
uniform over very long time periods than the motion of the stars in the sky. It is pre-
cisely the regularity of planetary motion that, after a long historical development,
led to the discovery of Kepler’s laws and, eventually, to Newton’s mechanics.

On the other hand, our solar system with its planets, their satellites, and the very
many smaller objects orbiting around the sun is a highly complex dynamical sys-
tem whose stability has not been established in a conclusive manner. Therefore, it
is perhaps not surprising that there are domains of deterministically chaotic motion
even in the solar system with observable consequences. It seems, for instance, that
chaotic motion is the main reason for the formation of the Kirkwood gaps (these
are gaps in the asteroid belts between Mars and Jupiter which appear at some ratio-
nal ratios of the periods of revolution of the asteroid and Jupiter) and that chaotic
motion also provides an important source for the transport of meteorites to the
earth (Wisdom 1987).

In this section we describe an example of chaotic tumbling of planetary satel-
lites which is simple enough that the reader may reproduce some of the figures on
a PC. We then describe some recent results regarding the topics mentioned above.

6.6.1 Rotational Dynamics of Planetary Satellites

The moon shows us always the same face. This means that the period of its spin
(its intrinsic angular momentum) is equal to the period of its orbital motion and
that its axis of rotation is perpendicular to the plane of the orbit. In fact, this is its
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final stage, which was reached after a long-term evolution comprising two phases:
a dissipative phase, or slowing-down phase, and the final, Hamiltonian phase that
we observe today. Indeed, although we ignore the details of the moon’s formation,
it probably had a much faster initial rate of rotation and its axis of rotation was
not perpendicular to the plane of the orbit. Through the action of friction by tidal
forces, the rotation was slowed down, over a time period of the order of the age of
the planetary system, until the period of rotation became equal to the orbital pe-
riod. At the same time the axis of rotation turned upright such as to point along the
normal to the orbit plane. These results can be understood on the basis of simple
arguments regarding the action of tidal forces on a deformable body and simple
energy considerations. In the synchronous phase of rotation (i.e. spin period equal
to orbital period) the effect of tidal forces is minimal. Furthermore, for a given
frequency of rotation, the energy is smallest if the rotation takes place about the
principal axis with the largest moment of inertia. Once the satellite has reached
this stage, the motion is Hamiltonian, to a very good approximation.

Thus, any satellite close enough to its mother planet that tidal forces can mod-
ify its motion in the way described above and within a time period comparable to
the age of the solar system will enter this synchronous phase, which is stable in
the case of our moon. This is not true, as we shall see below, if the satellite has
a strongly asymmetric shape and if it moves on an ellipse of high eccentricity.

The Voyager 1 and 2 space missions took pictures of Hyperion, one of the far-
thest satellites of Saturn, on passing close to Saturn in November 1980 and August
1981. Hyperion is an asymmetric top whose linear dimensions were determined
to be

190km x 145km x 114km

with an uncertainty of about +15km. The eccentricity of its elliptical orbit is
& = 0.1; its orbital period is 21 days. The surprising prediction is that Hyperion
performs a chaotic tumbling motion in the sense that its angular velocity and the
orientation of its axis of rotation are subject to strong and erratic changes within
a few periods of revolution. This chaotic dance, which, at some stage, must have
also occurred in the history of other satellites (such as Phobos and Deimos, the
companions of Mars), is a consequence of the asymmetry of Hyperion and of the
eccentricity of its orbit. This is what we wish to show within the framework of a
simplified model.

The model is shown in Fig.6.27. Hyperion H moves around Saturn S on an
ellipse with semimajor axis a and eccentricity ¢. We simulate its asymmetric shape
by means of four mass points 1 to 4, that have the same mass m and are arranged
in the orbital plane as shown in the figure. The line 2—-1 (the distance between 2
and 1 is d) is taken to be the 1-axis, the line 4-3 (distance e < d) is taken to be
the 2-axis. The moments of inertia are then given by

Lh=ime? <b=tmd® <5=tm@*+e%. (6.87)

As we said above, the satellite rotates about the 3-axis, i.e. the axis with the largest
moment of inertia. This axis is perpendicular to the orbit plane (in Fig. 6.27 it points
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towards the reader). It is reasonable to assume that Hyperion’s motion has no ap-
preciable effect on Saturn, its mother planet, whose motion is very slow compared
to that of Hyperion.

The gravitational field at the position of Hyperion is not homogeneous. As [
and I, are not equal, the satellite is subject to a net torque that depends on its
position in the orbit. We calculate the torque for the pair (1,2). The result for the
pair (3,4) will then follow immediately. We have

d
D2 =5 X (F1—F»),

where F; = —GmMr;/ ";'3 is the force acting on the mass point i, M being the
mass of Saturn. The distance d = |d| being small compared to the radial distance
r from Saturn we have, with the notations as in Fig.6.27,

—3/2

1 1 d d? 1 3d
== |1 —-cosa+ — ~—|(1lF =< —cosa .
P33 r 472 r3 2r

]
(The upper sign holds for 71, the lower sign for 7;.) Inserting this approximation
as well as the cross product r x d = —rd sin « e3, one finds

D1 ~ 3d’mMG/4r?) sin20 &3 = BGM 1> /2r%) sin 2w &3 .

In the second step we inserted the expression (6.87) for I>. The product GM can
be expressed by the semimajor axis a and the orbital period 7', using Kepler’s third
law (1.23). The mass of Hyperion (which in the model is 4m) is small compared
to M, and therefore it is practically equal to the reduced mass. So, from (1.23)

GM = 2n/T)%a> .

The calculation is the same for the pair (3,4). Hence, the total torque DD 4 pG.H
is found to be

~ S1n 2o . .

Fig. 6.27. A simple model for the asymmetric satellite Hyperion of the planet Saturn
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This result remains valid if the satellite is described by a more realistic distribution
of mass. It shows that the resulting torque vanishes if /; = I>. With this result the
equation of motion (3.52) for the rotational motion of the satellite reads

3
@é‘:%(z”) (I — 1)( ()) sin 2 . (6.89)

Here, the angle 6 describes the orientation of the satellite’s 1-axis relative to the
line SP (joining Saturn and Hyperion’s perisaturnion) and @ is the usual polar
angle of Keplerian motion. As ¢« = @ — 6, (6.89) reads

.. 3 (27 3.
139=—§ <—> (I, — 1)( ()) sin2[0 — @ (1)] . (6.89")

This equation contains only one explicit degree of freedom, 6, but its right-hand
side depends on time because the orbital radius r and the polar angle @ are func-
tions of time. Therefore, in general, the system is not integrable. There is an ex-
ception, however. If the orbit is a circle, ¢ = 0 (cf. Sect. 1.7.2 (ii)) the average
circular frequency

difzﬂ'

T (6.90)

is the true angular velocity, i.e. we have @ = nr and with 8’ = 6 — nt the equation
of motion becomes

L = —-3n*(lL—1)sin20', e=0. 6.91)
If we set
def 29/ 2 def 3n 2 Il ’ dif ot
13

(6.91) is recognized to be the equation of motion (1.40) of the plane pendulum,
viz. d%z;/dt? = —sinz;, which can be integrated analytically. The energy is an
integral of the motion; it reads

E=1167—-3n’(l, — 1)) cos 20’ . (6.92)

If ¢ # 0, the time dependence on the right-hand side of (6.89") cannot be elimi-
nated. Although the system has only one explicit degree of freedom, it is intrinsi-
cally three-dimensional. The early work of Hénon and Heiles (1964) on the mo-
tion of a star in a cylindrical galaxy showed that Hamiltonian systems may exhibit
chaotic behavior. For some initial conditions they may have regular solutions, but
for others the structure of their flow may be chaotic. A numerical study of the
seemingly simple system (6.89’), which is Hamiltonian, shows that it has solu-
tions pertaining to chaotic domains (Wisdom 1987, and original references quoted
there). One integrates the equation of motion (6.89") numerically and studies the
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result on a transverse section (cf. the Poincaré mapping introduced in Sect. 6.3.4),
which is chosen as follows. At every passage of the satellite at the point P of clos-
est approach to the mother planet one records the momentary orientation of the
satellite’s 1-axis with respect to the line S P of Fig. 6.27. One then plots the relative
change (d6/dr)/n of the orientation at successive passages through P, for various
initial conditions. One obtains figures of the kind shown in Figs. 6.28-30. We start
by commenting on Fig. 6.28. One-dimensional manifolds, i.e. curves, correspond
to quasiperiodic motion. If, on the other hand, the “measured” points fill a surface,
this is a hint that there is chaotic motion. The scattered points in the middle part
of the figure all pertain to the same, chaotic orbit. Also, the two orbits forming an
“X” at about (%, 2.3) are chaotic, while the islands in the chaotic zones correspond
to states of motion where the ratio of the spin period and the period of the orbit are
rational. For example, the island at (0, 0.5) is the remnant of the synchronous mo-
tion where Hyperion, on average, would always show the same face to the mother

Hyperion Surface of Section

Fig. 6.28. Chaotic behavior of Hy-
perion, a satellite of Saturn. The
picture shows the relative change
of orientation of the satellite as a
function of its orientation, at every
passage in P, the point of closest
approach to Saturn (from Wisdom
1987)

Fig. 6.29. Analogous result to

the one shown in Fig.6.28, for

Deimos, a satellite of Mars whose

0 L L L asymmetry (6.93) is « = 0.81 and

0 w4 w2 34 T whose orbital eccentricity is & =
0 0.0005 (from Wisdom 1987)
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25 Fig. 6.30. Analogous result to
those in Figs.6.28 and 6.29 for
Phobos, a satellite of Mars whose
asymmetry (6.93) is o = 0.83 and
whose orbital eccentricity is ¢ =

0.015 (from Wisdom 1987)

planet. The synchronous orbit at & = m would be the one where the satellite shows
the opposite face. The curves at the bottom of the figure and in the neighborhood of
6 = 7 are quasiperiodic motions with an irrational ratio of periods. (It is not diffi-
cult to see that the range 7 < 6 < 2 is equivalent to the one shown in the figure.)

A more detailed analysis shows that both in the chaotic domain and in the
synchronous state the orientation of the spin axis perpendicular to the orbit plane
is unstable. One says that the motion is attitude unstable. This means that even a
small deviation of the spin axis from the vertical (the direction perpendicular to the
orbit plane) will grow exponentially, on average. The time scale for the ensuing
tumbling is of the order of a few orbital periods. The final stage of a spherically
symmetric moon, as described above, is completely unstable for the asymmetric
satellite Hyperion. Note, however, that once the axis of rotation deviates from the
vertical, one has to solve the full set of the nonlinear Eulerian equations (3.52).
In doing this one finds, indeed, that the motion is completely chaotic: all three
Liapunov characteristic exponents are found to be positive (of the order of 0.1).
In order to appreciate the chaoticity of Hyperion’s tumbling the following remark
may be helpful. Even if one had measured the orientation of its axis of rotation to
ten decimal places, at the time of the passage of Voyager I in November 1980, it
would not have been possible to predict the orientation at the time of the passage
of Voyager 2 in August 1981, only nine months later.

Up to this point tidal friction has been completely neglected and the system is
exactly Hamiltonian. Tidal friction, although unimportant in the final stage, was
important in the history of Hyperion. Its evolution may be sketched as follows
(Wisdom 1987). In the beginning the spin period presumably was much shorter
and Hyperion probably began its evolution in a domain high above the one shown
in Fig. 6.28. Over a time period of the order of the age of our solar system the spin
rotation was slowed down, while the obliquity of the axis of rotation with respect
to the vertical decreased to zero. Once the axis was vertical, the assumptions on
which the model (6.89’) and the results shown in Fig.6.28 are based came close
to being realized. However, as soon as Hyperion entered the chaotic regime, “the
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work of the tides over aeons was undone in a matter of days” (Wisdom 1987). It
began to tumble erratically until this day'?.

In order to understand further the rather strange result illustrated by Fig. 6.28
for the case of Hyperion, we show the results of the same calculation for two satel-
lites of Mars in Figs. 6.29 and 6.30: Deimos and Phobos. The asymmetry parameter

o = M , (6.93)
\ I3

which is the relevant quantity in the equation of motion (6.89’) and whose value
is 0.89 in the case of Hyperion, is very similar for Deimos and Phobos: 0.81 and
0.83, respectively. However, the eccentricities of their orbits around Mars are much
smaller than for Hyperion. They are 0.0005 for Deimos and 0.015 for Phobos. The
synchronous phase at (6 = 0, (1/n)d6/dt = 1) that we know from our moon is
still clearly visible in Figs.6.29 and 6.30, while in the case of Hyperion it has
drifted down in Fig. 6.28. Owing to the smallness of the eccentricities, the chaotic
domains are correspondingly less developed. Even though today Deimos and Pho-
bos no longer tumble, they must have gone through long periods of chaotic tum-
bling in the course of their history. One can estimate that Deimos’ chaotic tumbling
phase may have lasted about 100 million years, whereas Phobos’ tumbling phase
may have lasted about 10 million years.

6.6.2 Orbital Dynamics of Asteroids with Chaotic Behavior

As we learnt in Sect.2.37 the manifold of motions of an integrable Hamiltonian
system with f degrees of freedom is A/ x T/, with A/ = Ay x Ay x...x Ay be-
ing the range of the action variables I, I», ..., Iy and T/ the f-dimensional torus
spanned by the angle variables 61, 65, ..., 07. Depending on whether or not the
corresponding, fundamental frequencies are rationally dependent, one talks about
resonant or nonresonant tori, respectively. These tori (the so-called KAM tori) and
their stability with respect to small perturbations play an important role in pertur-
bation theory of Hamiltonian systems, as explained in Sect.2.39.

In the past it was held that the Kirkwood gaps referred to in the introduction
were due to a breakdown of the KAM tori in the neighborhood of resonances.
It seems that this rather qualitative explanation is not conclusive. Instead, recent
investigations of the dynamics of asteroids, which are based on long-term calcula-
tions, seem to indicate that the Kirkwood gaps are due rather to chaotic behavior
in a Hamiltonian system.

Here we wish to describe briefly one of the examples studied, namely the gap
in the asteroid belt between Mars and Jupiter, which occurs at the ratio 3:1 of the
periods of the asteroid and of Jupiter. Clearly, the integration of the equations of

12 The observations of Voyager 2 are consistent with this prediction, since it found Hyperion in a
position clearly out of the vertical. More recently, Hyperion’s tumbling was positively observed
from the earth (J. Klavetter et al., Science 246 (1989) 998, Astron. J. 98 (1989) 1855).
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chaotic domain close to the 3:1 resonance, as a in Fig.6.31. The radial coordinate of the points
function of time measured in millions of years. shown is the eccentricity

From periods of small, though irregular, values

of ¢ the orbit makes long-term excursions to

large values of the eccentricity

motion over a time span of several millions of years is a difficult problem of applied
mathematics for which dedicated methods had to be designed. We cannot got into
these methods'® and must restrict the discussion to a few characteristic results.
The main result of these calculations is that the orbits of asteroids in the neigh-
borhood of the 3:1 resonance exhibit chaotic behavior in the following sense: the
eccentricity of the asteroid’s elliptic orbit varies in an irregular way, as a function of
time, such that an asteroid with an initial eccentricity of, say, 0.1 makes long excur-
sions to larger eccentricities. Figure 6.31 shows an example for a time interval of
2.5 million years, which was calculated for the planar system Sun—asteroid—Jupiter.
The problem is formulated in terms of the coordinates (x, y) of the asteroid in the
plane and in terms of the time dependence of the orbit parameters due to the mo-
tion of Jupiter along its orbit. Averaging over the orbital period yields an effective,
two-dimensional system for which one defines effective coordinates

x =¢cos(w—wy), y=esin(w—wy). (6.94)

Here w and @y are the longitudes of the perihelia for the asteroid and for Jupiter,
respectively. The quantities (6.94) yield a kind of Poincaré section if one records
x and y each time a certain combination of the mean longitudes goes to zero. Fig-
ure 6.32 shows the section obtained in this way for the orbit shown in Fig. 6.31.
These figures show clearly that orbits in the neighborhood of the 3:1 resonance
are strongly chaotic. At the same time they provide a simple explanation for the
observation that a strip of orbits in the neighborhood of this resonance is empty: all

13 The reader will find hints to the original literature describing these methods in Wisdom’s review
(1987).
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orbits with & > 0.4 cross the orbit of Mars. As we know that orbits in the neighbor-
hood of the resonance make long excursions to larger eccentricities, there is a finite
probability for the asteroids to come close to Mars, or even to hit this planet, and
thereby to be scattered out of their original orbit. Thus, deterministically chaotic
motion played an important role in the formation of the 3:1 Kirkwood gap'4.

Another, very interesting observation, which follows from these investigations,
is that irregular behavior near the 3:1 resonance may play an important role in the
transport of meteorites from the asteroid belt to the earth. Indeed, the calculations
show that asteroidal orbits starting at ¢ = 0.15 make long-term excursions to ec-
centricities ¢ = 0.6 and beyond. In this case they cross the orbit of the earth.
Therefore, chaotic orbits in the neighborhood of the 3:1 gap can carry debris from
collisions between asteroids directly to the surface of earth. In other words, deter-
ministically chaotic motion may be responsible for an important transport mecha-
nism of meteorites to earth, i.e. of objects that contain important information about
the history of our solar system.

In this last section we returned to celestial mechanics, the point of departure
of all of mechanics. Here, however, we discovered qualitatively new types of de-
terministic motion that are very different from the serene and smooth running of
the planetary clockwork whose construction principles were investigated by Ke-
pler. The solar system was always perceived as the prime example of a mechanical
system evolving with great regularity and impressive predictability. We have now
learnt that it contains chaotic behavior (tumbling of asymmetric satellites, chaotic
variations of orbital eccentricities of asteroids near resonances, the chaotic motion
of Pluto) very different from the harmony and regularity that, historically, one ex-
pected to find. At the same time, we have learnt that mechanics is not a closed
subject that has disappeared in the dusty archives of physics. On the contrary, it
is more than ever a lively and fascinating field of research, which deals with im-
portant and basic questions in many areas of dynamics.

14 Analogous investigations of the 2:1 and 3:2 resonances indicate that there is chaotic behavior at
the former while there is none at the latter. This is in agreement with the observation that there
is a gap at 2:1 but not at 3:2.
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A distinctive feature of the mechanical systems we have discussed so far is that
their number of degrees of freedom is finite and hence countable. The mechanics
of deformable macroscopic media goes beyond this framework. The reaction of a
solid state to external forces, the flow behavior of a liquid in a force field, or the
dynamics of a gas in a vessel cannot be described by means of finitely many coor-
dinate variables. The coordinates and momenta of point mechanics are replaced by
field quantities, i.e. functions or fields defined over space and time, which describe
the dynamics of the system. The mechanics of continua is an important discipline
of classical physics on its own and goes far beyond the scope of this book. In
this epilog we introduce the important concept of dynamical field, generalize the
principles of canonical mechanics to continuous systems, and illustrate them by
means of some instructive examples. At the same time, this serves as a basis for
electrodynamics, which is a typical and especially important field theory.

7.1 Discrete and Continuous Systems

Earlier we pointed out the asymmetry between the time variable on the one hand
and the space variables on the other, which is characteristic for nonrelativistic
physics, cf. Sects. 1.6 and 4.7. In a Galilei-invariant world, time has an absolute
nature while space does not. In the mechanics of mass points and of rigid bod-
ies there is still another asymmetry, which we also pointed out in Sect. 1.6 and
which is this: time plays the role of a parameter, whereas the position r(z) of a
particle, or, likewise, the coordinates {r;(z), 6x(¢)} of a rigid body, or, even more
generally, the flow D (¢, fo, xo) in phase space are the genuine, dynamical vari-
ables that obey the mechanical equations of motion. Geometrically speaking, the
latter are the “geometrical curves”, while ¢ is the orbit parameter (length of arc)
that indicates in which way the system moves along its orbits.

This is different for the case of a continuous system, independent of whether
it is to be described nonrelativistically or relativistically. Here, besides the time
coordinate, also the space coordinates take over the role of parameters. Their pre-
vious role as dynamical variables is taken over by new objects, the fields. It is the
fields that describe the state of motion of the system and obey a set of equations
of motion. We develop this important new concept by means of a simple example.
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Example. Linear chain and vibrating string. Let n mass points of mass m be
joined by identical, elastic springs in such a way that their equilibrium positions
are x(l), xg, e x,?, cf. Fig.7.1. As shown in part (a) of that figure we displace
the mass points along the straight line joining them. The deviations from the equi-

librium positions are denoted by
wit) =x; () —x), i=1,2,....n.

The kinetic energy is given by
21
-2
T = Z‘ S - (7.1)
i=1
The forces being harmonic the potential energy reads

n—1
1 2, 1 2, .2

U_Z;Zk(u,H ui)? + Sk (ul —i—un) . (1.2)
The last two terms stem from the spring connecting particle 1 with the wall and
from the one connecting particle n with the wall, at the other end of the chain. We
ascribe the coordinate xg to the left suspension point and x,? 41 to the right sus-
pension point of the chain and we require that their deviations and their velocities
be zero at all times, i.e. ug(t) = u,+1(¢) = 0. The potential energy can then be
written as

1 n
U=g§%wﬂ—mﬂ, (1.2
1=

and the natural form of the Lagrangian function reads
L=T-U, (7.3)

with T as given by (7.1) and U by (7.2"). This Lagrangian function describes lon-
gitudinal motions of the mass points, i.e. motions along their line of connection.
We obtain the same form of the Lagrangian function if we let the mass points
move only transversely to that line, i.e. as shown in Fig.7.1b. Let d be the dis-
tance between the equilibrium positions. The distance between neighboring mass
points can be approximated as follows:

1 (vig1 — v)?
d>+ (g1 —v)? = d + -
\/ + (Wit1 —vi) + ) d

provided the differences of transverse amplitudes remain small compared to d. The
force driving the mass points back is approximately transverse, its potential energy

being given by

S n
U=g§%mﬂ—wf, (7.4)

1=
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where S is the string constant. As before, we must take into account the condition
vo(t) = vu4+1(t) = 0 for the two points of suspension. In reality, the chain can
perform longitudinal and transverse motions simultaneously and the two types of
motion will be coupled. For the sake of simplicity, we restrict the discussion to
purely transverse or purely longitudinal motions and do not consider mixed modes.

In the first case we set wg = +/k/m and g;(t) = u;(¢). In the second case we
set wg = +/S/md and g;(t) = v;(¢). In either case the Lagrangian function reads

1 n )
L = EmZ{qu_w(% (qu —qj)Z] (7.5)
j=0

with the conditions gg = go = 0, gn+1 = ¢n+1 = 0. The equations of motion,
which follow from (7.5), are

ij =g (ajr1 —4j) =5 (a5 —gqj-1) « j=1.....n. (7.6)

We solve these equations by means of the following substitution:

q;(t) = Asin (j npfl ) elont 1.7)

Obviously, we can let j run from O to n + 1 because g¢ and ¢,+; vanish for all
times. In (7.7) p is a positive integer. The quantities w,, are the eigenfrequencies of
the coupled system (7.6) and could be determined by means of the general method
developed in Practical Example 1 of Chap. 2. Here they may be obtained directly
by inserting the substitution (7.7) into the equation of motion (7.6). One obtains

w% = 2w} <1 — cos (np:1)>
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or

o sin [P
wp = 2wp sin (2(n n 1)) . (7.8)

Hence, the normal modes of the system are
b4
qj(.p)(t) = AP sin (j P 1) sin (wpt)
n

with p=1,....,n; j=01,....,n+1, (7.9)

and the most general solution reads

n
(. pm
(1) = AP gin
q;(1) 1;1 <]n+1

) sin (a)pt + <p,,) ,

where the amplitudes A”) and the phases @p are arbitrary integration constants.
(As expected, the most general solution depends on 2z integration constants.)

Let us compare these solutions, for the example of transverse oscillations, to
the normal modes of a vibrating string spanned between the same end points as
the chain (see Fig.7.1c). The length of the string is L = (n + 1)d. Its state of
vibration for the pth harmonic is described by

pzx) sin (wpt) : @p = pay - (7.10)

o(x, 1) = AP gin (

Here, w, is the p-fold of a basic frequency @ that we may choose such that it
coincide with the frequency (7.8) of the chain for p = 1, viz.

@0 = 2wy sin ( (7.11)

T
2(n + 1)) '
The solution (7.10) is closely related to the solution (7.9); we shall work out the
exact relationship in the next subsection. Here we wish to discuss a direct com-
parison of (7.9) and (7.10).,

At a fixed time ¢ the amplitude of the normal mode (7.9), with a given p and
with 1 < p < n, has exactly the same shape as the amplitude of the vibration
(7.10) at the points x = jL/(n 4+ 1) on the string. Figure 7.2 shows the example
p = 2 for n = 7 mass points. The full curve shows the first harmonic of the vi-
brating string; the points indicate the positions of the seven mass points according
to the normal oscillation (7.9) with p = 2. (Note, however, that the frequencies
wp and pawy are not the same.)

The discrete system (7.9) has n degrees of freedom which, clearly, are count-

able. The dynamical variables are the coordinates q;p ) (t) and the corresponding
momenta p;p (1) = mcj;p )(¢). Time pays the role of a parameter.

In the continuous system (7.10) we are interested in the local amplitude ¢ (x, 1),
for fixed time and as a function of the continuous variable x € [0, L]. Thus, the
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Fig. 7.2. Transversely oscillating chain
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function ¢ over time ¢ and position x on the string takes over the role of a dy-
namical variable.

If we suppose that the continuous system was obtained from the discrete sys-
tem by letting the number of particles n become very large and their distance d
correspondingly small, we realize that the variable x of the former takes over the
role of the counting index j of the latter. This means, firstly, that the number of
degrees of freedom has become infinite and that the degrees of freedom are not
even countable. Secondly, the coordinate x, very much like the time ¢, has become
a parameter. For given t = ty the function ¢(x, fy) describes the shape of the vi-
bration in the space x € [0, L]; conversely, for fixed x = xo, ¢(xg, t) describes
the motion of the string at that point, as a function of time.

7.2 Transition to the Continuous System

The transition from the discrete chain of mass points to the continuous string can
be performed explicitly for the examples (7.2") and (7.4) of longitudinal or trans-
verse vibrations. Taking the number of mass points n to be very large and their
distance d to be infinitesimally small (such that (n + 1)d = L stays finite), we
have ¢;(t) = ¢(x = jL/(n + 1),1) and

. 09 d e
Gt =4 = 50 mjarap® VTV T G5 ejama
and therefore
e 2
(@541 =4;) = (@i —a;-1) = 35| _ -

The equation of motion (7.6) becomes the differential equation

09 _ 520 :
In the case of longitudinal vibrations, a)gd2 = kd? /m. In the limit n — oo the ra-
tio m/d becomes the mass density o per unit length, while the product of the string
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constant k and the distance d of neighboring points is replaced by the modulus of
elasticity n = kd. With the notation v> = /o equation (7.6') reads

o0, n) %G1 _
ar? ax2

0. (7.12)

This differential equation is the wave equation in one spatial dimension.

In the case of transverse motion one obtains the same differential equation,
with v> = §/p. The quantity v has the dimension of velocity. It represents the
speed of propagation of longitudinal or transverse waves.

In a next step let us study the limit of the Lagrangian function obtained in
performing the transition to the continuum. The sum over the mass points is to be
replaced by the integral over x, the mass m by the product od, and the quantity

mad(qj+1 —q;)* by

dp ° 212 % ’ 2
d|—=— d-=od| — .
¢ <8x> “0 ¢ ox v

The infinitesimal distance d is nothing but the differential dx. Thus, we obtain

L
L=/1ME, (7.13)
0

where

IR ANERTEIAY
L=~ — | - — . 7.14
2Q[(az> " \ox (7.14)
the function L is called the Lagrangian density. In the general case, it depends on

the field ¢(x, t), its derivatives with respect to space and time, and, possibly, also
explicitly on ¢ and x, i.e. it has the form

dp dp
L=CLlo, -2, 22 x, 1) . 7.15
(w ax’ ot xr) (7.15)

The analogy to the Lagrangian function of point mechanics is the following. The
dynamical variable g is replaced by the field ¢, ¢ is replaced by the partial deriva-
tives dp/dx and d¢/dt, and the time parameter is replaced by the space and time
coordinates x and ¢. The spatial coordinate now plays the same role as the time
coordinate, and therefore a certain symmetry between the two types of coordinates
is restored.

We now turn to the question whether the equation of motion (7.12) can be ob-
tained from the Lagrangian density (7.14) or, in the more general case, from (7.15).
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7.3 Hamilton’s Variational Principle for Continuous Systems

Let L(p, dp/dx, dp/dt, x, t) be a Lagrangian density assumed to be at least C'
in the field ¢ and in its derivatives. Let L = [dx £ be the corresponding La-
grangian function. For the sake of simpliticy we consider the example of one spa-
tial dimension. The generalization to three dimensions is straightforward and can
be guessed easily at the end.

As ¢ is the dynamical variable, Hamilton’s variational principle now requires
that the functional

g ]dE/ drL = / dt/dx£ (7.16)

assumes an extreme value if ¢ is a physically possible solution. Like in the me-
chanics of mass points one embeds the solution with given values ¢(x, #;) and
¢(x, 1) at the end points in a set of comparative fields. In other words, one varies
the field ¢ such that its variation vanishes at the times #; and #,, and requires /[¢]
to be an extremum. Let §¢ denote the variation of the field, ¢ the time derivative
and ¢’ the space derivative of ¢. Then

oL oL
—3 —3 —3
/ dt/ { <p+a ¢+a/<p}

Clearly, the variation of a derivative is equal to the derivative of the variation,

5'—8(5) 3/—8(3)

Furthermore, the field ¢ shall be such that it vanishes at the boundaries of the
integration over x. By partial integration of the second term with respect to ¢ and
of the third term with respect to x, and noting that §¢ vanishes at the boundaries
of the integration, we obtain

oL a (dL
/dt/dx — - = —— | —)td¢.
ap 8<p ox \ d¢’
The condition §/[¢] = 0 is to hold for all admissible variations d¢. Therefore,

the expression in the curly brackets of the integrand must vanish. This yields the
Euler-Lagrange equation for continuous systems (here in one space dimension),

oL 9 oL 0 oL

— - ——— — —— =0. (7.17)

dp ot d(dp/0t)  dx 9(de/0x)
We illustrate this equation by means of the example (7.14). In this example £ does
not depend on ¢ but only on ¢ and on ¢’. £ does not depend explicitly on x or
t, either. The variable x is confined to the interval [0, L]. Both ¢ and §¢ vanish
at the end points of this interval. We have



426 7. Continuous Systems

oL 3¢ oL , 39
—_— =00, —— = —V -
30g/a0 % 90e/ox) ©ox

and the equation of motion (7.17) yields the wave equation (7.12), as expected,

Po 200

o~ 9k T

Its general solutions are ¢4 (x,t) = f(x —vt), o_(x,t) = f(x + vt), with f(z)
an arbitrary differentiable function of its argument z = x F vt. The first of these
describes a wave propagating in the positive x direction, the second describes a
wave propagating in the negative x direction. As the wave equation is linear in
the field variable ¢, any linear combination of two independent solutions is also
a solution. As an example we consider two harmonic solutions (i.e. two pure sine
waves) with wavelength A and equal amplitude,

. (27 . (27
¢4+ = Asin T(x—vt) , ¢_ = Asin T(x+vt) .

Their sum

. 2 27
¢ =¢++¢_ =2Asin Tx cos Tvt

describes a standing wave. It has precisely the form of the solution (7.10) if

2 2L

—x:w or A =—, p=1,2,...

A L )4
The length L of the string must be an integer multiple of half the wavelength. The
frequency of the vibration with wavelength X is given by

2mv b4
= — = 0 N ith ) = — . 7.18
wp . pwy, W @o = — (7.18)
Thus, the transverse oscillations of our original chain of mass points are standing
waves. Note also that their frequency (7.11) takes on the correct continuum value
(7.18). Indeed, when the number n of mass points is very large, the sine in (7.11)
can be replaced by its argument,

T
o = 2 .
[O) w( S1n (—2(71 T 1))
~ dwp——— = Tawpd = - |
2m+1) L L

where we have set L = (n 4+ 1)d and replaced wod by v.
We conclude this subsection with another example in one time and three space
coordinates. Let ¢(x, t) be a real field and let the Lagrangian density be given by
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3 2
1|1 /0¢)? dp 5 5
L L AN 29N _ 7.1
£ 2{v2(8t) ;(8)&) e (7.19)

where p has the physical dimension of an inverse length. The generalization of
(7.16) and (7.17) to three spatial dimensions is obvious. It yields the equation of
motion

3
oL 0 oL d oL
___—_E R —— (7.20)
dp 0t d(dgp/0t) — oxt 9(dp/dx")
In the example defined by (7.19) we obtain
1 3% 2
—— 2 _A =0, 7.21
v2 8[2 ¢+ une ( )

where A = Z?:l 32/(dx")? is the Laplacian operator.

For u = 0 (7.21) is the wave equation in three space dimensions. For the case
w # 0 and the velocity v equal to the speed of light ¢, the differential equation
(7.21) is called the Klein—Gordon equation.

7.4 Canonically Conjugate Momentum
and Hamiltonian Density

The continuous field variable ¢ whose equation of motion is derived from the La-
grangian density £ is the analog of the coordinate variables g ; of point mechanics.
The canonically conjugate momenta are defined in (2.39) to be the partial deriva-
tives of the Lagrangian function L with respect to ¢;. Following that analogy we
define

def oL
T 3e/0r)
For example, with £ as given in (7.14) we find 7 (x) = p¢(x). This is nothing but
the local density of momentum for transverse vibrations of the string (or, likewise,
longitudinal vibrations of a rubber band). Following the pattern of the definition
(2.38) one constructs the function

- oL

H=¢p———L

d(dg/0t)

(x) (7.22)

and, by means of Legendre transformation, the Hamiltonian density . In the ex-
ample (7.14), for instance, one finds

_ 1] 20 (Y
H—2Q|:7r (x) +o0"v <8x>:|'
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‘H describes the energy density of the vibrating system. Therefore, H = fOL dx H
is the total energy of the system. For example, inserting the explicit solution (7.10)
into the expression for H, one easily finds that

1 2 _
H = ZQA(p) (,()(%p2 .

This is the total energy contained in the pth harmonic vibration.

7.5 Example: The Pendulum Chain

A generalization of the harmonic transverse oscillations of the n-point system of
Sect. 7.1 is provided by the chain of pendulums shown in Fig.7.3. It consists of
n identical mathematical pendulums of length / and mass m which are suspended
along a straight line and which swing in planes perpendicular to that line. They
are coupled by means of harmonic forces in such a way that the torque acting be-
tween the ith and the (i 4 1)th pendulum is proportional to the difference of their
deviations from the vertical, i.e. is given by —k(@;+1 — ¢;). The line of suspension
may be thought of as being realized by a torsion bar. As the chain is fixed at its
ends, we formally add two more, motionless pendulums at either end of the bar,
to which we ascribe the numbers O and (n + 1). This means that the angles ¢g
and ¢, 41 are taken to be zero at all times. The kinetic and potential energies of
this system are given by (cf. Sect. 1.17.2)

®n

(n+1)

Fig. 7.3. A chain of pendulums, which
are coupled by harmonic forces. While the
first three show small deviations from the
vertical, pendulum number n has made al-
(0) most a complete turn
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1 n+1
_ 2 .2
T =sml D9
=

n+1 n
1
U =mng(1 —cos<p,~)+§kZ(<p,~+1 — o). (7.23)
i=0 i=0
From the Lagrangian function in its natural form, L = T — U, and the Euler—
Lagrange equations (2.28) we obtain the equations of motion

G — of [@ir1 — @) — (@i — @iz1)]
+wlsing; =0, i=1,...,n. (7.24)

Here we introduced the following constants
k g
2 2
(,()O = 7 .

m2 -’ 1T

With g = 0 (7.24) is identical to (7.6). For k = 0 we recover the equation of
motion of the plane pendulum that we studied in Sect. 1.17.2.

Let the horizontal distance of the pendulums be d so that the length of the chain
is L = (n+1)d. We consider the transition to the corresponding continuous system
by taking the limit n — oo, d — 0. The countable variables ¢;(¢), ..., ¢, (t) are
replaced with the continuous variable ¢ (x, t), x taking over the role of the count-
ing index, which runs from 1 to n. While the discrete system had n degrees of
freedom, the continuous system has an uncountably infinite number of degrees of
freedom. Let o = m/d be the mass density. The constant in the harmonic force
is set equal to k = n/d, n being proportional to the modulus of torsion of the
bar. When d tends to zero, k must formally tend to infinity in such a way that the
product n = kd stays finite. At the same time the quantity

2 12
wyd” = — — =
0 m 12 ol?
stays finite in that limit. In the same way as in Sect. 7.2, (7.24) becomes the equa-
tion of motion

o0, ) 9,1
912 9x2

+ wfsing(x, 1) =0. (7.25)
This is the wave equation (7.12), supplemented by the nonlinear term a)% sin ¢.
Equation (7.25) is said to be the Sine—Gordon equation. In contrast to the wave
equation (7.12) or to the Klein—Gordon equation (7.21) it is nonlinear in the field
variable ¢. It is the Euler—Lagrange equation (7.17) corresponding to the following
Lagrangian density:

1 dp\? 3p\?
L= Eglz [(5) —? <a) — Zw%(l —cosg) | . (7.26)
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The latter may be obtained from (7.23) in the limit described above. Let us discuss
solutions of (7.25) for two special cases.

() The case of small deviations from the vertical. In its discrete form (7.24) this
coupled system of nonlinear equations of motions can only be solved in closed form
for the case of small deviations from the vertical. Taking sin ¢; ~ ¢, we see that
(7.24) becomes a linear system which may be solved along the lines of Practical
Example 1 of Chap. 2, or following Sect.7.1 above. In analogy to (7.9) we set

@y — AP gin [ PTY §
®; H=A s1n<n+1 s1n(a)pt),

j=0,1,....,n+1 (7.27)

and obtain w, in terms of w; and wy, as follows:

w% = w% + 20)5 (1 — COoS (npfl ))

2 2 2 pr
= 4 — . 7.28
] + 4wg sin (Z(n n 1)) (7.28)
The corresponding solution of the continuous system (7.25), assuming small de-
viations from the vertical, is obtained with sin ¢(x, ) ~ ¢(x,t) and by making
use of the results of Sect.7.2. For large n (7.28) gives

2
2.0 2 2 24 2 2.0 (PN

2 2 P”)2
=w v l—)
it (L

so that (7.27) yields the pth harmonic oscillation

P (x,1) = AP sin (pLﬂ) sin (w,t)
with
T\2 _
wp=oi+ () v = ot + 0765
and with @g as in (7.18).

(>ii) Soliton solutions. For the continuous chain of infinite extension there are in-
teresting and simple exact solutions of the equation of motion (7.25). Introducing
the dimensionless variables

def W1 def
z=—x, T=wit,
v
(7.25) takes the form

Pp(z,1) %0z, 1)
972 972

+sing(z,7) =0. (7.25")
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Furthermore, we take ¢ = 4arctan f(z, 7). With f = tan(¢/4) and using the
well-known trigonometric formulae

2tan x 2tan x

sin(2x) = m s tan(2x) =

1 —tan?x ’

we obtain
sing = 4f (1 —f2>/(1 +f2)2 .

From (7.25") follows a differential equation for f

Pf  9rf af\? ar\?
2 2 _
(1+f><a7—a—zz>+f|:l—f +2(8—Z> —2<¥> =0.

Finally, we set y = (z + at)/~/1 — a2, with « a real parameter in the interval
—1 <o < 1. If f is understood to be a function of y, the following differential
equation is obtained:

a2 dr\?
<1+f2)d—y];—f[l—f2+2<£)}:0.
+y

It is not difficult to guess two simple solutions of the latter. They are fi =e™”.
Thus, the original differential equation (7.25) has the special solutions

z+at

¢+ (z, T) = 4arctan (exp {:I:—}) . (7.29)
V1—a?

As an example choose the positive sign, take « = —0.5 and consider the time

7 = 0. For sufficiently large negative z the amplitude ¢ is practically zero. For
z =01t is ¢4 (0,0) = m, while for sufficiently large positive z it is almost equal
to 2. In a diagram with z as the abscissa and ¢ (z, T) the ordinate, this transition
of the field from the value O to the value 2 propagates, with increasing time, in
the positive z-direction and with the (dimensionless) velocity o. One may visualize
the continuous pendulum chain as an infinitely long rubber belt whose width is /
and which is suspended vertically. The process just described is then a flip-over of
a vertical strip of the belt from ¢ = 0 to ¢ = 27 which moves with constant ve-
locity along the rubber belt. This strange and yet simple motion is characteristic of
the nonlinear equation of motion (7.25). It is called a soliton solution. Expressing
the results in terms of the original, dimensionful variables x and 7, one sees that
the soliton moves with velocity va along the positive or the negative x-direction.
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7.6 Comments and Outlook

So far we have studied continuous systems by means of examples taken from the
mechanics of finitely many, say n, point particles, by letting n go to infinity. This
limiting procedure is very useful for understanding the role of the fields ¢(x, )
as the new dynamical variables which replace the coordinate functions g (¢) of the
mechanics of point particles. This does not mean, however, that every continuous
system can be obtained by or could be thought of as the limit f — oo of a discrete
system with f degrees of freedom. On the contrary, the set of classical, continuous
systems is much richer than one might expect on the basis of the examples studied
above. Continuous systems form the subject of classical field theory, an important
branch of physics in its own right. Field theory, for which electrodynamics is a
prominent example, goes beyond the scope of this book and we can do no more
than add a few comments and an outlook here.
Let us suppose that the dynamics of N fields

{<pf(x)|i = 1,2,...,N}

can be described by means of a Lagrange density £ in such a way that the equations
of motion that follow from it satisfy the postulate of special relativity (cf. Sect. 4.3),
i.e., that they are form invariant with respect to Lorentz transformations. Assume,
furthermore, that each of the fields ¢’ (x) is invariant under Lorentz transformations
of space—time, viz.

. . . N
¢"(x'=Ax) =¢'(x) with AelL,.

Fields possessing this simple transformation behavior are called scalar fields. The
variational principle (7.16) is independent of the choice of coordinates (x, ¢). In-
deed, the hypersurface (x, #; = const.) and (x, f, = const.) can be deformed into
an arbitrary, smooth, three-dimensional, hypersurface X' in space-time. In the ac-
tion integral (7.16) one then integrates over the volume enclosed by X' and chooses
the variations 8¢’ of the fields such that they vanish on the hypersurface X. The
form of the equations of motion (7.17) is always the same. This has an impor-
tant consequence: Whenever the Lagrange density £ is invariant under Lorentz
transformations, the equations of motion (7.17) which follow from (7.16) are form
invariant, i.e., they have the same form in every frame of reference.

The Lagrange density (7.14) may serve as an example for a Lorentz-invariant
theory, provided we replace the parameter v by the velocity of light c. The equation
of motion which follows from it

1 3% 3%
2 912 9x2
is form invariant. (This equation is the source-free wave equation.) With ¢ a
scalar field it is even fully invariant itself. It is instructive to check this: With

x'* =AM, x" and x,, = g,,x", and making use of the following simplified nota-
tion for the partial derivatives

=0 (7.30)



7.6 Comments and Outlook 433

0 9
, ot = (7.31)
0x,

O 1= oxH

one sees that (7.30) contains the expression 9,0*¢. The transformation behavior
of 9, follows from the following calculation

9 o 9 )
== = Ar, = Ay

O 9xV  9x¥ dx'M Y xm

The transformation behavior of 3" being the inverse of the above, the differential
operator d,,0" is a Lorentz invariant operator. It is often called the Laplace operator
in four dimensions and is denoted by the symbol [,

192 O 92 1 92
D::a”avzﬁﬁ_ZWE?W_A’ (7.32)
i=l1

where A is the Laplace operator in three dimensions. Note that the derivative terms
in (7.14) as well as in (7.19) (taking v = c in either example) can be rewritten in
the form of an invariant scalar product (9,,¢)(9*¢) of

10 10
g = (——‘0, V(p) and 9%¢ = (——(p, —V(p) .
c ot c

Thus, a Lorentz invariant theory of our fields ¢’ could be designed by means
of a Lagrange density of the form

£(v ') = 5 {ﬁ: (9s) (')

i=

Yuldw] v (e (x))} , (7.33)
i=1

with U(¢") a Lorentz scalar function of the fields. The first term on the right-
hand side of (7.33) is the analog of the kinetic energy in the mechanics of point
particles, the last term is the analog of the potential. The second term, which is
new, is called mass term because in the quantized version of the theory it does
indeed contain the rest masses of the particles which are described by the fields.
Of course, it could equally well be considered as part of the potential U.

In this discussion one recognizes, though in a sketchy manner only, an impor-
tant building principle for classical field theories: Very much like in mechanics of
point particles, symmetries and invariances can be read off, or can be built into,
the Lagrange density £. Above we considered the example of form invariance with
respect to Lorentz transformations. As the next step in a deeper and more detailed
analysis one would derive the theorem of Emmy Noether, in its form adapted to
field theory, which states that the energy, the momentum, or the angular momentum
are conserved quantities whenever £ is invariant under translations in time, transla-
tions in space, or under rotations, respectively. A new feature is the appearence of

=
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a local energy density (cf. the example studied in Sect. 7.4), and, analogously, mo-
mentum and angular momentum densities. Noether’s theorem concerns local quan-
tities. If the energy density changes locally, i.e., if it changes in a finite domain of
space and time, then there must be continuity equation which guarantees that the
total energy (i.e., the integral of the energy density over space) remains unchanged.
Analogous statements apply to momentum and angular momentum densities.

Finally, £ may possess further, inner, symmetries which have to do with trans-
formations on the fields. In this case there are additional conservation laws, or
continuity equations, as shown by the following simple example.

Given two real scalar fields and a Lagrange density of the form (7.33) which
is such that A1 = A, = A and where U depends on the sum of the squares of the
fields only,

2(v.00) =3 [ (1) () -2 X [0

i=1 i=l

—U (,22; (goi(x))2> ] . (7.34)

In addition to being invariant under Lorentz transformations in space and time £
is obviously invariant under orthogonal transformations of the fields as a whole,
of the kind

¢ (x) = ' (x) cosa — ?(x)sina |
gp’z(x) = <p1 (x)sina + gz)z(x) cos o (7.35)
with o € [0, 27r]. Equations (7.35) describe a formal rotation in the two-dimension-

al, inner, space which is spanned by the independent fields ¢! and ¢2. In particular,
if we choose the angle o to be infinitesimal, o = ¢, then (7.35) becomes

8ol = —p! = —ep?, Sp?i=¢? — ¢t =ep'. (7.36)

As these changes in the fields are special cases of variations, one can calculate
the corresponding change of L. Let us write (7.36) as §¢' = Zi:l eixe® with
11 = &2 =0 and —e13 = 31 = €. Then we find

2
oL . oL :
8L = —8¢' + ———680,,¢'
;(aw R TOrS “"’)
2

oL .

ik=1

where we have replaced £/d¢’ in the first term by

L oL
LV TCD)
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making use of the equations of motion. The right-hand side of the above equation
is nothing but a divergence in four dimensions, the quantity j* being defined by
the expression in square brackets. The left-hand side vanishes because the change
of the Lagrange density is zero, £ = 0. It is not difficult to show that j* is a four-
vector with respect to Lorentz transformations. In the concrete example considered
here one calculates the explicit form of this vector from the Lagrange density (7.34)
and making use of the formulae (7.36). The result is

@ = (062 0) 0" 0 = (90" @) 2. (7.37)

The statement that the four-divergence of the quantity j* vanishes, in fact, is a
continuity equation. The time component j° and the space components j have the
same physical dimension. Therefore, if j is a current density, that is, if it has dimen-
sion, e.g., charge x velocity per unit of volume, then j© is not yet a density, which,
in our example, should have dimension charge per unit volume. However, o(x, t) =
j%/c is a density with the correct physical dimension. Therefore, in a given frame
of reference, we set j* = (co, j) so that the continuity equation becomes

do(x,1)

A" =
wl ar

+V.jx,t)=0. (7.38)
When the density o in a given, finite, space volume increases or decreases, this
change is compensated by a flow of charge into this volume, or out of this volume.
The total charge contained in the fields is given by the integral of the density o
over the entire space. Provided the fields and, therefore, also the current density
J vanish sufficiently fast at infinity, equation (7.38) implies that the total charge
0 = fd3xg(x, t) is a constant of the motion,

d d
EQ ¥ /d3xQ(x 1) = —/d3xV-j(x,t) =0. (7.39)

Indeed, the right-hand side of this equation vanishes because the volume integral
of the divergence over space equals the surface integral of the radial component
of j over the surface at infinity!.

In the example (7.34) invariance with respect to the transformations (7.35) leads
to the conservation law (7.38), or (7.39), with j*(x) as given by the expression
(7.37). 1t is useful to replace the real fields ¢! and ¢? by a complex field and its
complex conjugate, through the definitions

b0 == (¢ +iP?W) . w0 = = (' — i)

V2 V2

1 One shows, furthermore, that the charge Q is a Lorentz invariant quantity, i.e., that its value
does not depend on the frame of reference in which it is calculated. This holds if and only if
A jHt(x)=0.
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The Lagrange density (7.34) then takes a simpler form, namely

L= (0,9%) (0"¢) — 1¢*¢ — U (*9) . (7.40)
Similarly, the transformation (7.35) simplifies to

¢'(x) =p()e, @) =g (e, (7.41)
and the quantity (7.37) becomes

JH) = —i[p* (08 e (x) — (349* (1) ()] . (7.42)

In quantum physics one learns that, indeed, this expression is a suitable candidate
for the description of the electric charge and current densities of a scalar particle.



Exercises

Chapter 1: Elementary Newtonian Mechanics

1.1 Under the assumption that the orbital angular momentum I = r x p of a
particle is conserved show that its motion takes place in a plane spanned by ry,
the initial position, and pg, the initial momentum. Which of the orbits of Fig. 1
are possible in this case? (O denotes the origin of the coordinate system.)

\

. g S
0]
(a) (b) (c)
\\—o—// > s S = - (')
0 0
(d) (e) (f) Fig. 1.

1.2 In the plane of motion of Exercise 1.1 introduce polar coordinates {r(t), ¢(t)}.
Calculate the line element (ds)? = (dx)2 + (dy)?, as well as v2 = %2 + y2 and
I2, in the polar coordinates. Express the kinetic energy in terms of 7 and I2.

1.3 For the description of motions in R3 one may use Cartesian coordinates r(r) =
{x(t), y(¢), z(¢)}, or spherical coordinates {r(¢), 0(t), ¢(¢)}. Calculate the infinites-
imal line element (ds)? = (dx)? + (dy)2 +(dz)? in spherical coordinates. Use this
result to derive the square of the velocity v2 = %% 4+ y2 + 2 in these coordinates.

1.4 Let é,, &y, &, be Cartesian unit vectors. They then fulfill &2 = 63 =é=1,
éx-€,=é -6, =¢y-6,=0, e, =é, xeéy (plus cyclic permutations). Introduce
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Fig. 2.

three, mutually orthogonal unit vectors é,, &,, €y as indicated in Fig. 2, Determine
¢, and e, from the geometry of this figure. Confirm that é, - &, = 0. Assume
&) = aé, + Béy + yé. and determine the coefficients , f, y such that &3 = 1,

ey e, =0=¢g-é,. Calculate v =F = d(re,)/dr in this basis as well as v2,

1.5 A particle is assumed to move according to r(t) = v0r with v0 = {0, v, 0},
with respect to the inertial system K. Sketch the same motion as seen from another
reference frame K’, which is rotated about the z-axis of K by an angle @,

x' =xcos® + ysin®,
y = —xsin® +ycos®, 7 =z,
for the cases @ = w and @ = wt, were w is a constant.

1.6 A particle of mass m is subject to a central force F = F(r)r/r. Show that
the angular momentum I = mr x r is conserved (i.e. its magnitude and direction)
and that the orbit lies in a plane perpendicular to /.

1.7 (i) In an N-particle system that is subject to internal forces only, the potentials
Vi depend only on the vector differences r;; = r; — ry, but not on the individual
vectors r;. Which quantities are conserved in this system?

(ii) If Vi; depends only on the modulus |r;;| the force acts along the straight line
joining i to k. There is one more integral of the motion.

1.8 Sketch the one-dimensional potential
U(g) = —5qe 1 +q*+2/q for ¢=>0

and the corresponding phase portraits for a particle of mass m = 1 as a function
of energy and initial position gg. In particular, find and discuss the two points of
equilibrium. Why are the phase portraits symmetric with respect to the abscissa?
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1.9 Study two identical pendula of length [ and mass m, coupled by a harmonic
spring, the spring being inactive when both pendulums are at rest. For small de-
viations from the vertical the energy reads

1 1 1
E = %(x% + xf) + Emw(z)(x% + x%) + Emw%(xl —x3)?

with xp = mx1, x4 = mx3. Identify the individual terms of this equation. Derive
from it the equations of motion in phase space,

dx

— =Mx .

dr
The transformation

1
x—>u=~Ax with A= (11 ﬂ) and

2\ -1
=3 )

decouples these equations. Write the equations obtained in this way in dimension-
less form and solve them.

1.10 The one-dimensional harmonic oscillator satisfies the differential equation
mi(t) = —Ax(t), (1.1)

with m the inertial mass, A a positive constant, and x(¢) the deviation from equi-
librium. Equivalently, (1.1) can be written as

ito’x=0, o dgk/m. (1.2)

Solve the differential equation (1.2) by means of x(#) = a cos(ut) + b sin(ut) for
the initial condition

x(0)=x9 and p(0) =mx(0) = pg. (1.3)

Let x(¢) be the abscissa and p(¢) the ordinate of a Cartesian coordinate sys-
tem. Draw the graph of the solution with @ = 0.8 that goes through the point

(xo =1, po =0).

1.11 Adding a weak friction force to the system of Exercise 1.10 yields the equa-
tion of motion

¥ +ki4a0’x=0.
“Weak” means that k < 2w. Solve the differential equation by means of
x(t) = e [xg cos @t + (po/md) sin &t] .

Draw the graph (x(¢), p(¢)) of the solution with w = 0.8 which goes through
(xo =1, po =0).
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' Fig. 3.

X
}/

1.12 A mass point of mass m moves in the piecewise constant potential (see
Fig. 3)

U, for x <0
Uy forx > 0.

U =

In crossing from the domain x < 0, where its velocity was vy, to the domain x > 0,
it changes its velocity (modulus and direction). Express U in terms of the quanti-
ties Uy, v1, a1, and ap. What is the relation of a; to ap when (i) U; < U, and (ii)
U > U, ? Work out the relationship to the law of refraction of geometrical optics.

Hint: Make use of the principle of energy conservation and show that one com-
ponent of the momentum remains unchanged in crossing from x < 0 to x > 0.

Fig. 4.

1.13 In a system of three mass points m, m>, m3 let S1» be the center-of-mass of
1 and 2 and S the center-of-mass of the whole system. Express the coordinates rq,
ra, r3 in terms of ry, s, and sp, as defined in Fig. 4. Calculate the total kinetic en-
ergy in terms of the new coordinates and interpret the result. Write the total angular
momentum in terms of the new coordinates and show that ) ; I; = I; +1, + 15,
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where I; is the angular momentum of the center-of-mass and [, and [, are rela-
tive angular momenta. By considering a Galilei transformation r’ = r + wt + a,
t' = t+s show that Iy depends on the choice of the origin, while I, and ;, do not.

1.14 Geometric similarity. Let the potential U (r) be a homogeneous function of
degree « in the coordinates (x, y, z), i.e. U(Ar) = A°U(r).

(i) Show by making the replacements r — Ar and ¢t — put, and choosing
w = A'7%/2 that the energy is modified by a factor A* and that the equation
of motion remains unchanged.

The consequence is that the equation of motion admits solutions that are ge-
ometrically similar, i.e. the time differences (At), and (At), of points that cor-
respond to each other on geometrically similar orbits (a) and (b) and the corre-
sponding linear dimensions L, and Lj are related by

(ADy (ﬁ)l—aﬂ
Aty \Lqg '

(i) What are the consequences of this relationship for

— the period of harmonic oscillation?

— the relation between time and height of free fall in the neighborhood of the
earth’s surface?

— the relation between the periods and the semimajor axes of planetary ellipses?

(iii)) What is the relation of the energies of two geometrically similar orbits for

— the harmonic oscillation?
— the Kepler problem?

1.15 The Kepler problem. (i) Show that the differential equation for @ (r), in the
case of finite orbits, has the following form:

do _ 1/ rera (1.4)
dr r\ r —rp)(ra —r)

where rp and r5 denote the perihelion and the aphelion, respectively. Calculate rp
and ra and integrate (1.4) with the boundary condition @ (rp) = 0.
(ii) Change the potential to U(r) = (—A/r) + (B/r?) with |B| <« [*/2u. De-
termine the new perihelion ry, and the new aphelion ) and write the differential
equation for @(r) in a form analogous to (1.4). Integrate this equation as in (i)
and determine two successive perihelion positions for B > 0 and for B < 0.
Hint:
o 1

x /x2(1 = B2) — 2aBx — a2

% arccos (% + ﬁ)
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1.16 The most general solution of the Kepler problem reads, in terms of polar
coordinates r and @,

p
1+ecos(d —¢o)

The parameters are given by

r(®) =

12
P=m» (A =Gmmy),
- 2EI? mimo
&= _— =— .
nA? -

What values of the energy are possible if the angular momentum is given? Calcu-
late the semimajor axis of the earth’s orbit under the assumption msyn > MEarth;

G =6.672x 107" m¥kg=!s72,
ms = 1.989 x 10* kg,
mg = 5.97 x 10 kg.

Calculate the semimajor axis of the ellipse along which the sun moves about the
center-of-mass of the sun and the earth and compare the result to the solar radius
(6.96 x 108 m).

1.17 Determine the interaction of two electric dipoles p; and p, (example for
noncentral potential force).

Hints: Calculate the potential of a single dipole p;, making use of the following
approximation. The dipole consists of two charges +e; at a distance d;. Let ¢
tend to infinity and |d| to zero, in such a way that their product p; = de; stays
constant. Then calculate the potential energy of a finite dipole p; in the field of
the first and perform the same limit e; — 00, |d2| — 0, with p; = de, constant,
as above. Calculate the forces that act on the two dipoles.

Answer:
W(1,2) = (p1-p2) /r’ =3 (p1-1) (p2-1) /1
F =-ViW =[3(p1-p2)/r°
—15(p1-r)(p2-1)/r"]r
+3[pi(p2- 1)+ p2(p1-1)]/r = —F13.
1.18 Let the motion of a point mass be governed by the law
V=vXxa, a=const. (1.5)

Show that 7 - @ = v(0) - a holds for all ¢ and reduce (1.5) to an inhomogeneous
differential equation of the form 7 + w?r = f(t). Solve this equation by means
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of the substitution righom (f) = ¢t + d. Express the integration constants in terms
of the initial values r(0) and v(0). Describe the curve r(t) = rhom () + Finhom (7).

Hint:

a; x (ay x az) = ax(a; -a3) —az(a; - az).

1.19 An iron ball falls vertically onto a horizontal plane from which it is reflected.
At every bounce it loses the nth fraction of its kinetic energy. Discuss the orbit
x = x(t) of the bouncing ball and derive the relation between xmax and fmax.

Hint: Study the orbit between two successive bounces and sum over previous times.

1.20 Consider the following transformations of the coordinate system:

{tvr}? {t,r}, {tﬂr}_P) {tv _r}v {t’r}_T) {_t,r},

as well as the transformation P-T that is generated by performing first T and then P.
Write these transformations in the form of matrices that act on the four-component
vector (). Show that {E, P, T, PT} form a group.

1.21 Let the potential U(r) of a two-body system be C? (twice continuously
differentiable). For fixed relative angular momentum, under which additional con-
dition on U(r) are there circular orbits? Let E(y be the energy of such an orbit.
Discuss the motion for E = Ej + ¢ for small positive €. Study the special cases

Ur)y=r" and U@r)=A/r.

1.22 Following the methods explained in Sect. 1.26 show the following.

(1) In the northern hemisphere a falling object experiences a southward deviation
of second order (in addition to the first-order eastward deviation).

(ii) A stone thrown vertically upward falls down west of its point of departure, the
deviation being four times the eastward deviation of the falling stone.

1.23 Let a two-body system be subject to the potential
U@ =—>
r)=——
72

in the relative coordinate r, with positive «. Calculate the scattering orbits r(P).
For fixed angular momentum what are the values of « for which the particle makes
one (two) revolutions about the center of force? Follow and discuss an orbit that
collapses to r = 0.

1.24 A pointlike comet of mass m moves in the gravitational field of a sun with
mass M and radius R. What is the total cross section for the comet to crash on
the sun?
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1.25 Solve the equations of motion for the example of Sect. 1.21.2 (Lorentz force
with constant fields) for the case

B=Bé,, E=Eé,.

Chapter 2: The Principles of Canonical Mechanics

2.1 The energy E(q, p) is an integral of a finite, one-dimensional, periodic mo-
tion. Why is the portrait symmetric with respect to the g-axis? The surface enclosed
by the periodic orbit is

gmax
F(E):ffpdq:Z/ pdqg.
q

Show that the change of F(E) with E equals the period T of the orbit, T =
dF(E)/dE, Calculate F and T for the example

E(q, p) = p*/2m + ma?q*/2.

2.2 A weight glides without friction along a plane inclined by the angle o with
respect to the horizontal. Study this system by means of d’Alembert’s principle.

2.3 A ball rolls without friction on the inside of a circular annulus. The annulus
is put upright in the earth’s gravitational field. Use d’ Alembert’s principle to derive
the equation of motion and discuss its solutions.

2.4 A mass point m that can only move along a straight line is tied to the point
A by means of a spring. The distance of A to the straight line is [ (cf. Fig. 5).
Calculate (approximately) the frequency of oscillation of the mass point.

2.5 Two equal masses m are connected by means of a (massless) spring with
spring constant x. They move without friction along a rail, their distance being
[ when the spring is inactive. Calculate the deviations x1(¢) and x»(¢) from the
equilibrium positions, for the following initial conditions:

x1(0) =0, x1(0) = v,
x00)=1, x00)=0.

2.6 Given a function F(x1, ..., xy) that is homogeneous and of degree N in its
f variables, show that

2.7 1If in the integral

x2
1[y]=/ dx f(v. )

1
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o

m Fig. 5.

f does not depend explicitly on x, show that

0

y’—f — f(y,y") = const.

ay’
Apply this result to L(q,q) =T — U and identify the constant. 7 is assumed to
be a homogeneous quadratic form in g.
2.8 Solve the following two problems (whose solutions are well known) by means

of variational calculus:

(i) the shortest connection between two points (x1, y1) and (x3, y2) in the Euclidean
plane;

(i) the shape of a homogeneous, fine-grained chain suspended at its end points
(x1, y1) and (x2, y») in the gravitational field.

Hints: Make use of the result of Exercise 2.7. The equilibrium shape of the chain is
determined by the lowest position of its center of mass. The line element is given by

ds = \/(dx)z + (dy)? = \/1 +y2dx.

2.9 Two coupled pendula can be described by means of the Lagrangian function

L= gm (& +33) = gmag (xf +x3) = gm (@] — of) (¥ —x2)”.

(i) Show that the Lagrangian function
L = %m(xl — iw0x1)2 + %m(xz — iw0x2)2
—gm (@F = of) (1 = x2)?
leads to the same equations of motion. Why is this so?

(i) Show that transforming to the eigenmodes of the system leaves the Lagrange
equations form invariant.

2.10 The force acting on a body in three-dimensional space is assumed to be
axially symmetric with respect to the z-axis. Show that

(i) its potential has the form U = U(r, z), where {r, ¢, z} are cylindrical coordi-
nates,
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X =rcosg, y=rsing, z=7z;

(ii) the force always lies in a plane containing the z-axis.

2.11 With respect to an inertial system Kq the Lagrangian function of a particle is
Lo = imi} — U(xo).
The frame of reference K has the same origin as Kg but rotates about the latter
with constant angular velocity @. Show that the Lagrangian with respect to K reads
%)
mx . m 2
L=T+mx-(wxx)+3(wxx) -U(x).

Derive the equations of motion of Sect. 1.25 from this.

2.12 A planar pendulum is suspended such that its point of suspension glides
without friction along a horizontal axis. Construct the kinetic and potential en-
ergies and a Lagrangian function for this problem.

2.13 A pearl of mass m glides (without friction) along a planar curve s = s(®)
put up vertically. s is the length of arc and @ the angle between the tangent to
the curve and the horizontal line (see Fig. 6).

s(9)

mg

Fig. 6.

(1) Derive the equation for s(¢) for harmonic oscillations.

(ii) What is the relation between s(z) and @ (¢) ? Discuss this relation and the mo-
tion that follows from it. What happens in the limit where s can reach its maximal
amplitude?

(iii) From the explicit solution calculate the force of constraint and the effective
force that acts on the pearl.

2.14 Geometrical interpretation of the Legendre transformation. Given f(x) with
f"(x) > 0. Construct (Lf)(x) = xf'(x) — f(x) = xz — f(x) = F(x, z), where
z = f’(x). The inverse x = x(z) of the latter exists and so does the Legendre
transform of f(x), which is zx(z) — f(x(z)) = Lf(2) = @ (2).
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(i) Comparing the graphs of the functions y = f(x) and y = zx (for fixed z) one
sees with

0F(.2)

ax

that x = x(z) is the point where the vertical distance between the two graphs is
maximal (see Fig. 7).

0

Ay y=zx

P (2)
f(x)

|
I
I
|
1
1
1
]
1

x(z) Fig. 7.

(ii) Take the Legendre transform of ®(z), i.e. (LP)(z) = z®'(z) — P(z) =
z2x — @(z) = G(z,x) with &'(z) = x. Identify the straight line y = G(z, x)
for fixed z and with x = x(z) and show that one has G(z, x) = f(x). Sketch the
picture that one obtains if one keeps x = xo fixed and varies z.

215 (i) Let
L(le C]Lélsq'z,l):T—U Wlth
2
T = cigiGr+ Y _bidx +a.

2
i,k=1 k=1

Under what condition can one construct H(q, p, t) and what are pi, p2, and H?
Confirm that the Legendre transform of H is again L and that

9ZL 92H
det —— ) det =1
0qr9q; 0PnOPm

Hint: Take di1 = 2c11, di2 = da1 = c12 + ¢21, doo = 2¢00, ; = p; — b;.

(i) Assume now that L = L(x1 = q1, X2 = ¢2, q1, q2, t) = L(x1, xp, u) with
u (g1, g2, 1) to be an arbitrary Lagrangian function. We expect the momenta
pi = pi(x1, x2, u) derived from L to be independent functions of x; and x», i.e.
that there is no function F(pj(x1, x2,u), pa2(x1,x2, u)) that vanishes identically.
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Show that, if p; and p, were dependent, the determinant of the second derivatives
of L with respect to the x; would vanish.

Hint: Consider dF /dx; and dF /dx;.

2.16 A particle of mass m is described by the Lagrangian function

Lo 2, 2,2 ,@
L=-mx"+y +29)+=1l3,

2 2
where /3 is the z-component of angular momentum and w is a constant frequency.
Find the equations of motion, write them in terms of the complex variable x +1iy
and of z, and solve them. Construct the Hamiltonian function and find the kine-
matical and canonical momenta. Show that the particle has only kinetic energy
and that the latter is conserved.

2.17 Invariance under time translations and Noether’s theorem. The theorem of
E. Noether can be applied to the case of translations in time by means of the fol-
lowing trick. Make ¢ a coordinate-like variable by parametrizing both ¢ and ¢ by
q = q(t), t = t(r) and by defining the following Lagrangian function:

- dg dr I d dr
L q3t’_qs_ défL q’—_qvt a4
dr dr dt/dt drt dr
(i) Show that Hamilton’s variational principle applied to L yields the same equa-
tions of motion as for L.

(ii) Assume L to be invariant under time translations

W (q,t) = (g, t+s5). 2.1)

Apply Noether’s theorem to L and find the constant of the motion corresponding
to the invariance (2.1).

A P Q F  Fig 8.

2.18 A mass point is scattered elastically on a sphere with center P and radius
R (see Fig. 8). Show that the physically possible orbit has maximal length.
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Hints: Show first that the angles o and 8 must be equal and construct the action
integral. Show that any other path AB’S2 would be shorter than for those points
where the sum of the distances to A and 2 is constant and equal to the length of
the physical orbit.

2.19 (i) Show that canonical transformations leave the physical dimension of the
product p;q; unchanged, i.e. [P; Q;] = [pigi]. Let @ be the generating function
for a canonical transformation. Show that

[pigi] =[P O] =[] =[H -1],

where H is the Hamiltonian function and ¢ the time.

(ii) In the Hamiltonian function H = p?/2m+mw?>q? /2 of the harmonic oscillator
introduce the variables

def def def
X1 = wmq, X3 = p/ym, T = wt ,

thus obtaining H = (x]2 + x%) /2. What is the generating function @ (x1, yp) for
the canonical transformation x — y that corresponds to the function @ (g, Q) =
]

(ma)q2 /2) cot Q ? Calculate the matrix M;; = 9x;/dyx and confirm detM = 1
and MTJM = J.

2.20 The group Spyy is particularly simple for f = 1, i.e. in two dimensions.
(1) Show that every matrix

a a
M= 11 12
azr a2

is symplectic if and only if ajjax — ajpaz; = 1.
(ii) Therefore, the orthogonal matrices

o[ cos« sin o
“ \—sina cosa
and the symmetric matrices

S:(;C/ 2}) with xz—y>=1

belong to Spsy. Show that every M € Spy ¢ can be written as a product
M=S.-0
of a symmetric matrix S with determinant 1 and an orthogonal matrix O.

2.21 (i) Evaluate the following Poisson brackets for a single particle:

{iry, Aliopey, iry, {l, p?).
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(ii) If the Hamiltonian function in its natural form H = T + U is invariant under
rotations, what quantities can U depend on?

2.22 Making use of the Poisson brackets show that for the system H = T+ U (r)
with U(r) = y/r and y a constant, the vector

A=pxl+4+xmy/r

is an integral of the motion (Lenz’ vector or Hermann—Bernoulli-Laplace vector).

2.23 The motion of a particle of mass m is described by

1
H=_— <P%+P%> + moqy, o =const.
2m

Construct the solution of the equations of motion for the initial conditions

@10 =x0, ¢20)=y0, p1(0)=px, p2(0)=py,
making use of Poisson brackets.

2.24 For a three-body system with masses m;, coordinates r;, and momenta p;
introduce the following coordinates (Jacobian coordinates®):

Qo1 = rp—rp (relative coordinate of particles 1 and 2),
def miri + mar; . . .
02 = rj— —= (relative coordinate of particle 3
mi +my
and the center of mass of the first two),
def mi1r1+ moro + msr .
03 et 171 272 373 (center of mass of the three particles),
mi| + mp + m3
def M|p2 —map|

T =
mi +my
def (m1 +m2)ps —m3(p1 + p2)
P2 = >
mi +my + m3

def
73 = pi+p2+tps.

(1) What is the physical interpretation of the momenta m, m>, w3 ?

(i1)) How would you define such coordinates for four or more particles?

(iii) Show in at least two (equivalent) ways that the transformation
{ri,ra,r3, p1, p2, p3} = {91, 02, 93, w1, w2, W3}

is canonical.

2.25 Given a Lagrangian function L for which dL/d¢ = 0, study only those varia-
tions of the orbits g (7, &) which belong to a fixed energy £ =) ", gx(dL/9¢x)—L

2 Jacobi, C.G.J., Sur I’élimination des noeuds dans le probleme des trois corps, Crelles Journal fiir
reine und angewandte Mathematik, XXVI (1843) 115
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and whose end points are kept fixed irrespective of the time (#; —#;) that the system
needs to move from the initial to the end point, i.e.

M
(o), o) =
a T, foralla. @2.1)

it i {qk(rz(oo, @) = g

Thus, initial and final times are also varied, t; = #; («).

(i) Calculate the variation of I («),

_dl(a)
do

(o)
51 do = / L(qe(t. ), Gt a))dr. 22)
()

(i) Show that the variational principle

a=0

def [
§K =0 with Ké/(LJrE)dt
1

together with the prescriptions (2.1) is equivalent to the Lagrange equations (the
Principle of Euler and Maupertuis).

2.26 The kinetic energy

7
.. 1
= Z qikdigr = 5(L + E)
i,k=1
is assumed to be a positive symmetric quadratic form in the ¢;. The orbit in the
space spanned by the gy is described by the length of arc s such that T = (ds/d¢)>.
With E = T + U the integral K of Exercise 2.25 can be replaced with an inte-
gral over s. Show that the integral principle obtained in this way is equivalent to
Fermat’s principle of geometric optics,

X2
8] nx,v)ds =0
X

1

(n: index of refraction, v: frequency).

2.27 Let H = p?/2+U(q), where the potential is such that it has a local minimum
at go. Thus, in an interval g; < go < ¢ the potential forms a potential well. Sketch
a potential with this property and show that there is an interval U(qg) < E < Epax
where there are periodic orbits. Consider the characteristic equation of Hamilton
and Jacobi (2.154). If S(q, E) is a complete integral then t — ) = 9S/9E. Take
the integral

def

1
T I'r

over the periodic orbit I'r with energy E (this is the surface enclosed by I'g).
Write I(E) as an integral over time and show that

dl  T(E)

dE 271
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2_.28 In Exercise 2.27 replace S(g, E) by S (g, )with I =1 (E_ ) as defined there.
S generates the canonical transformation (g, p, H) — (0,1, H = E($2)). What
are the canonical equations in the new variables? Can they be integrated?

229 Let HY = p?/2+4¢?/2. Calculate the integral / (E) defined in Exercise 2.27.
Solve the characteristic equation of Hamilton and Jacobi (2.154) and write the so-
lution as S(g, I). Then & = 3S/d1. Show that (g, p) and (9, I) are related by the
canonical transformation (2.95) of Sect. 2.24 (ii).

2.30 We assume that the Lagrangian of a mechanical system with one degree of
freedom does not depend explicitly on time. In Hamilton’s variational principle we
make a smooth change of the end points g% and ¢, as well as of the running time
t = t—11, in the sense that the solution ¢(¢) for the values (g%, qh, t) and the solu-
tion ¢ (s, t) which belongs to the values (¢’%, ¢’”, t') are related in a smooth man-
ner: ¢(t) — ¢ (s, t) such that ¢ (s, t) is differentiable in s and ¢ (s = 0, ) = ¢(2).

Show that the corresponding change of the action integral Iy into which the
physical solution is inserted (this function is called Hamilton’s principal function),
is given by the following expression

8lp = —E 8t + p® 8q° — p® 8q° .

Chapter 3: The Mechanics of Rigid Bodies

3.1 Let two systems of reference K and K be fixed in the center of mass of a
rigid body, the axes of the former being fixed in space, those of the latter fixed in
the body. If J is the inertia tensor with respect to K and J the one as calculated
in K, show that (i) J and J have the same eigenvalues. (Use the characteristic
polynomial.)

(ii)_f( is now assumed to be a system of principal axes of inertia. What is the form
of J? Calculate J for the case of rotation of the body about the 3-axis.

3.2 Two particles with masses m] and m> are held by a rigid but massless straight
connection with length /. What are the principal axes and what are the moments
of inertia?

3.3 The inertia tensor of a rigid body is found to have the form

Ly L, O
L=l In 0|, Dbi=I;>.
0 0 Iz

Determine the three moments of inertia and consider the following special cases.
(1) 111 = I» = A, I1» = B. Can I33 be arbitrary?

(i) I11 = A, Iy = 4A, I12 = 2A. What can you say about /33? What is the shape
of the body in this example?
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_ O O Fig. 9.

O O—2 ®

LO O

3.4 Construct the Lagrangian function for general, force-free motion of a conical
top (height &, mass M, radius of base circle R). What are the equations of motion?
Are there integrals of the motion and what is their physical interpretation?

3.5 Calculate the moments of inertia of a torus filled homogeneously with mass.
Its main radius is R; the radius of its section is r.

3.6 Calculate the moment of inertia /3 for two arrangements of four balls, two
heavy (radius R, mass M) and two light (radius r, mass m) with homogeneous
mass density, as shown in Fig. 9. As a model of a dancer’s pirouette compare the
angular velocity for the two arrangements, with L3 fixed and equal in the two cases.

3.7 (i) Let the boundary of a homogeneous body be defined by the formula (in
spherical coordinates)

R(O) = Ro(1 + ¢ cosb),

ie. o(r,0,®) = g9 = const for r < R(A) and all 8 and @, and o(r,0, D) =0
for r > R(0). If M is the total mass, calculate o9 and the moments of inertia.

(ii) Perform the same calculation for a homogeneous body whose shape is given by
R(0) = Ro(1 + BY20(0))

with Y20(0) = /5/167(3 cos? 6 — 1) being the spherical harmonic with [ = 2,
m = 0. In both examples sketch the body.

3.8 Determine the moments of inertia of a rigid body whose inertia tensor with
respect to a system of reference K; (fixed in the body) is given by

9 1 -3
8 4 8
| 1 3. -3
4 2 4
-3 =3 11
8 4 8
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Fig. 10.

Can one indicate the relative position of the principal inertia system Kq relative
to K; ?

3.9 A ball with radius a is filled homogeneously with mass such that the density
is po. The total mass is M.

(i) Write the mass density o with respect to a body-fixed system centered in
the center of mass and express gq in terms of M. Let the ball rotate about a point
P on its surface (see Fig. 10).

(ii) What is the same density function o(r, t) as seen from a space-fixed system
centered on P ?

(iii) Give the inertia tensor in the body-fixed system of (i). What is the moment
of inertia for rotation about a tangent to the ball in P ?

Hint: Use the step function ®(x) =1 for x > 0, ®(x) =0 for x < 0.
3.10 A homogeneous circular cylinder with length £, radius r, and mass m rolls
along an inclined plane in the earth’s gravitational field.

(1) Construct the full kinetic energy of the cylinder and find the moment of inertia
relevant to the described motion.

(ii) Construct the Lagrangian function and solve the equation of motion.

3.11 Manifold of motions of the rigid body. A rotation R € SO(3) can be deter-
mined by a unit vector ¢ (the direction about which the rotation takes place) and
an angle .

(i) Why is the interval 0 < ¢ < & sufficient for describing every rotation?

(i1) Show that the parameter space (@, ¢) fills the interior of a sphere with radius
7 in R3. This ball is denoted by D?3. Confirm that antipodal points on the ball’s
surface represent the same rotation.

(iii) There are two types of closed orbit in D3, namely those which can be con-
tracted to a point and those which connect two antipodal points. Show by means
of a sketch that every closed curve can be reduced by continuous deformation to
either the former or the latter type.

3.12 Calculate the Poisson brackets (3.92-95).
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Chapter 4: Relativistic Mechanics

4.1 (i) A neutral 7= meson (7°) has constant velocity vg along the x3-direction.
Write its energy-momentum vector. Construct the special Lorentz transformation
that leads to the particle’s rest system.

(ii) The particle decays isotropically into two photons, i.e. with respect to its rest
system the two photons are emitted in all directions with equal probability. Study
their decay distribution in the laboratory system.

4.2 The decay m — u+v (cf. Example (i) of Sect. 4.9.2) is isotropic in the pion’s
rest system. Show that above a certain fixed energy of the pion in the laboratory
system there is a maximal angle beyond which no muons are emitted. Calculate
that energy and the maximal emission angle as a function of m; and m, (see
Fig. 11). Where do muons go in the laboratory system that in the pion’s rest sys-
tem were emitted forward, backward, or transversely with respect to the pion’s
velocity in the laboratory?

Fig. 11.

4.3 Consider a two-body reaction A+ B — A+ B for which the relative velocity
of A (the projectile) and B (the target) is not small compared to the speed of light.
Examples are

e +et e +e, v+e—e+v, p+p—p+p.

Denoting the four-momenta before and after the scattering by g4, ¢p and ¢,
qp the following quantities are Lorentz scalars, i.e. they have the same values in
every system of reference,

def def
sE Aqa+ap)?. 12 Aga—q))?.

Conservation of energy and momentum requires ¢/, +¢ = ga +¢p. Furthermore,
we have qi = qf = (mac?)?, qlz; = qg = (mpc?)>.
(i) Express s and ¢ in terms of the energies and momenta of the particles in the

center-of-mass frame. Denoting the modulus of the 3-momentum by ¢* and the
scattering angle by 6*, write s and 7 in terms of these variables.
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(ii) Define u = c*(ga — q}g)2 and show that
s+t+u =2(m124~|—m%)c4.

4.4 Calculate the variables s and ¢ (as defined in Exercise 4.3) in the labora-
tory system, i.e. in that system where B is at rest before the scattering. What is
the relation between the scattering angle 6 in the laboratory system and 6* in the
center-of-mass frame? Compare to the nonrelativistic expression (1.80).

4.5 In its rest system the electron’s spin is described by the 4-vector s* = (0, s).
What is the form of this vector in a frame where the electron has the momentum
p? Calculate the scalar product (s - p) = s%py.

4.6 Show that

(1) every lightlike vector z (z2 = 0) can be brought to the form (1,1,0,0) by means
of Lorentz transformations;

(ii) every spacelike vector can be transformed to the form (0, z',0,0), where
=2

Indicate the necessary transformations in both cases.

4.7 1f J; and K; denote the generators of rotations and boosts, respectively (cf.
Sect. 4.5.2 (iii)) define

def 1

defl (Jp-i—le), Bq ZE(Jq_qu)’ p’q=1’2’3_

T2
Making use of the commutation rules (4.59) calculate [A,, Ayl, [Bp, Byl, and
[Ap, Byl and compare to (4.59).

Ap

4.8 Study the behavior of J; and K with respect to space inversion, i.e. determine
PJ;P~!, PK;P".
4.9 In quantum theory one prefers to use the quantities

A def . o def .
JEidi, K; S —iK;.
What are the commutators (4.59) for these matrices? Show that the matrices :l,-
~T ~
are Hermitian, i.e. that (J; )* = J;.
4.10 A muon decays predominantly into an electron and two nearly massless neu-
trinos, u~ — e~ 4v;+vy. If the muon is at rest, show that the electron assumes its

maximal momentum whenever the neutrinos are emitted parallel to each other. Cal-
culate the maximal and minimal energies of the electron as functions of m, and me..

Answer:
mi +m; 2 2
Enax = ———c",  Empin = mec™.
2my,

Draw the corresponding momenta in the two cases.
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4.11 A particle of mass M is assumed to decay into three particles (1,2,3) with
masses m1, mo, m3. Determine the maximal energy of particle 1 in the rest system
of the decaying particle as follows. Set

pr=—fWha, py=xf®ir, p3=1-x)f)n,
where 7 is a unit vector and x is a number between 0 and 1. Find the maximum
of f(x) from the principle of energy conservation.
Examples:
(i) 4~ — e~ 4+ v; + vy (cf. Exercise 4.10),
(ii) Neutron decay: n - p+e + v.
What is the maximal energy of the electron? What is the value of 8 = |v|/c for
the electron? my, — mp = 2.53me, mp = 1836m..

4.12 Pions w+, m~ have the mean lifetime t ~ 2.6 x 1073 s and decay predom-
inantly into a muon and a neutrino. Over what distance can they fly, on average,
before decaying if their momentum is p, = x - myc with x = 1, 10, or 1000?
(mz ~ 140 MeV/c? = 2.50 x 10728 kg).

4.13 The free neutron is unstable. Its mean lifetime is T >~ 900s. How far can a

neutron fly on average if its energy is £ = 1072 myc? or E = 10" m,c??

4.14 Show that a free electron cannot radiate a single photon, i.e. the process
e—>e+vy

cannot take place because of energy and momentum conservation.

4.15 The following transformation

R2

T:xt = it = —2x”

X
implies the relation v/x2+/x2 = RZ2. This is an obvious generalization of the well-
known inversion at the circle of radius R, r - 7 = R2. Show that the sequence of
transformations: inversion Z of x#, translation 7 of the image by the vector R%cH,
and another inversion of the result, i.e.,

xX'=ToTol)x
is precisely the special conformal transformation (4.102).
4.16 Consider the following Lagrangian
ey W —1? ,
L=1m (qu —G ) =L@

which contains the additional, dimensionless, degree of freedom 1. The parameter
co has the physical dimension of a velocity. Show: The extremum of the action
integral yields a theory obeying special relativity for which ¢ is the maximal ve-
locity, in other words, one obtains the Lagrangian (4.97) with the velocity of light
c replaced by cp. Consider the limit ¢ — oo.
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Chapter 5: Geometric Aspects of Mechanics

k . l . . .
5.1 Let w be an exterior k-form, @ an exterior [-form. Show that their exterior
product is symmetric if k and/or [ are even and antisymmetric if both are odd, i.e.

5.2 Let x1, x2, x3 be local coordinates in the Euclidean space R3,ds? = E; dx]2+
E> dx% + E3 dx% the square of the line element, and €1, é;, €3 unit vectors along
the coordinate directions. What is the value of dx;(e ), i.e. of the action of the
one-form dx; on the unit vector e j?

5.3 Leta = Zf’: | ai(x)é; be a vector field with a; (x) smooth functions on M. To

. 1 2
every such vector field we associate a one-form w, and a two-form w, such that

Wa®) = (@-£), wu&.m) =(@-Exm).

Show that

a)a = Zal(x)rdxl )

i=1

2
wq = ai(x)+/ ErE3dxy A dx3 + cyclic permutations ,

5.4 Making use of the results of Exercise 5.3 determine the components of V f
in the basis {e, €2, &3}

Answer:

3

1 of .
VIi= Z\/_Bx’l'

5.5 Determine the functions E; for the case of Cartesian, cylindrical, and spherical
coordinates. In each case give the components of V f.

5.6 To the force F = (Fi, F>) in the plane we associate the one-form w =
Fjdx! + F, dx?. When we apply » onto a displacement vector, w(£) is the work
done by the force. What is the dual *w of the form @ ? What is its interpretation?

5.7 The Hodge star operator assigns to every k-form w the (n —k)-form *w. Show
that

x(xw) = (—DF g
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5.8 Let E = (Ey, E3, E3) and B = (B1, B>, B3) be electric and magnetic fields
that in general depend on x and ¢. We assign the following exterior forms to them:

3
7 def ZEidxi,
i=1

def

w B dxz/\dx3~|—Bzdx3/\dxl+Bgdx1/\dx2.

Write the homogeneous Maxwell equation curl E + B /c = 0 as an equation be-
tween the forms ¢ and w.

5.9 If d denotes the exterior derivatives and * the Hodge star operator, the cod-
ifferential § is defined by

5 wdx .

Show that A def dod + & od, when applied to functions, is the Laplacian operator
82
4= Z dxi2”
1
5.10 Let

k ] .
o= 3 o a@dd A addd
i1<"‘<ik
be an exterior k-form over a vector space W. Let F' : V — W be a smooth

ko1
mapping of the vector space V onto W. Show that the pull-back F*(w A w) of the
exterior product of two such forms is equal to the exterior product of the pull-back

of the individual forms (F* &) A (F* @),

5.11 With the same assumptions as in Exercise 5.10 show that the exterior deriva-
tive and the pull-back commute,

d(F*w) = F*(dw).

5.12 Let x and y be Cartesian coordinates in R?, V = yd, and W = xdy two
vector fields on R2. Calculate the Lie bracket [V, W]. Sketch the vector fields V,
W, and [V, W] along circles about the origin.

5.13 Prove the follow assertions.

(i) The set of all tangent vectors to the smooth manifold M at the point p € M
form a real vector space, denoted by T, M, whose dimension is n = dim M.

(ii) If M is R", T, M is isomorphic to that space.
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5.14 The canonical two-form for a system with two degrees of freedom reads
w = 2,2: 1dg" A dp;. Calculate @ A w and confirm that this product is propor-
tional to the oriented volume element in phase space.

515 Let HD = p2/2 4+ (1 —cosq) and H® = p?/2 + q(¢*> — 3)/6 be the
Hamiltonian functions for two systems with one degree of freedom. Construct the
corresponding Hamiltonian vector fields and sketch them along some of the solu-
tion curves.

516 Let H=H"+ H' with H® = (p?> + ¢?)/2 and H' = £q>/3. Construct the
Hamiltonian vector fields X o and Xy and calculate w(X g, X o).

5.17 Let L and L’ be two Lagrangian functions on 7'Q for which &; and &;,
are regular. The corresponding vector fields and canonical two-forms are X, X/,
wr, and wy/. Show that each of the following assertions implies the other:

(i) L’ = L + «a, where a: TQ — R is a closed one-form, i.e. da = 0;
(1)) Xg = Xpr and wp, = wy.

Show that in local coordinates this is the result obtained in Sect. 2.10.

Chapter 6: Stability and Chaos

6.1 Study the two-dimensional linear system y = Ay, where A has one of the
Jordan normal forms i

(i) A:();)l ;)2), (i) A:(_“b z> (iii) A:G g)

In all three cases determine the characteristic exponents and the flow (6.13) with
s = 0. Suppose the system is obtained by linearizing a dynamical system in the
neighborhood of an equilibrium position. (i) corresponds to the situations shown
in Figs. 6.2a—c. Draw the analogous pictures for (ii) for (a = 0, b > 0) and
(a <0, b>0), and for (iii) with A < O.

6.2 The variables « and f on the torus 72 = S x §! define the dynamical system

&=a/2r, f=b27, O0<a B=<I,

where a and b are real constants. Cutting the torus at (@ = 1, B) and at (¢, B = 1)
yields a square of length 1. Draw the solutions with initial condition («g, Bp) in
this square for b/a rational and irrational.

6.3 Show that in an autonomous Hamiltonian system with one degree of freedom
(and hence two-dimensional phase space) neighboring trajectories can diverge at
most linearly with increasing time as long as one keeps clear from saddle points.

Hint: Make use of the characteristics equation (2.154) of Hamilton and Jacobi.

6.4 Study the system
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1 = —pq1 —rq2 + q192
g2 =g = gz + (a} = a3) /2,

where 0 < u < 1 is a damping term and A with || <« 1 is a detuning parameter.
Show that if & = O the system is Hamiltonian. Find a Hamiltonian function for this
case. Draw the projection of its phase portraits for A > 0 onto the (g1, g2)-plane
and determine the position and the nature of the critical points.

Show that the picture obtained above is structurally unstable when p is chosen
to be different from zero and positive, by studying the change of the critical points
for u # 0.

6.5 Given the Hamiltonian function on R*

1 1 1
H(q1, 2, p1, p2) = 5 (p% + p%) +3 (qlz +q§> +3 (qf +q§’)
show that this system possesses two independent integrals of the motion and sketch
the structure of its flow.

6.6 Study the flow of the equations of motion p = ¢, p = ¢ — ¢> — p and
determine the position and the nature of its critical points. Two of these are at-
tractors. Determine their basin of attraction by means of the Liapunov function
V=p2/2-q*/2+q%/4

6.7 Dynamical systems of the type
Xx=—-0U/dx =—-Ujy

are called gradient flows. They are quite different from the flows of Hamiltonian
systems. Making use of a Liapunov function show that if U has an isolated min-
imum at xg, then xq is an asymptotically stable equilibrium position. Study the
example

X1 =-2x1(x1 —DR2x; — 1), xp=-2x3.
6.8 Consider the equations of motion

. .1 2

g=p. p=50-4q7)

of a system with f = 1. Sketch the phase portrait of typical solutions with given
energy. Study its critical points.

6.9 By numerical integration find the solutions of the Van der Pool equation
(6.36) for initial conditions close to (0,0) and for various values of ¢ in the interval
0 < ¢ < 0.4. Draw g(¢) as a function of time, as in Fig. 6.7. Use the result to
find out empirically at what rate the orbit approaches the attractor.

6.10 Choose the straight line p = ¢ as the transverse section for the system
(6.36), Fig. 6.6. Determine numerically the points of intersection of the orbit with
initial condition (0.01,0) with that line and plot the result as a function of time.
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6.11 The system in R?
. . 2
X1 =X1, X2=—X)+Xx]

has a critical point in x; = 0 = x. Show that for the linearized system the line
x1 = 0 is a stable submanifold and the line x = 0 an unstable one. Find the
corresponding manifolds for the exact system by integrating the latter.

6.12 Study the mapping x;;1 = f(x;) with f(x) = 1 — 2x?. Substitute u =
(47) arcsin o/(x + 1)/2 and show that there are no stable fixed points. Calculate
numerically 50 000 iterations of this mapping for various initial values x; % 0 and
plot the histogram of the points that land in one of the intervals [n /100, (n+1)/100]
with n = —100, —99, ..., +99. Follow the development of two close initial values
x1, x1, and verify that they diverge in the course of the iteration. (For a discussion
see Collet, Eckmann 1990.)

6.13 Study the flow of Roessler’s model
X=-y—2z, y=x+ay, z=b4+xz—cz

for a = b = 0.2, c = 5.7 by numerical integration. The graphs of x, y, z as func-
tions of time and their projections onto the (x, y)-plane and the (x, x)-plane are
particularly interesting. Consider the Poincaré mapping for the transverse section
y+z=0. As x = 0, x has an extremum on the section. Plot the value of the ex-
tremum x;1 as a function of the previous extremum x; (see also Bergé, Pomeau,
Vidal 1984 and references therein).

6.14 Although this is more than an exercise, the reader is strongly encouraged
to study the system known as Hénon’s attractor. It provides a good illustration
of chaotic behavior and extreme sensitivity to initial conditions (see also, Bergé,
Pomeau, Vidal 1984, Sect. 3.2 and Devaney 1989, Sect. 2.6, Exercise 10).

6.15 Show that

n

27
Zexp|}—omi| =népo, m=0,...,n—1).
n

o=1
Use this result to prove (6.63), (6.65), and (6.66).

6.16 Show that by a linear substitution y = ax + 8 the system (6.67) can be
transformed to y;41 =1 —y yiz. Determine y in terms of p and show that y lies
in the interval (—1, 1] and y in (0, 2] (cf. also Exercise 6.12 above). Making use
of this transformed equation derive the values of the first bifurcation points (6.68)
and (6.70).



Solution of Exercises

Cross-references to a specific section or equation in the main text of the book are
marked with a capital M preceding the number of that section or equation. For in-
stance, Sect. M3.7 refers to Chap. 3, Sect. 7, of the main text, while (M4.100) refers
to eq.(4.100) in Chap.4. Cross references within this set of solutions should be
fairly obvious.

Chapter 1: Elementary Newtonian Mechanics

1.1 The time derivative of angular momentum is I = 7 x p+rxp =
mr X F X r +r x F. By assumption this is zero which implies that the force
F must be proportional to r, F = ar, « € R. If we decompose the velocity into a
component along r and a component perpendicular to it, then F will change only
the former. Therefore, the motion takes place in a spatially fixed plane perpendic-
ular to the angular momentum I = mr(t) X 1(t) = mry X vy, itself a constant.
Motion along (a), (b), (e), and (f) is possible. Motion along (c) is not possible be-
cause I would vanish at the turning point but would be different from zero before

[ < ——
>>9
(b)

3
(a) (c)

N

0o 0]

e O

(d) (e) (f) Fig. 1.
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and after passing through that point. Similarly (d) is not possible because I would
vanish in O but not before and after.

1.2 We note that x(¢) = r(t)cose(t), y(t) = r(t)sing(¢) and, hence dx =
drcosg —rdgsing, dy = dr sin g + rdg cos ¢. In taking (ds)? = (dx)* + (dy)>
the mixed terms cancel so that (ds)> = (dr)® + r2(d<p)2. Thus, the velocity is
v2 =72 +r%¢2. As neither r nor v have a z-component, the x- and y-components
of I = mr x v vanish. The z-component is

l; = m(xv; — yvy)
= mr (7 sin g cos ¢ + r¢ cos’> ¢ — i cos g sin ¢ + r¢ sin” )
= mr2¢ .
Thus one finds
2 12

1
and T = —m#? .
m2r? 2mr + 2mr?

v=r2+

If 1 is constant this means that the product r2¢ = const., thus correlating the an-
gular velocity ¢ with the radial distance, cf. the examples (a), (b), (e), and (f), of
Exercise 1.1. A motion of type (d) could only be possible if, on approaching O,
@ were to go to infinity in such a way that the product r2¢ stays finite. But then
the shape of the orbit would be different, see Exercise 1.23.

1.3 In analogy to the solution of the previous ‘exercise one finds (ds)? = (dr)?+
r2(d6)* + r?sin? 0(dg)>. Thus, v2 = 72 + 262 4 r2 sin” 07,

1.4 Having solved Exercise 1.3 one first reads off e, from Fig.2: e, =
e, sinf cos g +é, sin 6 sin ¢ + & cos 0. At the point with azimuth ¢, é, is tangent
to a great cirlce, see Fig. 3. Hence, €, = —é sin¢ + €, cos ¢ (check the special
cases ¢ = 0 and 7r/2!). One verifies that

A

é, -, =—sinb cospsinpéy - €, +sinfsinpcospe, - &, =0.

Starting from the given ansatz for ey the coefficients o, 8, y are determined from
the equations

€g-e =asinfcosy + Bsinfsing +ycosd =0,
€y-ey, =—asing+pcosp =0,

keeping in mind that é¢ has norm 1, i.e. that «®> + 82 + y2 = 1. Furthermore,
from Fig.2 and for & = 0, ¢ = 0 one has &y = é,, for = 0, ¢ = /2 one has
€9 = ¢y, while for 6 = /2 one has always ¢y = —eé,. The solution of the above
equation which meets these conditions, reads

o =cosfcosp, B =cosfsing, y=—sinb.

In this basis we find
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Fig. 2. Fig. 3.

vV="r=ré +reé

e, 4+ r((6 cosb cos ¢ — ¢ sin 6 sin @)é,

+(6 cos 0 sin ¢ + ¢ sin 6 cos )&, — 6 sin 6&)
= ié, +r(0éy + ¢sinpé,) ,
from which follows the result v = 72 + r2(6% + @? sin 0) that we found in the
previous exercise.

1.5 With respect to the frame K, r(¢) = vtéy, ie., x(t) =0 =z(t) and y(t) = vt.
In the rotating frame

X = xcos¢+ ysing + ¢(—xsing + ycos )

y = —xsing + ycos$ — (x cos P + ysin @)

=2=0.
In the first case, ¢ = w = const., the particle moves uniformly along a straight line
with velocity v' = (v sinw, v cos w, 0). In the second case, ¢ = wt, X' = v sin wi+
wvt coswt, ' = vcoswt — wvt sin wt. Integrating over time, x'(f) = vt sin wt,

y'(t) = vt cos wt, and z'(¢) = 0. The apparent motion as seen by an observer in
the accelerated frame K/, is sketched in Fig. 4.

1.6 The equation of motion of the particle reads

mi‘:F:f(r);.

Take the time derivative of the angular momentum, I = mi x i +mr x ¥. The
first term is always zero. The second term vanishes because, by the equation of
motion, the acceleration is proportional to r. Hence, I = 0, which means that
the magnitude and the direction of the angular momentum are conserved. As [ is
perpendicular to r and the velocity r this proves the assertion.
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y Fig. 4.

1.7 (i) By Newton’s third law the forces between two bodies fulfill F;r = —Fy;
or —V;Vir(ri, ri) = Vi Vik(ri, rr). Hence, V can only depend on (r; —ry). Con-
stants of the motion are: total momentum P, energy E; furthermore, we have for
the center-of-mass motion

rs() — P/Mt = rs(0) = const. .

(ii) When V;; depends only on the modulus |r; — r¢|, we have
Fji ==VVij(ri —ri)) = =V/;(Iri = riDVilri — ryl

ri —rg

lri —ril

In this case the total angular momentum is another constant of the motion.

= —V/i(Iri = e

1.8 For ¢ — O the potential goes to infinity like 1/¢*, while for ¢ — oo
it tends to zero. Between these points it has two extrema as sketched in Fig.5.
As the energy E = p?/2 + U(q) is conserved, the phase portraits are given by
p=[2(E—-U(g))]"%. The figure shows a few examples. The minimum at g = 2
is a stable equilibrium point, the maximum just beyond ¢ = 6 is unstable. The
orbits with E & 0.2603 are separatrices. The phase portraits are symmetric with
respect to reflection in the g-axis because (¢, p = +,/--) and (¢, p = — /7))
belong to the same portrait.

1.9 The term (x% + xf)/ (2m) is the total kinetic energy while U(x1, x3) =
m(a)(%()cl2 + x%) + w%(xl — x3)2) /2 is the potential energy. The forces acting on
pendula 1 and 2 are, respectively, —oU/dx;, and —dU /dx3. Thus, the equations
of motion are
X1
X

1/m
¢ —m(a)0 + w%) 0 ma)1
X3 0 ’
X4 mw1 0 —m(a)0 + a)2)

[ )
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Ul@r » Fig. 5
081 1,6
1,1606
04} 08
~0,1426
[\01171
—0,2813
0 N
2 4 6 8 10 12 g

or, for short, ¥ = Mx. The transformation as given above

1 1
up = — (x1+x3), ur=—=_>2+x4),

V2 V2
usz = %(n—m), M4=%(X2—X4)

leads to sums and differences of the original coordinates and momenta. We note
that the matrix M has the structure

(o)

where B and C are 2 x 2 matrices. Furthermore the transformation A is invertible
and, in fact, the inverse equals A. Thus

d
d—': —AMA'u with A-'=4A.

It is useful to note that one can do the calculations in terms of the 2 x 2 submatrices
as if these were (possibly noncommuting) numbers. For example,

AMA1=AMA=(B—5CBEC) with

_ 0 1/m
B—i—C_(_mw% 0 ) and

B 0 1/m
B_C_<—m(w§+2wf) 0 ) '
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This system now separates into two independent oscillators that can be solved in
the usual manner. The first has frequency w") = wy (the two pendula perform
parallel, in-phase oscillations); the second has frequency w® = (a)(z) + 2w%)1/ 2
(the pendula swing in antiphase). The general solution is

uy = aycos(@Vt + 1), uz =aycos(@Pr + ) .
As an example, consider the initial configuration
x1(0)=a, x»0) =0, x3(00=0, x(0)=0,

which means that, initially, pendulum 1 is at maximal elongation with vanishing
velocity while pendulum 2 is at rest. The initial configuration is realized by taking
a) =ay = aﬁ, @1 = @2 = 0. This gives

oD + @ 0@ — oM
x1(t) = acos 5 t cos 7 t = acos 2t coswt
oW+ 0? 0?® —eh . .
x3(t) = asin 5 tsin 5 t = asin £2t sin wt ,

Where 2 := (@Y + 0?)/2, 0 := (0? —0V) /2. If 2/w = p/q with p,q € Z
and p > ¢, hence rational, the system returns to its initial configuration after time
t =2np/S$2 = 2mq/w. For earlier times one has t = 7wp/(282): x; =0, x3 =a
(pendulum 1 at rest, pendulum 2 has maximal elongation); t = wp/2: x1 = —a,
x3=0;1t=3np/(282): x; =0, x3 = —a. The oscillation moves back and forth
between pendulum 1 and pendulum 2. If £2 /w is not rational, the system will come
close, at a later time, to the initial configuration but will never assume it exactly
(cf. Exercise 6.2). In the example considered here, this will happen if 2t ~ 27n
and wt ~ 2rm (with m, n € Z), i.e. if §£2/w can be approximated by the ratio of
two integers. It may happen that these integers are large so that the “return time”
becomes very large.

1.10 As the differential equation is linear, the two terms are solutions precisely
when © = w; a and b are integration constants which are fixed by the initial
condition as follows

x(t) = acoswt + bsinwt ,

p(t) = —amw sin wt + mbw cos wt .

x(0) = xp gives a = xp, p(0) = po gives b = po/(mw). The solution with
w=0.8, xg =1, po =0 reads x(t) = cos(0.8¢).

1.11 From the ansatz one has
x(t) = ax(t) + e* (—dxq sin ot + po/m cos dt)
(1) = a®x(1) 4 20e® (—dxo sin & + po/m cos @r)
—e™ &P (xg cos @t + po/mé sin &)

= —a’x +20% — @*x .
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Inserting and comparing coefficients one finds

a:—g, Od=vaw?—a?=,/0w?—«2/4.

The special solution x(¢) = e *1/2 cos(4/0.64 — k2 /41), approaches the origin in
a spiraling motion as t — 00.

1.12 Energy conservation formulated for the two domains yields
m
—v

2y =E=2410
21+ 1= —2112+ 2.

As the potential energy U depends on x only there can be no force perpendicular
to the x-axis. Therefore, the component of the momentum along the direction per-
pendicular to that axis cannot change in going from x <0 to x > 0: vi] = vy].
The law of conservation of energy hence reads

P2+ D0 b U =202+ 20 4+ U
—v —v 1= —=v —v h, or
K VLT 5 V2L T 51
Sy T U= Syl
from which follows
v? v2
sin® o] = I—ZJ‘ s sin® oy = % , directly yielding
V] V3
sin o N |v2|
sinan  |vq]

For U; < U, we find |vy| > |vz|, hence a1 < ap. For U; < U, all inequalities
are reversed.

1.13 Let M = my + my + m3 be the total mass and mi, = m| + my. From the
figure one sees that ro +s, = ryq, s12 + sp = r3, where s1» is the center-of-mass
coordinate of particles 1 and 2. Solving for ry, r», r3 we find

m3 mjp
ri er——sb+_sa’
M mi2
m3 mj
ro=rs— —sp, — —=8g,,
M mp
mi

2
r3=rs+ —sp.
M

Inserting these into the kinetic energy all mixed terms cancel. The result contains
only terms quadratic in Fg, §4, Sp

1 ., r ., I . . mimy miams3

T =-Mr¢ + —uss; + —ups with = s = .
5 s Zﬂa a Zﬂb b Ha M “o M
~—— —— —

Ts Ta Ty
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Fig. 6.

Ts is the kinetic energy of the center-of-mass motion, p, is the reduced mass of
the subsystem consisting of particles 1 and 2. w;, is the reduced mass of the sub-
system consisting of particle 3 and the center-of-mass Sy, of particles 1 and 2, T},
is the kinetic energy of the relative motion of particle 3 and S».

In an analogous way, the angular momentum is found to be

Lzzli:MrSX’:S'FﬂasaXéa+//Lbsbx~ébs
; —— — —
Ig la Iy

all mixed terms having cancelled.

. - . ;L
‘ By ‘.’;1 spe.mal (and proper) Galilei transformation, rg — r, = rg + wt + a,
Fs —> rg=rs+w, s, = Sq, S — §p and, hence,

s=Is+M(ax (Fs+w)+ (rs —tis) xw),
while I/, =1,, I}, = I}, remain unchanged.
1.14 (i) With U(Ar) = A2U(r) and r’ = Ar the forces from U (+') := U (Ar) and
from U (r), respectively, differ by the factor A*~!. Indeed

~ 1 ~
F =-V,U= —VU = A lyv,.Uu =x2"F .

Integrating F’ - dr’ over a path in r’ space and comparing with the correspond-

ing integral over F - dr, the work done in the two cases differs by the factor A%.
Changing ¢ to ' = A17%/?¢,

d_r/ 2=X2A“_2 d_r ?
dt’ dt)

which means that the kinetic energy

. dr'\?
=2\ ar
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differs from the original one by the same factor A“. Thus, this holds for the total
energy, too, E’ = A% E. The indicated relation between time differences and linear
dimensions of geometrically similar orbits follows.

(i1) For harmonic oscillation the assumption holds with « = 2. The ratio of
the periods of two geometrically similar orbits is 7,/ T, = 1, independently of the
linear dimensions.

In the homogeneous gravitational field U (z) = mgz and, hence, « = 1. Times
of free fall and initial height H are related by T o H'/2.

In the case of the Kepler problem U = —A/r and, hence, @ = —1. Two geo-
metrically similar ellipses with semimajor axes a, and b, have circumference U,
and Up, respectivley, such that U,/ U, = a,/ap. Therefore the ratio of the peri-
ods T, and T} is T,/ T, = (U/ Up)*/? from which follows (7,,/Tp)* = (aq/ap)?,
Kepler’s third law.

(iii) The general relation is E,/Ep = (L,/Lp)*. If A; denotes the ampli-
tude of harmonic oscillation, E;/E, = A?; /A,%. In the case of Kepler motion
E,/Ep = ap/a,: the energy is inversely proportional to the semimajor axis.

1.15 (i) From the equations of Sect. M1.24

p A 1—¢?
rp = =—5 =55 (=e);
l+e¢ 2E 1+¢ 2E

4 (I+e¢)
A= ——— g).
S
From these we calculate
A A? 2

redra=—4, rp-m=m(1—82)= “0uE

Inserting this into the differential equation we obtain

d¢ !

dr 5 ) E+A 12 '
g H r 2ur?

This is precisely eq. (M1.67) with Uegr = —A/r +1%/2ur?. Integration of eq. (1.4)
with the boundary condition as indicated implies

rl rpra ]/2
¢>(r)—¢>(rp)=/ (—) dr

o 7 \(r—rp)(ra —r)

We make use of the indicated formula with

rArp ra+rp
a=2—, B=—-——

Fa —rp rA—rp’

and obtain
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2rarp — (ra +rp)r

¢ (r) = arccos Ca—rp)r

(ii) There are two possibilities for solving this equation: (a) the new equations
are obtained by replacing /> with [?> = [2 4+ 2, B. For the remainder, the solution
is exactly the same as for the Kepler problem. If B > 0(B < 0), then I>10<D,
i.e., in the case of repulsion (attraction) the orbit becomes larger (smaller). (b)
With U(r) = Uo(r) + B/r?, Uy(r) = —A/r, the differential equation for ¢(r) is
written in the same form as above

d¢ _ JTATP
dr r @ —rp)ry —71)

where rp,, 7}, denote perihelion and aphelion, respectively, for the perturbed poten-
tial. They are obtained from the formula (r —rp)(ra—r)+B/E = (r —rp)(r) —7).
Multiplying the differential equation by ((rpr)/ (rpra))'/? and integrating as be-
fore

/A / l4
rpra 2rhry —r(rly +rp)
¢(r) = - arccos AP ; A/ P
rpti r(ry —rp)

From this solution follows r(¢) = 2rpr) /[rp + 71y + (rh —1p) cOs  [rpra /TPTA @]

The first passage through perhelion is set to ¢p; = 0. The second is ¢py =
27'r((rprA)/(rl/,rlf“))1/2 = 27l/\/I?> +2uB =~ 27 (1 — uB/I1?). The perhelion pre-
cession is (¢py — 2m). It is independent of the energy E. For B > 0 (additional
repulsion) the motion lags behind, and for B < 0 (additional attraction) the motion
advances as compared to the Kepler case.

1.16 For fixed [, the energy must fulfill E > —uA?/(21%). The lower limit is as-
sumed for circular orbits with radius o = 2/ A. The semimajor axis (in relative
motion) follows from Kepler’s third law a® = Gn(mg+ms)T? / (47%). This gives
a =1.495x 101" m (T = 1y = 3.1536 x 107 s). This is approximately equal to
ag, the semimajor axis of the earth in the center-of-mass system. The sun moves
on an ellipse with semimajor axis

mg

as = ———a ~449km .
mg + ms

This is far within the sun’s radius Rs ~ 7 x 10° km.

1.17 We arrange the two dipoles as sketched in Fig.7. The potential created by
the first dipole at a point situated at r is

P — 1 1 ~ 1+r-d1 1 _r~(61d1)
L= r —di| |r] Ty r3 r) r3 ’
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0 ® g, M

T T

Here, we have expanded
1 1

r=dil 2442 o4

up to the term linear in d;. In the limit we obtain ®@; = r - p,/r>. The potential
energy of the second dipole in the field of the first reads
pi-(r+d) p ~r)

W=€1(¢1(r+d2)—€b1(r))=ez( PR

Expanding again up to terms linear in d;

-r r-d -d -r
W%ez(pl3 <1_3 22>+P1g2_171 )
r r r-

73

Finally, taking the limit e — oo, d2 — 0, with eady = p, finite, this yields

. -r r
w2 =P 3172 3P 1(172 )
r r
From this expression one calculates the components of Fy; = —VIW = —F,

making use of relations such as
d ar 0 XX d

—_— = —— = —, etc..
X1 dxy or r or
So, for example
ow(l,2) 3 x1—x2 3,
P (P Pz)r4 3 (pi(py-1)
15x1 —x2

+(py-P)p3) + (py )Py ")r—6

1.18 Take the time derivative of 7 - a,

d . .. .
—r-a=r-a=v-a=(Wxa)-a=0.
o ( )
Thus, 7 -a is constant in time and the indicated relation holds for all times. Taking

the time derivative of (5) and inserting v, we find ¥ = v x @ = (v X @) x a =
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—a%v+ (v-a)a. The second term is constant as shown above. Thus, integrating this
equation over ¢ from 0 to ¢, we have (1) —#(0) = —w?(r(t) —r(0)) + (v(0) -a)at,
where w? := a?. By eq.(5) ¥(0) = v(0) x a, so that we may write

F(1) 4+ 0’r(t) = (0(0) - @)ar + v(0) x a + w*r(0) .

This is the desired form, the general solution of the homogeneous differential equa-
tions is

Fhom (f) = ¢y sinwt + ¢ cos wt .

With the given ansatz for a special solution of the inhomogeneous equation the
constants are found to be

=L (a0 0 _ ! 0
c1_$<a v()—(v()~a)a>—$(ax(v()><a))
czz—izv(O)xa

w
c= %(U(O) -a)a
d:év(O)xa+r(0).

The solution therefore reads
1 1
r() = —a x (v(0) x a)sin wt + —2(v(0) -a)at
10} W
1
+—2v(0) x a(l —coswt) + r(0) .
w
It represents a helix winding around the vector a.

1.19 The ball falls from initial height hg. It hits the plane for the first time at

11 = /2ho/g, the velocity then being u; = —+/2hog = —gt;. Furthermore, with
a:=/(mn—-1)/n
21),'
Vi = QU Uikl =V, Gl — = ——

The first two equations give v; = agt; and v; = o gt1. The third equation yields
0 Vi 0 0 Vi+1
ti—tizgzt,ur]—ti and tiH—t,-Jr]:?,

and, from there, °

1 — 1) = (vig1 +vi)/g = ti(e + Da'. With 1§ = 0 we have
at once

i—1
f=nl+a)) o’

v=0

From h; = v?/(2g), finally, h; = o hy.
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1.20 The answer is contained in the following table giving the products of the
elements

N v
N ool |

1.21 Let R and E( denote the radius and the energy of a circular orbit, respec-
tively. The differential equation for the radial motion reads

> 2
— = \/;\/ Eo — Uett(r) . Ueti(r) =U(r) + E)

From this follows Eg = Uef(R), U/ff}r =0, Ue/}f}rzR > 0 or, for U(r),
, 1 . 32 1
UR) =—— and U'(R)> - — |
nR3 n R*

If E=Ey+e,

dr 2 1 P
_[: ; 8—§(V—R) Ueff(R) .

Setting k := U/;;(R) we obtain, choosing ¢ =r' —

t—ty= \/7/ \/2/— ; arcsin ((r — R)\/>>
ro E/K —

Solving for r — R yields

2e . K
r—R=,/—sin_|—(t —1ty) .
K %

Thus, the radial distance oscillates around the value R. More specifically, one finds
D U@E) =r",U'(r) =nr""1, U"(r) = n(n—1)r"2. This yields the equation

R}’Z—l 12 = R n+2, 12
n = —_— = —_—,
wR3 un
312 312 )12
k=n(n— DR+ — >O©n(n—1)R"+2+—=u >0.
UR —_— 2

12/(un)

(i) U(r) = /r, U'(r) = —A/r%, U"(r) = 21/r3. From this R = —I%/(uA),
k = —XA/R3. This is greater than zero of A is negative.
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1.22 (i) The eastward deviation follows from the formula given in Sect. M1.26,
A~ (242 /3)g7 2PH3 2w cos p. With @ = 27/(1day) = 7.27 x 1079 s~! and
g =9.81ms2 one finds A~ 2.2cm.

(i) We proceed as in Sect. M1.26 (b) and determine the eastward deviation u
from the linearized ansatz r(t) = r (1) + wu(r), inserting here the unperturbed
solution, r(r) = gt(T — 11)é,. This gives (d@'2/dt*)u(t) ~ 2gcosp(t — T)é,.
Integrating twice,

1 3 2\4
u(t) = gg cosp(t” — 3Tt )eo .

The stone returns to the surface of the earth after time + = 27. The eastward de-
viation is found to be negative, A =~ —% gwcos ¢T3, which means, in reality, that
it is a westward deviation. Its magnitude is four times larger than in case (i).

(iii) Denote the eastward deviation by u as before (directed from west to east),
the southward deviation by s (directed from north to south). A local, earth-bound,
coordinate system is given by (€1, g, €,), €; defining the direction N-S, &y and
¢, being defined as in Sect. M1.26 (b). Thus, u = uéy, s = sé;. The equation of
motion (M1.74"), together with @ = w(— cos ¢, 0, sin ¢), implies

§ = 2w?singi .

Inserting the approximate solution u & % gt> cos ¢ and integrating over time twice,
one obtains

Lo ;
s(t) = 6a) gsingcospt™ .

1.23 For E > 0 all orbits are scattering orbits. If 2> 2ua,

/ r dr’
¢ —¢o =
V2UE Jry 1 — (12 = 2p0)/QuE)
() r dr/
- [ 1)
ro ' [p2 _rlg

where u is the reduced mass, rp = \/ (12 —2ua)/(2uE) the perihelion and
rl(,o) =[//2nE. The particle is assumed to come from infinity, traveling parallel
to the x-axis. Then the solution is ¢ (r) = [/y/I* — 2 arcsin(rp/r). If @ = 0,
the corresponding solution is ¢©@ (r) = arcsin(rlgo) /r); the particle moves along a
straight line parallel to the x-axis, at the distance rf,‘”. For o # 0

l b4
$r=rp) =
VI2—2p0 2
that is, after the scattering and asymptotically, the particle moves in the direction

1/\/1> — 2ua . Before that it travels around the center of force n times if the
condition
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l . Irp . TIp r](,o) T
————— | arcsin — — arcesin — | = — (7'[ — —) > nmn
VI2 —2ua o0 rp rp 2

is fulfilled. The number

0)
,
n—= P_
|: 2rp :|

is independent of energy E.
In the case 12 < 2u« eq. (1) can also be integrated. With the same initial con-
dition one obtains

rF(,O) b+ Vb +r?
¢y =TT
b r
where b = (Qua — %) / (ZME))l/ 2 The particle travels around the force center
on a spiral-like orbit, towards the center. As the radial distance tends to zero, the
angular velocity increases in such a way as to respect Kepler’s second law (M1.22).

1.24 Let the comet and the sun approach each other with energy E. Long be-
fore the collision the relative momentum has the magnitude g = /2 E, with
the reduced mass, the angular momentum has the magnitude ! = gb. The comet
crashes when the perihelion rp of its hyperbola is smaller or equal R, i.e., when
b < bmax With b,y following from the condition rp = R, viz.

12 2b2 2FE 2b2
P =R with p— = 92 , e= 1+ 4
1+e¢ Ap  Ap nA?

and A = GmM. One finds bpax = +/1 + A/(ER) and, hence,

bmax A
2
0:/ 2rbdb =R |1+ — )] .
0 ER

For A = 0 this is the area of the sun seen by the comet. With increasing gravi-
tational attraction (A > 0) this surface increases by the ratio (potential energy at
the sun’s edge)/(energy of relative motion).

1.25 As explained in Sect. M1.21.2 the equation of motion reads
x=Ax+b,
with A as given in eq. (M1.50), and

000 I/m 0 0 0
000 0 1/m O 0
~looo o 0 1/m _|o

A=1o 00 o k ol t=°E
000 —K 0 0 E,
000 O 0 0 E.
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The last of the six equations is integrated immediately, giving x4 = e¢Et + Cj.
Inserting this into the third and integrating yields

ek, ,
x3=z=—t"4+Cit+0C,.

2m
The initial conditions z(0) = z©@, (0) = v\¥ give C; = z©@, C; = v!”. The re-
maining equations are coupled equations. Taking the time derivative of the fourth
and replacing x5 by the right-hand side of the fifth gives ¥4 = —KZ2x4 + ¢eKE y
which is integrated to x4 = C3sin Kt + C4cos Kt + eE,/K. Making use of the
fifth equation once more yields x3 = C3cos Kt — C4sin Kt 4 Cs. Also the fourth
equation yields the condition Cs = —eE, /K. These two expressions are inserted
into the first and second equations so that these can be integrated yielding

G coskr+ S ginki+ -4 B+ C
X1 = —— COS — SIn _— )
! Km Km Km "~ 6

+ 5 Gk + S coski— —“ B+ C
Xy = — Sin — COS _ — .
2 Km Km Km * 7
Upon insertion of the initial conditions x(0) = x©@, y(0) = y@, x(0) = v,
y(0) = vﬁo) we finally obtain
0 € 0 €
C3:mv§)+EEx, C4:mv§)—?Ey,
) 0)

Uy e v e
Ce=xO4+ 2 4+ " g Cc=y0_ 2=
6 Tk Tkt 7Y *

—E,.
K  mk? "
If the electric field points along the z-direction, E = Ee;, then the motion is

the superposition of a uniformly accelerated motion along the z-direction and a
circular motion in the (x, y)-plane. That is to say the particle runs along a spiral.

Chapter 2: The Principles of Canonical Mechanics

2.1 We take the derivative of F(E) with respect to E
Gmax (E) m

dF d Gmax (E)
2 / JIm(E —U(q)) dq =2/ S —p
q

E - E min (E) Gmin (E) 2m(E - U(q))

d i
+2 \/Zm (E — Ulqnun) 1 =2 \/2’"@%_” T
=0

=0

To find T we must calculate the time integral over one period. In doing so we
note that

d
md—ctl =p=+2m(E —-U(g)), and hence,
d
dt = e

V2Zm(E =U(q))
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Therefore,

Gmax (E) m
gmin(E)  ~2m(E —U(q))

This, however, is precisely the expression calculated above. For the example of
the oscillator with ¢ = gosinwt, p = mwqg cos wt, one finds F = ma)nqg =
Q2r/w)E and T =27 /w.

2.2 Choose the plane as sketched in Fig. 8. D’ Alembert’s principle (F — p)-8r = 0,
with F = —mgeés3, admits virtual displacements along the line of intersection of
the inclined plane and the (1,3)-plane as well as long the 2-axis. Denoting the
two independent variables by ¢, g2, this means that §r = g1, + dgo€, with
€y = €1 cosa — e3 sin «. Inserting this yields the equations of motion §; = g sina,
g>» = 0 whose solutions read

2
, ¢
q1(t) = (gsina) 5 +vit+ar, @) =wvt+a.

w
Y

3

or

Fig. 8. Fig. 9.
2.3 Choose the (1,3)-plane to coincide with the plane of the annulus and take its
center to be the origin. Choosing the unit vectors ¢ and 7 as shown in Fig. 9, viz.
=6 cosp+eéssing, n==e sing—é3cosep
we find
sr=tRS¢, F=R¢t, F=R¢t— Ry’n,

the force acting on the system being F = —mgeés.

D’Alembert’s principle (F — p) - 6r = 0 yields the equation of motion
é + gsing/R = 0. This is the equation of motion of the planar pendulum that
was studied in Sect. M1.17.
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2.4 Let dy be the length of the spring in its rest state and let x be the string
constant. When the mass point is at the position x the length of the string is
d = ~/x? + 12. The corresponding potential energy is

1 2
Uix) = EK(d —dy)” .

m Fig. 10.

For dy < I the only stable equilibrium position is x = 0. For dy > [, x = 0 is

unstable, while the points x = =+, /dg — [2 are stable equilibrium positions.
As an example we study here the case dy < /. Expanding U (x) around x = 0,

1 x2 x* 2 1 y  I—dy , do 4
U(x)%zl{<l—do+———) %5'(((1—610) +Tx +mx>.

From this expression we would conclude that the frequency of oscillation is ap-
proximately

Kl—d()
m 1

w =

However, this does not hold for all values of dy. For dy = [ the quadratic term
vanishes, and x* is the leading order. In the other extreme, dy = 0, we have
Ux) =x(x2+1%)/2,ie. a purely harmonic potential (the constant terms in the
potential are irrelevant). Thus, the approximation is acceptable only when dj is
small compared to /.

2.5 A suitable Lagrangian function for this system reads

| B ) 1
L= —m(xl2 —i—x%) — —k(x] — x2)2 .
2 2
T U
Introduce the following coordinates: u1 := x| + X3, uz := x1 — x2. Except for a

factor 1/2 these are the center-of-mass and relative coordinates, respectively. The
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Lagrangian becomes L = m(d% + zl%) /4 — /cu% /2. The equations of motion that
follow from it are

i =0, miy+2ku; =0.

The solutions are u; = Ct + Ca, up = Czsinwt + C4 cos wt, with w = /2« /m.
It is not difficult to rewrite the initial conditions in the new coordinates, viz.
ui(0)y =4+  #1(0) =vo
u(0) =1 u200) =vp .
The constants are determined from these so that the final solution is
1 l
x1(t) = % (t + — sina)t) — = (1 — coswt)
2 w 2

) 1 . l
x2(t) = — |t — —sinwt | + =(1 +coswt) .
2 w 2

2.6 By hypothesis F(Axy, ..., Axp) = MWFGq, ..., xy). We take the first
derivative of this equation with respect to A and set A = 1. The left-hand side is

oF
=Y g
=1 i dx;

The same operation on the right-hand side gives N F.

_x OF dOhx;)

d
— F(Axy, ..., Axy) = —

di

2.7 In the general case the Euler-Lagrange equation reads
aof d of
dy  dx dy’

Multiply this equation by y’ and add the term y”df/dy" on both sides. The right-
hand side is combined to

A0 _d(or
dy dy'  dx ay' )’
If f does not depend explicitly on x then the left-hand side is df (y, y')/dx. The

whole equation can be integrated directly and yields the desired relation. Applying
this result to L(g,q) = T(g) — U(q) gives

aT (g
Zq’iﬁ — T + U = const. .
- 9gi

If T is a homogeneous, quadratic form in g the solution to Exercise 2.6 tells us
that the first term equals 27 . Therefore, the constant is the energy £ =T + U.
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2.8 (i) We must minimize the arc length

X2
L:/ds:/ J14+y2dx
x|

i.e. we must choose f(y,y) = +/1+ y2. Applying the result of the preceding
exercise we obtain

/
y’L —+/1+ y? = const. ,
V1+y?

or y' = const. Thus, y = ax + b. Inserting the boundary conditions y(x;) = yj,
y(x2) = y2 gives

_»n-n
2— X1

y(x)

(x—x1)+y .

(i) The position of the center of mass is determined by the equation

Mrg=/rdm,

M denoting the mass of the chain, dm the mass element. If A is the mass per unit
length, dm = MAds. As the x-coordinate of the center of mass is irrelevant, the
problem is to find the shape for which its y-coordinate is lowest. Thus we have
to minimize the functional

x2
yds:/ yy/ 1+ y2dx .
[ras=[

The result of the preceding exercise leads to

vy PR

_ ]+ = —:C
S22 g V1+y?

This equation can be solved for y’,

y =,/Cy2—1.

This is a separable differential equation whose general solution is

y(x) = % cosh (x/Ex + c’) .

The constants C and C’, finally, must be chosen such that the boundary conditions
y(x1) = y1, y(x2) = x; are fulfilled.
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2.9 (i) In either case the equations of motion read

e 2 _1 2 2 _
X1 = —mojx; Em(wl wy)(x1 — x32)

” 2 1 2 2
Xp = —mwyx2 + Em(wl —wy)(x1 — x2) .

The reason for this result becomes clear when we calculate the difference L' — L:

’ _ . 5 . _ i d 2 2
L — L = —iwgm (x1x1 + x2X2) = _EwOmE (xy +x3) .

The two Lagrangian functions differ by the total time derivative of a function which
depends on the coordinates only. By the general considerations of Sects. M2.9 and
M2.10 such an addition does not alter the equations of motion.

(i1) The transformation to eigenmodes reads

1 1
=—=x1+x), 22=—7C —x2).
V2 V2
This transformation
X1 21
—
(M) F (Zz>

is one-to-one. Both F and F~! are differentiable. Thus, F, being a diffeomor-
phism, leaves the Lagrange equations invariant.

2.10 The axial symmetry of the force suggests the use of cylindrical coordinates.
In these coordinates the force must not have a component along the unit vector
é4. Furthermore, since

VU ) 8UA+18UA+8UA
rng,7)=—e +——=¢& —e;,
.z ar " rag ¢ 9z °

U must not depend on ¢. The unit vectors €, and €, span a plane that contains
the z-axis.

2.11 By a (passive) infinitesimal rotation we have
X~x)— (@ xxp)e or xo~x+(@xx)e.

Here ¢ is the direction about which the rotation takes place, ¢ is the angle of rota-
tion, so that §¢ = @ dr. Thus X¢ = X+ (@ x x), the dot denoting the time derivative
in the system of reference that one considers. Inserting this into the kinetic energy
one finds

T=m<x2+2i-(wxx)+(wxx)2)/2.
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Meanwhile U (xo) becomes U(x) = U(R~(r)x). We calculate

oL .
=mx; + m(w X Xx);

0X;

aL oUu .

— =——+4mx xw); +m((® X x) X ) .
8xi 3)6,'

This leads to the equation of motion

m¥ =—VU —2m(w X X) —mw X (@ x x) —m(® x x) .

2.12 Let the coordinates of the point of suspension be (x4, 0), ¢ the angle be-
tween the pendulum and the vertical, with —m < ¢ < m. The coordinates of the
mass point are

X =x4+Ising, y=-lcosg,
m denoting the mass, / the length of the pendulum. Inserting these into
m .2, .2
L=Z @ +y)—mg(y+D
gives the answer

L= % ()'6124 +12¢% + 2l cos pxa¢) +mgl(cosp — 1) .

2.13 (i) If the oscillation is to be harmonic s(¢#) must obey the following equation
S+kls=0= s(t) = sgsinkt .
(ii) The Lagrangian function reads

m.z
L=—s"-U
2S

where the potential energy is given by (see Fig. 11)

S
U=mgy =mg/ singds .
0

The Euler-Lagrange equation reads m§+mg sin ¢ = 0. Inserting the above relation
for s(t) we obtain the equation sok2 sinkt = g sin .

s(®)
0

mg

Fig. 11.
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Since the absolute value of the sine function is always smaller than, or equal
to, 1 one has

[\S}

K

Ai=so— <1.
g

Thus we obtain the equation ¢ (#) = arcsin(A sin k) whose derivatives are

MK COS Kt v =21 =AY sinkr

9 ¢ — .
V1= 32sinkr (1 = 22sin® k1)3/2

In the limit A — 1, ¢ goes to zero and ¢ goes to k, except if k1 = (2n + 1)/27
where they are singular.

(iii) The force of constraint is the one perpendicular to the orbit. It is

Z(p) =mg cos¢><_ sin ¢> .

cos ¢

The effective force is then

0 . cos ¢
>+Z(¢)=—mgsm¢< ) .

E =—
mg(l sin ¢

2.14 (i) The condition d F(x, z)/dx = O implies z — 3f/dz =0, i.e., z = f'(x).
Therefore, x = x(z) is the point where the vertical distance between y = zx (with
z fixed) and y = f(x) is largest (see Fig. 12).

(ii) The figure shows that (L®)(z) = zx — @ (2) = G(x, 2), z fixed, is tangent
to f(x) at the point x = x(z) (the derivative being z).

Keeping x = x¢ fixed and varying z yields the picture shown in Fig. 13. For
fixed z y = G(x, z) is the tangent to f(x) in x(z). G(xg, z) is the ordinate of the

)
by y=zx
d(2)
Hx) : o
5 / .
X('Z) =X T =z

Fig. 12. Fig. 13.
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intersection point of that tangent with the straight line x = x¢. The maximum is
at xo = x(z), i.e. z(x0) = f'(¥)|x=x,- As f” > 0 all tangents are below the curve.
The envelope of this set of straight lines is the curve y = f(x).

2.15 (i) In a first step we determine the canonically conjugate momenta

oL ) .
1= o 2e11q1 + (c12 + c21)g2 + by
oL . .
p2 = — = (ci2+ 20041 +2¢02g2 + by .
9g2
Using the given abbreviations this can be written in the form

m =duqr +dig, w =dug1+dng .

For this to be solvable in terms of ¢; the determinant

oL
D :=dydy — diady = det( — ) #0
0g; 9k

must be different from zero. The ¢g; can then be expressed in terms of the m;:

1 1
q1 D( 227 1272), 42 D( e 11712)
‘We construct the Hamiltonian function and obtain

) ) 1
H=pgi+pp-L=y (czzmz — (c12 + ca)mima + C117T22) —a+U.

The above determinant is found to be

oH 2H
det = det
ap; Opy om; Oy

_ b d» (do+d2)/2) _ 1
D? |(di2 + d21)/2 di D’

The inverse transformation, the construction of L from H, proceeds along the same
lines.
(ii) Assume that there exists a function

F (p1(x1, x2,u), pa(x1, x2, u))

which vanishes identically in the domain of definition of the x;, u fixed. Take the
derivatives

0— dF __OF opy n oF 0p;

T dx; ap1 0x1 ap2 0x1
dF oF 9 oF 9

dx; ap1 0xp  dp2 0x2
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By assumption the partial derivatives of F' with respect to p; do not vanish (oth-
erwise the system of equations would be trivial). Therefore, the determinant

o 2
_ ox1  dxi | _ 0°L
D =det o 2| T et (3561' dXk
0xy  0xp

must be different from zero. This proves the assertion.

2.16 We introduce the complex variable w := x + iy. Then

*

x=w+w)/2, y=—iw—-w"/2, P*+y>=wvw
I3 is calculated to be
I3 =m(xy— yx) = % (ww* — ww*) .
i
Expressed in the new coordinates the Lagrangian function reads
L= % (* + 22) — % (ow* — w*) .

The equations of motion are

m ., imew ., imo .
— - — W= —w*, m7=0.

2 4 4

The first of these is written in terms of the variable u := w*. It becomes 1t = iwu,
its solution being u = e'®’. w* is the time integral of this function, viz.

i .
w*=__elwt+C,
w

where C is a complex constant. Take the complex conjugate

i
w:—e“‘”+C*,
w

from which follow the solutions for x and y
I . 1
x=—sinwt+Cy, y=—coswt+Cy,
w w

where C; = R{C}, Cr = —J{C}.
The solution for the z coordinate is simple: z = C3t + Cy, i.e., uniform motion
along a straight line. The canonically conjugate momenta are

px:mx—Ea)y, py:my—i-iwx, pP; =mzg,
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while the kinetic momenta are given by pyi, = mx. In order to construct the Hamil-
tonian function the velocities are expressed in terms of the canonical momenta

. 1 w . 1 w . 1
xZpr“l‘Ey’ )’=Zl7y—§x’ Z=;Pz-
Then H is found to be
H=pi—L=-—pk.
2m

2.17 (i) Hamilton’s variational principle, when applied to L, requires

_ o _
I::/ Ldt
7]

to be an extremum. Now, since

o 15}
/ Ld‘(=[ Ldt with t; =t(t;), i=1,2,
T 1

1

the action integral / is extremal if and only if the Lagrange equations that follow
from L are fulfilled.

(ii)) We define ¢ = (g1, ...,4qf), t = qy+1. From Noether’s theorem the quan-
tity

fH1 oz
oL d

I = —— W1, ....q¢ -

; 24 ds (g1 qr+1)ls=0

is an integral of the motion provided L is invariant under (gqi,...,q f+1)
— h*(q1,...,qr+1), i.e., in the case considered here, under (g1, ...,qry1) —
(q1,...,qf+1+s5). Here

dh’
ds

=(0,...,0,1)
s=0

and

. . / f
L oL L 1 dg; dt L dg;
. S =L+ —.<——2>ﬁ—=L— —ﬁ
dGri1  0(dt/dr) ZI,ZI 3¢ \ (dt/d1)?) dt dt Z 3g; dr

The integral of the motion is

Except for a sign this is the expression for the energy.
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Fig. 14.

2.18 The points for which the sum of their distances to A and to §2 is constant
lie on the ellipsoid with foci A, §2, semi-major axis v/ R? 4+ a2, and semi-minor
axis R. The reflecting sphere lies inside that ellipsoid and is tangent to it in B.
Thus, any other path than the one shown in Fig. 14 would be shorter than the one
through B for which o = B.

2.19 (i) As usual we set x4 = (q1,...,4f; P1,--.,Pf),and yg = (Q1,..., O;
Py, ..., Py), as well as Myp = 0xy/0yg. We have
T Ofxr Dpxy
MJIJM=J and J= . (1)
—lyxr Opxy

The equation always relates d Py /dp; to dq; /0 Q, 00 ;/dp; to dq;/d P; etc. From
this follows that [P, - Ox] = [p; - q;]. Let @(x, y) be generating function of the
canonical transformation. As H = H + d®/dt, the function @ has the dimension
of the product H - t. The assertion then follows from the canonical equations.
(i) With the canonical transformation @ and using t := wt, H goes over into
H=H+ 0®/dt. Hence [@] = [H] = [x1x2] = [w][pgq]. The new generalized
coordinate y; = Q has no dimension. As y;y; has the same dimension as xjx»,
y» must have the dimension of H, or H , that is, y» must equal wP. Therefore,

A 1
D(x1,y1) = EX%COtM .

From this one calculates

b " P xlz
Xp=_—=xic0ty1, M =—7— =75 —
ax1 Y Y dy1  2sin’y

or,
X1 = \/2y2 siny1 , X2 = \/2y2 COS yp .
Using these formulas one finds

M —8&_< (2y2)!/2 cos yi (2yz)‘/28iny1)
o dyp —Q2y)?siny;  2ys)"Y2cosy ) -

One easily verifies the conditions det M = 1 and M7 JM = J.
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2.20 (i) For f =1 the condition det M = 1 is necessary and sufficient because,
quite generally,

MTJM = (_(1) (1)) (ar1ax — appar) =dJdetM .

(ii) We calculate S - O, set it equal to M, and obtain the equations

xXcosa — ysina = ap @))]
xsina 4+ ycosa = app 2)
ycosa — zsinw = apj 3)
ysina + zcosa = ap “4)

From the combination ((2) — (3))/((1) 4+ (4)) of the equations

a2 — az

tana = .
ail +axn

This allows us to calculate sin @ and cos «, so that the subsystems ((1), (2)) and
((3), (4)) can be solved for x, y, and z. One finds x = ajjcosa + ajpsina,
Z =ap cosa — ap] sina, y2 =xz— 1.

There is a special case, however, that must be studied separately: This is when
a1 +ax = 0. If ajp # ax; we take the reciprocal of the above relation

ail +ax
oty = ———

aip —ay
If, however, ajy = az; the matrix M is symmetric and O can be taken to be the

unit matrix, i.e., @ = 0.

2.21 (i) Using the product rule one has {fg, h} = f{g, h} + g{f, h}. Hence
{lis i} = {€imn?mPn> Tk} = EimnTm{Pns Tk} + Eimn Pn
{rm, 7k} = CimnTmOnk = EimkTm

and, in a similar fashion, {/;, px} = €ixm pPm- In calculating the third Poisson bracket
we note that

{lisry = {imntmPn 7} = Eimn¥m{Pn, 1} + EimnPnlrm, 1}
ar

= EimnrmaT = gimnrmrn; =0.
n

Finally, we have

{lh PZ} = {€imnTm Pn> PkPk} = EimnTm{Pns Pk Pk} + Eimn Pni¥m, Pk Dk}
= —28iun Pn PkSmk = —EimnPnPm =0 .

(i) U can only depend on r.
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2.22 The vector A is a constant of the motion precisely when the Poisson bracket
of each of its components with the Hamiltonian function vanishes. Therefore, we
calculate

1 4 my
(H, Ax} = {—P2 + =, mpilm + —rk}
2m r r

1

= 5, Ckim {Pz, Pllm} + verm{l/r, pilm}
m

+2 PP nr )+ my gy

The fourth bracket vanishes. The first three are calculated as follows
{P2, Pllm} = {PZ, Pl} I + {P2, lm} p=0
{/r, pil} = {1/, pi¥n +1/r, L} pr = 11/l
{pz,rk/r} =1/r {p2, rk} + ri {pz, l/r} =2pi/r — 2rkp -x/r3 .

Inserting these results we obtain

{H, A} = ysklmrl/rSZm +y <pk/r —rkp-x/r3) =0.

This vector is often called Lenz vector or, in the German literature, Lenz-Runge
vector, although apparently neither H.EE. Lenz nor C. Runge claimed priority
for it. Its discovery is due to Jakob Hermann (published in Giornale dei Letterati
d’Ttalia, vol. 2 (1710) p. 447). The conservation of this vector was also known to
Joh. I Bernoulli and to P.-S. de Laplace, see H. Goldstein, Am. J. Phys. 44 (1976)
No. 11. very much in the spirit of linear algebra.

2.23 Calculation of the Poisson brackets yields differential equations which are
solved taking proper account of the initial conditions as follows:

p1={H, p1} = —ma = p; = —mat + p,,
p2=1{H, p2} =0= p2=p,,

. 1 1 5 Px
Gi={H,q1}=—p1=q =—zat"+ —t+xp,
m 2 m

. _1 Dy
p={H qpl=—p=>qp=—t+y.
m m

2.24 (i) Let u; = mymy/(m1+m>) and wy = (m+my)ms/(mi+my+ms3) be the
reduced masses of the two two-body systems (1, 2) and ((center-of-mass of 1 and
2), 3), respectively. Then w1 = 101 and wp = wo02. This explains the meaning
of these two momenta. The momentum 3 is the center-of-mass momentum.

(i1) We define

J
Mj = Zmi N
i=1
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i.e., M; is the total mass of particles 1,2, ..., j. We can then write

1 ,
Qi:r/Jrl_ﬁj_Xl:miri’ j=1...,N—-1
=

1 N
oy = M—N;mi"i )
1=

1 J |
" M prf+1—mj+1;pi . j=1,...,N—1

N
TN =D P
i=1

(iii)) We choose the following possibilities:

a) As the Poisson bracket of r; and p; ist {p;, r;} = l3x36;x we must also have
{mi, 0;} = I3x36ix. We use this suggestive short hand notation for {(py)m, (q;)n}
= $ix8mn With (-),, denoting the mth cartesian coordinate. Using the former brack-
ets one calculates the latter brackets from the defining formulas. For instance, with
mip :=my +my, M :=my +my + m3,

{nl,gl}z{ﬂ+2>ﬂ=ﬂ,

miz miz

m3 m3)
T, =1———)1=0, etc.
{m2,01) Y M

b) In the 18-dimensional phase space introduce the variables x = (ry, r2, r3, py,
P>, p3) and y = (04, 05,03, W1, W2, w3), calculate the matrix Myg = 0y, /0xg
and verify that this matrix is symplectic, i.e. that it satisfies eq. (M2.113). This
calculation can be simplified by noting that M has the form

(© 5)

such that
0 A'B
M7 IM =
(—BTA 0 )
Thus, it suffices to verify that ATB = 1ly,9. One finds
—1 1 0
A= |-mi/mpl —my/mppl 1 ,
my/M1 my /M1 m3/M1
—ma/mppll my/mall 0
B=| —-m3/MIl —m3/MIl mp/MI1| ,
1 1 1
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the entries being themselves 3 x 3 matrices. In a next step one calculates (ATB) ik =
> Aji Big. For instance, one finds
my  mymz  m

— =1, etc.
My mpM M

(ATB)j; =

and verifies, eventually, that ATB = Tgyo.

2.25 (i) In the situation described in the exercise the variation of I («) is

51— L@,
da |,
d
= L (qx(1200). 0). di(12(0), 0)) 2% ’2(“) da
a=0
dtl(Oé)
—L (gr(#1(0), 0), gk (t1(0), 0)) da
a=0
12(0) AL dqi(t, ) AL dgi(t, ) )
+ o TR T d + da \dt .
/tl(()) (; ogr  da |, ,_ 23% dor |y—o *

We define, as usual

iy
do =8q; and 22K
da |

gk

d
da = qu = _qu )
da |

dt

and, in addition, df;(«)/doa|oda = 8t;, i = 1, 2. The time derivative dé g /dt, by
partial integration, is shifted onto dL/dqx. Here, however, the terms at the bound-
aries do not vanish because the variations §¢; do not vanish. One has

12(0) 8L d aL 12(0) 12(0) d 8L
/ — = sqpdt = | — Sqx —/ dqr dt .
1) 9qk dt 9qk 11(0) 11(0) dt aqk

The end points are kept fixed which means that

dgi (ti (o), )

=0, i=1,2.
do

a=0

Taking the derivative with respect to « this implies

dqi(ti (@), a) dt (@)
da t=t; da

= 4k (t:)8t; + 8qkli=;, =0

_ ta

=0 0 |,y a0

Inserting this into §/ one obtains the result

dL 2(0) 1(0) 5L d oL
= [(b- i) [ a5 (2 2 s
94 no  Jno) G \dqr  dt dqi
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(ii) One calculates 6K in exactly the way, viz.

n
5K=K/ (L + E)dt
4]

oL f2
=|\{L- PYe Qk> 5t'i|
(-3 ggin)on],
2 9L  d oL
+/ dt <————,> Sqr + [E8t;12 = 0.
1 zk: dgr  dt 0qx i

Now, by assumption E =), gx(dL/dqx) — L is constant. As a consequence the
first and third terms of the equation cancel. As the variations §g; are independent
one finds indeed the implication

oL d oL

|
K =0 ———— =0, k=1,...,f.
© S di v !

2.26 We write

.. ds\?> 1
Tzzgik%'%=<%) =§(L+E)=E—U

and obtain T dt = (ds/dt)ds = /E — U ds. The principle of Euler and Mauper-
tuis, § K = 0, requires

2

q
8/ VE—-Uds =0.

ql

On the other hand, Fermat’s principle states the following: A light pulse traverses
the path ds in the time dt = (n(x, v)/c)ds. The path it chooses is such that the
integral [ dr is an extremum, i.e. that § [n(x, v)ds = 0. The analogy is estab-
lished if we associate with the particle an “index of refraction” which is given by
the dimensionless quantity ((E — U)/ mc?)1/2; (see also Exercise 1.12).

2.27 For U(qo) < E < Emax the points of intersection g1 and ¢, of the curves y =
U(g) and y = E are turning points, ¢ (¢) oscillates periodically between ¢ and g2,
cf. Fig. 15. Write the characteristic equation of Hamilton and Jacobi (M2.154) as

0S(g, P
H@,{%J)=E. (n)

We know that the transformed momentum obeys the differential equation P = 0,
i.e., that P = o = const. We are free to choose this constant to be the energy,
P = E. Taking the derivative of eq. (1) with respect to P = E,

OH 0°S
ap dgoP
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b
U(q)
Emn ——\ - T T T T
E
q1 do q2 q
Fig. 15.

If 9H/dp # O (this holds locally if E is larger than U (q)), then (32S)/(dgd P) #
0. Thus, the equation Q = dS(g, P)/d P can be solved locally for g = q(Q, P).
This yields

aS ~
H (fI(Q, p), 9 (q(Q, P), P)> =H(Q,P)=E=P.

From this we conclude

—81:1—1 P= 81:1—0:>Q—t =23
“ar T T a0 YT RE

The integral I (E) becomes

1 1 to+T (E) .
I(E)=2—7§ pdq:—/ p-qdt
7 Jre 21 Jy

so that dI(E)/dE =T(E)/(2n) = w(E), in agreement with Exercise 2.1.

2.28 The function § (g, I), with I as in Exercise 2.27, generates the transforma-
tion from (g, p) to the action and angle variables (0, I),
3S(q, I 3S(q, I N

p:L, Gzﬁ, with H=E() .
aq al
We then have § = dE/dI = const., I = 0, which are integrated to 9(t) =
(0E/dI)t + 6y, I = const. Call the circular frequency w(E) := dE/dI so that
6(t) = wt + 6y, I = const.

2.29 We calculate the integral I (E) of Exercise 2.27 for the case H = p?/2 +

g*/2: With p = \/2E — g2
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1 1
I(E) = — dg=— @ /2E —q%d
(E) 2anpq 2;1?% q-dq
1 +A
:_/ VA —q%dq, (A=V2E).
T J-A

Using
A 2
A
/ VAT x2dx = T
4 2

one finds I(E) = A%/2 = E, i.e., H = I. The characteristic equation (M2.154)
reads in the present example

1/35\* LI

2\5g) T2 T
Its solution can be written as an indefinite integral S = [/2E —q"*dq’, or
S(q, 1) = [ /21 — q"*dq’. The angle variable follows from this

N f 1 da’ . q
= = | —=dq = arcsin —,
1 V2I —q”? V21
giving ¢ = +/21 sin 6. In a similar fashion one calculates
BS
ag

These are identical with the formulas that follow from the canonical transformation
P, Q)= (q2/2) cot Q, cf. eq. (M2.95).

p= 21 — g2 =+~/2Icosf .

2.30 Following Exercise 2.17 we take the time variable ¢ to be a generalized
coordinate t = g and introduce in its place a new variable T such that

- dq dt 1 dq dt
L{g,t, =1L
dr’ dr (dt/dr) dt

By assumption f =1, i.e., g1 = g and g2 = gy41 = t. The action integral (the
principal function) with the boundary conditions modified accordingly, reads

/

Iy = / AT L1050, 07416, 0), 8165, 0, B4, 65, D)

1

the prime denoting the derivative with respect to t. We now take the derivative of
Ié with respect to s, at s = 0,

d 72
= / dt
s=0 al

ds
oL dg1 | IL dey 9L dpse oL ddlyy,
ap1 ds ¢ ds  dpri1 ds 8¢/f+1 ds

-1y

e
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Replacing 9L /3¢, in the first term by (d/dt)(dL/ d¢}), through the equations of
motion, the first two terms of the curly brackets in eq. (1) can be combined to a
total derivative with respect to 7. The integral over t can be rewritten as an integral
over ¢, so that the first two terms give the contribution

2 d (dLd dqb dq*
o ()t

n dt \d¢; ds ds ds
(Note that here the dot means the derivative with respect to 7, as before.) In the
third term we replace dL/d¢ 11 by (d/dr)(aL/aqﬁ}H), (again by virtue of the

equation of motion). In this term and in the last term of the curly brackets in eq. (1)
we make use of the solution to Exercise 2.17, viz.

L 9L IL de
d@pri1/07) — 3(dt/dT) dy dt
so that these terms can also be combined to a total derivative
d oL d d
(et
dt 0y dt ds

As above, in doing the integral one replaces t by the variable 7. The inner bracket
in eq. (2) is the energy (to within the sign) so that we obtain the difference of the
term —E(d¢41/ds) at the two boundary points, that is, (—E) times the deriva-
tive of the time ¢t = t, —#; by s. Summing up one indeed obtains the result of the
assertion. Finally, the generalization to f > 1 is obvious.

Chapter 3: The Mechanics of Rigid Bodies

3.1 (i) As K and K differ by a time-dependent rotation, J is related to J by
J = R(")JR™!(r), with R(?) the rotation matrix that describes the relative rotation
of the two coordinate systems. The characteristic polynomial of J is invariant under
similarity transformations. Indeed, by the multiplication law for determinants,

det |J — A1l| = det ‘R(t)JR“(t) - ,\11)
— det ‘R(r)(._l — ,\ﬂ)R—l(z)}
— det ‘J - xn’ .

The characteristic polynomials of J and J are the same. Hence, their eigenvalues
are pairwise equal. B
(ii) If K is a principal-axes system, J has the form

~ L 0 0
J=1]10 5, 0
0 0 I3
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A rotation about the 3-axis reads

cosgp(t) sing() O
R() = | —sing(t) cos¢(t) 0
0 0 1

This allows us to compute J with the result

I cosz¢+lzsin2¢ (I — L)singcos¢p O
J= | (L —I)singcos¢ I sin®>¢p+ lcos2p O
0 0 I

3.2 The straight line connecting the two atoms is a principal axis. The remain-
ing axes are chosen perpendicular to the first and perpendicular to each other,
as sketched in Fig. 16. Using the notation of that figure we have mia; = moay,

ay + ap =1, and therefore
my mi
ag=—-1, ap=—-—1,
my +my miy + my

with u denoting the reduced mass.

mimy
L=1 =m1a12+m2a% =—17 =u12,
mi +my
o My
a
/S\\
1 2
az
o my Fig. 16.

3.3 The moments of inertia are determined from the equation

Iy — 2 Iz 0
det(d — A1) = I I — A 0 =0,
0 0 I3z — A

whose solutions are

1,2 +1Inohy, BIz=1I3.

_lu+1In i (I — In)?
2 4

(1) I1» = AxB. Thus it follows that B < Aand A+ B > 0. Since I1+1> > I3
we also have I3 < 2A, i.e., A > 0.

(1) Iy =5A, I, =0. From I} + I > I3 and I, + I3 > I; follows I3 = 5A.
The body is axially symmetric with respect to the 2-axis.
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3.4 The motion being free we choose a principal-axes system attached to the
center-of-mass, letting the 3-axis coincide with the symmetry axis. The moments
of inertia are easily calculated, the result being

3 , 1 3,
Lh=bh=—-M(R*+-h I=—MR®.
: 20 ( *3 ) T 0

A Lagrangian function is

3
1 -
L=Tmt=§§‘ 1Il-w%,
1=

where @; are the components of the angular velocity in the body fixed system.
They are related to the Eulerian angles and their time derivatives by the formulae
(M3.82),

@1 = 0 cos Y + ¢ sinb sinyr
@y = —6siny + ¢ sin 6 cos Y
w3 =¢3cos9+¢.

Inserting these into L and noting that I1 = I,, we have

L(¢,0,v, 6,6, = —11 (92 ¢2sin29)+%13 (1/}+¢'scos9)2

The variables ¢ and ¥ are cyclic, hence

L., .

p¢:£:h¢sln 0+ I3 (¥ + ¢ cos)cosb ,
_9L ( + ¢ cos0)

pw—8¢_ 3 ’

are conserved. Furthermore, the energy E = T;o; = L is conserved. Note that py =
I1 (w1 sin Y+wy cos ) sin 04133 cos 6. This is the scalar product L~é3O of the an-
gular momentum and the unit vector in the 3-direction of the laboratory system, i.e.
p¢ = L3. Regarding py we have py, = 303 = L. The equations of motion read

d d

o Py = — (Il (@1 sinyr 4+ @y cos ) sinf + I3z cosf) =0 (1)
d d

<Py = (w +¢cosf) =0 (2)
d oL 8L

E£_£_119_11¢ sinf cos® + I3 (Y + ¢ cos@) psind =0 . 3)

From the first of these qb = (L3 — L3cos 0)/(1 sin? 0). Inserting this into the
Lagrangian function gives

L : L6% + : (Ls—L cos@)2 + : L% = E = const 4)
=-1 ——— (L3 — L3 —L3=E= .
2 21, sin2 0 217
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If, on the other hand, ¢ is inserted into the third equation of motion (3), one obtains

cos 6

L6 — 3
I sin” 0

(L3 — L3 0030)2 + L3 (L3 — L3zcosf) =0,

I sin6
which is nothing but the time derivative of eq. (4).

3.5 We choose the 3-axis to be the symmetry axis of the torus. Let (r’, ¢) be po-
lar coordinates in a section of the torus and i be the azimuth in the plane of the

torus as sketched in Fig. 17. The coordinates (r/, ¥, ¢) are related to the cartesian
coordinates by

x1=(R4+r"cosp)cosyyr, xp=(R+r'cos¢)sinyy, x3=r"sing.

The Jacobian is
d(xy, x2,x3)
o', ¥, )

The volume of the torus is calculated to be

=7 (R+7r'cos¢) .

r 2 2
1% =/ dr’/ dw/ dor'(R+r cos¢) =27%r’R ,
0 0 0
so that the mass density is o9 = M/(27%r?R). Thus

2 2w r

Iz = fd3xgo (xl2 —l—x%) = Q()/ dxh/ dd)/ dr' r'(R + r' cos ¢)>
0 0 0

(©+37)
= M R + 4_1, r .

2 2w r

I = fd3xgo (x% +x32> = Q()/ dxh/ dd)/ dr' r'(R 4+ 1’ cos ¢)
0 0 0

1 5
. ((R + r' cos )% sin® ¥ + r'? sin” ¢) = 5M (R2 + Zﬂ) )

Fig. 17.
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Fig. 18.

3.6 In the first position we have I(a) =2(2/5)(MR*+mr?) and a) =1L /I(a)

In the second position the contrlbutlon of the two smaller balls is calculated by
means of Steiner’s theorem, I: = I + m(a — alz), now with I3 = 2mr2/5,
a==(b/2)e;:

19 =2 ((2/5)(MR2 + mr?) + mb? /4) .

It follows that a)gb) = L3/I3(b), and a)(a)/a)(b) =1+ mbz/(Zl(a)) One rotates
faster if the arms are close to one’s body than if they are stretched out. Making
use of Steiner’s theorem once more we finally calculate /1 = I,. For the two ar-
rangements one obtains the result

1 1
1 =5"+3a <M+—m>, =

5 (MR2+mr2> —l—gMa2

Wl &

3.7 The relation between density and mass reads

2w b4 [ee)
M:/Q(r)d3r =f d¢/ sin@d@/ r2dro(r,0,¢) .
0 0 0

In our case, where o depends on 6 only, this means

2 T R(0) 27 T
M:f d¢/ sinGdQ/ r2drop = —QO/ sinf dé R(6)> .
0 0 0 3 0

The moments of inertia I3, I; = I are calculated from the formulas
Iz = /d3x Qr2(l — 00529) , h+h+15I= 2/d3x Qr2
(i) Integration gives the results

4 . 3 M
M = —QOR8(1 +a)?, ie., 00 =

3 47 RI(1+a?)
2M R? 9 2M R? 3
L=h=—""9 1144+ Za*}, Bh=—"C11+2%+2a*
1 2 5(1+a2){ + 4« —|—7cx} 3 51+ o) + 2« +7oz

[ —)

(ii) Substituting z = cos 6 the integrals are easily evaluated. With the abbrevi-

ation y := /5/16w 8 we obtain
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dr (16 5 12 ,

3 35 5
that is
_ 3 M (16 5 12 5 -
TR\ TS '
P 2MR} 1+ 1y +64y2/7 +8y> +688y*/77 4+ 2512y°/1001
1=2=73 1+ 12y2/5+ 16y3/35 ’
o 2MR3 1 -2y 440y2/7 — 16y3/7 +208y*/77 — 32y°/1001
3T s 1+ 1292/5 + 16y3/35 ’

3.8 The (principal) moments of inertia are the eigenvalues of the given tensor
and, hence, are the roots of the characteristic polynomial det(A1l —J). Calculating
this determinant we are led to the cubic equation A> — 4A% 4+ 51 — 2 = 0. Its
solutions are A1 = Ap = 1, A3 = 2. The inertia tensor in diagonal form reads

<o

I
S O =
S = O
N OO

We write J = RJRT and decompose the rotation matrix according to R(, 6, ¢) =
R;(y)R2(0)R3(¢p). As the factor R3(¢) leaves J invariant we can choose ¢ = 0.
With

cos@ 0 —sinf cosy siny O
R®)=1] 0 1 0 and R3(y) = | —sinyy cosy O
sinf 0 cosé 0 0 1
we calculate
. cos? ¥ sin’ 0 —siny cosy sin?@ — cosy cosH sinf
RJR” = 1+ | —sin ¥ cos ¥ sin® 6 sin® ¢ sin” @ sin { cos 6 sin 6
—cos Y cos 8 sin 6 sin i cos 6 sin 6 cos? 0

Fig. 19.
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If this is set equal to J as given, we find cos?># = 3/8, and, with the following
choice of signs for 6 : cosf = \/5/(2\/5) and sinf = «/5/(2\/5), the result
cos ¥ = 1/+/5, sinyy = —/4/5.
3.9 (i) o(r) = oof(a — |r|). The total mass is equal to the volume integral of
o(r), viz.
M 4 4 N M
= —da = —F .
3 CRTOT s

(ii)) We choose the 3-axis to be the axis of rotation. Let the coordinate in the
body fixed system be (x, y, z), the coordinates in the space fixed system are

x'=xcoswt — (y+a)sinwt, y =xsinwt+ (y+a)coswt, 7'=z.
Inverting these equations we have

x =+x'coswt + y'sinwt, y=—x'sinwt+y coswt —a,
whence

2+ =x?4+y?+a® +2a(x sinwt — y' coswt) .

From this we get

o(r',1) =00b(a — /r?* + a*> + 2a(x' sinwt — y' cos wt) ) .

(iii) In the case of a homogeneous sphere the inertia tensor is diagonal, all
three moments of inerta are equal, /1 = I, = I3 = I. Hence,

6Ma?
5

Making use of Steiner’s theorem (M3.23) we find

3l=h+h+15= 2fd3rg(r)r2 =

TMa?
-

I?: =LZ+M <a2833 — a%) =

3.10 (i) The volume of the cylinder is V = mr2h, hence the mass density is
00 = m/(wr?h). The moment of inertia relevant for rotations about the symmetry
axis is best calculated using cylindrical coordinates,

2 h r 1
13=g0/ d¢[ dz/ 03do = -mr?.
0 0 0 2

Call ¢(¢) the projection of the center-of-mass’ orbit onto the inclined plane. When
the center-of-mass moves by an amount dg, the cylinder rotates by an angle
d¢ = dq/r. Therefore, the total kinetic energy is

1, 1.4¢* 3 .,

T=-m¢’>+-h>==
e =g
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(i1) A Lagrangian function is
L=T-U-= 3mc}2/4 —mg(qo — q)sina ,

where ¢g is the length of the inclined plane and « its angle of inclination. The
equation of motion reads 3m¢g/2 = mgsin«, the general solution being g(t) =
q(0) + v(0)t + (g sina)r?/3.

3.11 (i) The rotation R(¢ - (I;) is a right-handed rotation by an angle ¢ about
the direction qAS with 0 < ¢ < . Any desired position is reached by means of
rotations about qAS and —d;.

(ii) With ¢ an arbitrary direction in R, and with ¢ between 0 and 7, the pa-
rameter space (¢, qA)) is the ball D? (surface and interior of the unit sphere in RY).
Every point p € D3 represents a rotation, the direction $ being given by the polar
coordinates of p, and the angle ¢ being given by its distance from center. Note,
however, that A : (()A), ¢ =m) and B : (—(IA), ¢ = m) represent the same rotation.

(iii) There are two types of closed curves in D>: curves of the type of C; as
shown in Fig. 20, which can be contracted, by a continuous deformation, to a point,
and curves such as C,, which do not have this property. C, connects the antipodes
A and B. As these points represent the same rotation, C, is a closed curve. Any
continuous deformation of C; which shifts A to A’ also shifts B to B’, the antipodal
point of A’.

While C; contains no jumps between antipodes, C» contains one such jump.
One easily convinces oneself, by means of a drawing, that any closed curve with an
even number of antipodal jumps can be deformed continuously into C; or, equiv-
alently, into a point.

Take the example of a closed curve with two such jumps as shown in Fig.21.
One can let A; move to B, in such a way that the arc Bj A, goes to zero, the sec-
tions A1 B and A, B> become equal and opposite so that the curve A B, becomes
like C; in Fig.20. In a similar fashion one shows that all closed curves with an
odd number of jumps can be continuously deformed into C;. (One says that the
two types of curves form homotopy classes.)

Fig. 20.
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Fig. 21.

3.12 We do the calculation for the example of (M3.93). Equations (M3.89) yield
expressions for the components of angular momentum in the body fixed system.

Making use of the relation {p;, f(¢g;)} = &;; f'(q;) which follows from the
definition of the Poisson brackets, we calculate readily

- = sin i .
{Li, L2} = {pg 5 ~ PV sin ¥ cot @ + pg cos ¥,
cos ¥ ¥ cot in v
— py cos ¥ cotO — pg sin
Py sin@ Py Po
cos 6 . .
= py o~ (= {siny, py cos v} — {py siny, cos v })

1 1
Can? L 2
+p¢< sin W{Sine,pe}—i-cos I/I{pg, sin9}>
+ cot? (pv, sinyr, py COSI//‘} + (sintﬂ {p.p coté, pg sin 1//}
—cosy { pg cosy, py cot})

n cos 6 cos 6 26+
= — — co
Pe sin2 0 P sin2 6 Py Py sin2 0

Chapter 4: Relativistic Mechanics

4.1 (i) Let the neutral pion fly in the 3-direction with velocity v = vges. The full
energy—momentum vector of the pion is

1 R
q= (; E,, q) = (yomzc, yomz V) = yomzc (1, foe€3) .

where By = vo/c, yo = (1 — ,83)_1/ 2. The special Lorentz transformation which

takes us to the rest system of the pion, is
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vw 0 0 —ypo

0 1.0 0
L.=1 0 o1 o
—vBo 0 O Y0

Indeed, L_,q = ¢* = (myc, 0).

(ii) In the rest system (Fig. 22, left-hand side) the two photons have the four-
momenta kl.* = (E;“ /c, k;“), i = 1,2. Conservation of energy and momentum re-
quires ¢* = k} + k3, i.e. Ef + E5 = myc? and k] + k% = 0. As photons are

massless, E = |kj|c, and, as k] = —k3, one has Ef = E}. Denote the absolute
value of the spatial momenta by «*. Then |kT| = |k3| = «* = mzc/2.
1 Fig. 22
ki
k.

" //
! +3

k3 Fig. 22.

In the rest system the decay is isotropic. In the laboratory system only the di-
rection e3 of the pion’s momentum is singled out. Therefore, in this system the
decay distribution is symmetric with respect to the 3-axis. We first study the sit-
uation in the (1, 3)-plane and then obtain the complete answer by rotation about
the 3-axis. We have (k})3 = «*cos0* = —(k3)3, (k})1 = «*sin6* = —(k3)1,
while the 2-components vanish. In the laboratory system we have k; = Lok}, viz.

%El = yor™ (1 + Bocos ") , %Ez = yor* (1 — Bocos0*) ,

(k1) = (k]), =«*sin0* , (ko) = (k3), = —«k"sin6*
(k1)3 = yor™* (Bo +cos0*) ,  (k2)3 = yok™ (Bo — cos %) ,
(k)2 =0=(k2)2 .

In the laboratory system we then find

(k) sin 0* tan 0 —sin 6*
= ; h— .
(k)3 yo(Bo + cos 0*) Yo(Bo — cos 6*)

tanf; =
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Examples:

a) 0* = 0 (forward emission of one photon, backward emission of the other): From
the formulas above one finds E; = m,,czyo(l + B0)/2, Er = mﬂczyo(l - Bo)/2,
ki = mzcyo(Bo + 1)e3/2, ky = mzcyo(Bo — 1)€3/2, and, as B < 1, 61 = 0,
6, =m.

b) 0* = 7 /2 (transverse emission): In this case E| = E; = mnc2y0/2, k=
myc(er + yoPoe3)/2, ky = myc(—e1 + yoPoé.)/2, tan6; = tan 6 = 1/(y0p0)-

¢) 0* = 7/4 and By = 1/+/2, i.e, o = +/2: In this case one finds E; =
3mac?yo/4, Ex = mzc*n/4, ki = mpc(ér — 2+/263)/2V2), k»
—mzcé1/(24/2), 6 = arctan(1/(2+/2)) ~ 0.1087, 6, = 7/2.

In the rest system the decay distribution is isotropic, which means that the
differential probability dI” for k7 to lie in the interval d2* = sin6* d6* d¢* is
independent of 6* and of ¢*. (To see this enclose the decaying pion by a unit
sphere. If one considers a large number of decays then photon 1 will hit every
surface element d$2* on that sphere with equal probability.) Thus,

dI' = Tyd$2* with I} = const.

In the laboratory system the analogous distribution is no longer isotropic. It is dis-
torted in the direction of flight but is still axially symmetric about that axis. We
have

d§2*  sin6* do*

492 wh _ ,
WHEI® 12 T sino 4o

1 dQ*
—dI' =
Iy ds

The factor sin6*/sin @ is calculated from the above formula for tan 6y, viz.
tan @ _ sin 9*
J1+tan2e  v(Bo+coso*)’

and the derivative d6/d0* is obtained from 6 = arctan(sin 6* /(8o + cos 6*)) by
making use of the relation yozﬁg = V()2 — 1. One finds

sinf =

as*

2
o = ¥5 (1+ Bocos6*)” .

The cosine of 0* is expressed in terms of the corresponding laboratory angle by
the formula

cosf — By

cosf* = ——— .
1 — BocosB

The shift of the angular distribution is well illustrated by the graph of the function

*

F(8) = e
T AR

cos® — Bo )2

2
= l —_—
Yo < +'301 — Bocosb
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for different values of Bg. Quite generally we have dF/d6|p—o = 0. For g — 1
the value F'(0) = (1+8p)/(1—pBp) tends to infinity. For small argument 6 = ¢ < 1,
on the other hand,

1 2
F(e) ~ +ﬂ°(1— ¢ )
1 —Bo 1 —Po
which means that for €2 ~ (1 — fy) F becomes very small. Therefore, when

Bo — 1 the function F (@) falls off very quickly with increasing 6. Figure 23
shows the examples o = 0, Bo = 1/+/2, and fo = 11/13.

10 80 120 160 Fig. 23.

4.2 Let the energy-momentum four-vectors of 7, u, and v be ¢, p, and k, re-
spectively. We have always ¢ = p + k. In the pion’s rest system

1 1
g = (mzc,q =0), p:(—ET,,p*), k:(—E,f,—p*).
c c

If «* := |p*| denotes the magnitude of the momentum of the muon and of the
neutrino, then
2

2
my; —m . ., mp+m
E;: =K¥c = Tnucz , E; = (K*C)2+(mMC)2 = nzTnucz .



Chapter 4: Relativistic Mechanics 509

In the laboratory system the situation is as follows: The pion has velocity vy = vgé3
and, therefore,

q = (Eq4/c, q) = (yomzc, yomzv) = yomzc(l, Bo€3)
with By = vo/c, yo = 1/,/1 — ,BS. It is sufficient to study the kinematics in the

(1, 3)-plane. The transformation from the pion’s rest system to the laboratory sys-
tem yields

1 1 * *3 1 * * *

—E,=w|-E,+pBop”" )=y | -E,+ Box" cosb” | ,

c c c

pl — p*l ,

p2 — p*2 -0,

3 1 * *3 1 * * *
p>=v|—-BoE5s+ P ) =w|-BoE}+ K" cosb
c c p

and, therefore, the relation between the angles of emission 6* and 6 is (cf. Fig. 24)

1 * o *
%

tanf = Po_ x s , (D

P>~ w(BoEp/c + k¥ cos6%)

or

2 2 : *

ms — m* ) sin @
tan 6 = Oz ) (2)

v0 (Bo (m3 +m3) + (m3 —m7) cos6%) -

1

OvQ 3

Fig. 24.

Making use of B* := ck*/E% = (m3 —m3,)/(m3 4+ m3) (this is the beta factor
of the muon in the rest system of the pion), eq. (1) is rewritten
B* sin 6*
" el 3)
yo(Bo + B* cos %)
There exists a maximal angle 0 if the muons which are emitted backwards in the
pion’s rest system (0* = ), have momenta

P> =nE}/c(Bo+ B cos0*) = wEp/c(Bo—B*) >0,

tanf =
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i.e., if Bp > B*. The magnitude of the maximal angle is obtained from the con-
dition d tan#/d6* = 0 which gives cos 8* = —8*/8y and, finally,

p*\/B: — 2 p* 1 - B

S R e R

tan Oax =

“

4.3 The variables s and ¢ are the squared norms of four-vectors and are thus
invariant under Lorentz transformations. The same is true for u = ¢%(ga —q;,)z. For
our calculations it is convenient to choose units such that ¢ = 1. It is not difficult to
re-insert the constant ¢ in the final results. (This is important if we wish to expand
in terms of v/c.) To reconstruct those factors one must keep in mind that terms like
(mass times ¢?) and (momentum times ¢) have the physical dimension of energy.
Conservation of energy and momentum means that the four equations

ga+4q8 =g\ +4q3 (1

must be satisfied. This means that the variables s, 7, u can each be expressed in
two different ways (now setting ¢ = 1):

s=(qa+q8)° = (d4 +4q3)° ©)
t=(qa—q4)’ = (45 —a5)° 3)
u=(qa—q5)" = (dh —a8)" - )

(i) In the center-of-mass system we have
94 =(E3.q%) . g8 =(E}. —q")
9y = (Ex.4") . ap=(E.—4") , ®

where E}} = ,/m% + (g*)? etc., with ¢g* = |g*|. Like in the nonrelativistic case
energy conservation requires the magnitudes of the three-momenta in the center-

of-mass system to be equal. However, the simple nonrelativistic formula
mg lab

* —_—
@"ne = 0 g}

that follows from eq.(M1.79a) no longer holds. This is so because neither the
nonrelativistic energy

ma—+mp 2
T = ——— *
4 2mAmB (q )n.r.

nor the quantity

(ga+ ‘IB)2
2(mg +mp)
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are conserved. We have
s = (B3 +E3)” = m +mj +2(7)
+2,/((¢")? +m3) ((¢")? +m3) . ©)

Thus, s is the square of the total energy in the center-of-mass system. Reintroduc-
ing the velocity of light,

s = mict +myet + 20" + 2\/((11*)202 + mic*) ((g*)2c2 + m%c*) .

In a first step we check that s, when expanded in terms of 1/c, gives the correct
nonrelativistic kinetic energy 7; of relative motion (except for the rest masses, of
course)

2 1 *\4
s~ (mAC2 +m362> <1 + (@")?*/c* + 0(}%;)) )

mamp

and, thus,

mag+m *c)*
\/E%mAcz‘FmBCz'i‘u(q*)z—FO (q—2)4 .
2mamp (mc*)

The magnitude of the center-of-mass momentum is obtained from (6)

1
46 = 5o l6 = mat mp?) (s = (ma —mp ). ™

Clearly, the reaction can take place only if s is at least equal to the square of the
sum of the rest energies,

2 ~ 2 2 2
s >s50:=(mg+mp) =(mAc +mBC) .

so is called the threshold of the reaction. For s = sg the momentum vanishes,
which means that at threshold the kinetic energy of relative motion vanishes.
The variable 7 is expressed in terms of ¢* and the scattering angle 6* as follows:

2
t=(qa—q4)" = qi +4% —2qa-qy =2m} —2ELE} +2¢% - ¢"* .
As the magnitudes of ¢* and of ¢'* are equal, E’; = E}. Therefore,
t=—2(g*)*(1 — cos6*) . )

Except for the sign, 7 is the square of the momentum transfer (¢* — ¢’*) in the
center-of-mass system. For fixed s > s9, ¢ varies as follows

—4(g"?* <1 <0.
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Examples:
a) e +e —>e +e”
2
K zs0:4<mec2) , —(s—s0)<t=<0.

b) v+e  —e +v
2\? 1 2
szso=(me0> , ——(s—s0)"<t=<0.
s

(ii) Calculating s + ¢ + u from the formulas (2)—(4) and making use of (1), we
finds+t+u = 2(mi —i—m%)c“. More generally, for the reaction A+ B — C+ D,
one finds

s+t+u=<mi+m23+mzc+m2D>c4.

4.4 1In the laboratory system
CIA=(EA7qA) ) qB=<ch2’O) )

9h=(Ex.q4) » 4= (Ep.q3) . M
The scattering angle 6 is the angle between the three-vectors g, and ¢’,. From
eq. (3) of the solution to Exercise 4.3 above (using ¢ = 1),

t=q3+q4 —2qaqy =2m% —2EAE)y +2|q4| |g)4] cost . )

Equation (8) of Exercise 4.3 above gives an alternative expression for ¢. The
aim is now to express the laboratory quantities Ex, E;, |q4 q/A| in terms
of the invariants s and . Using (1) s is found to be, in the laboratory system,
s = mi —i—m% + 2E smp, that is,

’

EA=L<s—m124—mZB>. 3)
ZmB
From this, using ‘1,24 = Ei — m%,
|94 = L\/(s —na+mp)?) (5 — (ma—mp)?) = —— q* 5 “
2mp mp

with ¢* as given by eq. (7) of Exercise 4.3 above. We now calculate t = (gp —q%)2
in the laboratory system and find E’, = (Zm% —1)/(2mp) and from this E/, =
E4 +mp — Ej to be equal to

E/=L(s+t—m2—m2)=EA+L )
A 2mB A B ZmB’

2 2 2
and, eventually, from ¢’y = E; —m?5

1
4l = %\/(S +1t—(ma+mp)?)(s+1t— (ma—mp)?). (6)
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From (2)
1
laal a2l
This is used to calculate sin 6 and tan 0, replacing all quantities which are not in-
variants by the expressions (3)—(6). With the abbreviations X' := (m4 +m 5)? and
A= (ms —mp)? we find
2mp/—t (st + (s — 2)(s — A))
(s—E)(s—A)—i—t(s—mi—i—m%) ’

t
cosf) = <EAE/A —m? + 5)

tanf =

Finally, cos 6* and sin 6* can also be expressed in terms of s and ¢, starting from
egs. (8) and (7) of Exercise 4.3 above,

214+ (5= X)(s— A)

cos0* = ,
(s —X)(s—A4)
sin 6% 22\/}\/—“514‘@ —X)(s — Q) '
(s —2)(s—A4)

Replace the square root in the numerator of tan# by sinf* and insert ¢ in the
denominator, as a function of cos8*, to obtain the final result

2mpa/s sin 6*

tanf =
2 2
s—mA+mB

0S9*+ s—i_n/lA—_r”B
K —m% +m%

For s &~ (m4 4+ mpg)* one recovers the nonrelativistic result (M1.80). The case of
two equal masses is particularly interesting. With myq = mp =m
2m o*
tanf = —tan — .
s 2
As /s > 2m the scattering angle 6 is always smaller than in the nonrelativistic
situation.

4.5 If we wish to go from the rest system of a particle to another system where
its four-momentum is p = (E/c, p), we have to apply a special Lorentz transfor-
mation L(v) with v related to p by p = myv. Solving for v,
pc _ pc?
/p? + m2c2 E

Insertion into eq.(M4.41) and application to the vector (0, s) gives

vV =

% v?
s=L@®»O,s)==-s-v, s+ —=———v-50]) .
0.9 <C A(1+y) >
As sop® is a Lorentz scalar, and hence is independent of the frame of reference
that one uses, this quantity may be evaluated most simply in the rest system. It is

found to vanish there and, hence, in any frame of reference.
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4.6 In either case the coordinate system can be chosen such that the y- and z-
components of the four-vector vanish and the x-component is positive, i.e., 7 =
(2%, z',0,0) with z! > 0, If z° is smaller than zero we apply the time reversal oper-
ation (M4.30) so that, from here on, we assume 7% > 0, without loss of generality.

(i) A light-like vector has z> = 0 and, hence, z° = z'. We apply a boost with
parameter A along the x-direction, cf. (M4.39). In order to obtain the desired form
of the four-vector we must have

cosha —"sinha=1 or le*=1,
from which follows A = In z°.

(ii) For a space-like vector 7> = (z (zH? <0,ie.,0 < 7% < z!. Applying
a boost with parameter A it is transformed to

0)2 _

(zo cosh A — z!'sinh A, 7/ cosh A — z%sinh A, 0, O) )

For the time component to vanish, one must have tanh 2 = z°/z!'. Calculating
sinh A and cosh A from this yields the assertion z' = v/—z2.

4.7 The commutation relations (M4.59) can be summarized as follows, making
use of the Levi-Civita symbol:

[9p: dg] = £pgrdr .
[Kp K] = —pgrdr .
[Jl” Kq] = epgrKr .

From this one obtains
[Ap. Ag] = epgrAr .
[B).By] =¢pgrB; .
[Az% Bq] =0.

4.8 The explicit calculation gives
PJP'=J;, PK,;P!'=_K;.

This corresponds to the fact that space inversion does not alter the sense of rotation
but reverses the direction of motion.

4.9 The commutators (M4.59) read in this basis
[ is jj] = iSijkfk ,

<>

<
>

j] =igjk Ky ,

’

>

i K,/] = —igjjrJk -
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The matrix J; and K ;j being real and skew-symmetric, we have for instance

1

(f.T)* = W) =idi = ;.

4.10 This exercise is a special case of Exercise 4.11. The result is obtained from
there by taking m, = 0 = m3.

4.11 Energy conservation implies (again taking ¢ = 1)

M = E| + Ey + E3 =\/m%+f2+\/m§+x2f2+\/m§+(1 —x)?f?
=M(xfx)) .
The maximum of f(x) is found from the equation
;ﬁz_aM/ax — _(E xE3; — (1 —x)E;
dx oM /of ErEz+x2E1E3+ (1 —x)?E\Ey

or xEz3 = (1 — x)E;. Squaring this equation gives xz(mg + (1 —-x)?2fY) =
(1 - x)z(m% +x2£2), and from this the condition
! my
xX=—".
my +m3

Taking into account the condition

The square of this yields

2 m2
M2—2ME1+m%+f2=w<m2+—2f2
m
2

and from this

1 2 2 2
(ED)max = W (M + my — (mp + m3) ) .

Examples:

Dp—>etvit+tvimy=m3=0, M =my, m =me. Thus

1
(Ee)max = % <ml2£ + mz) 62 :

With m,,/me ~ 206.8 one finds (Ee)max ~ 104.4mc2.
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(i) n > p+e+v; M =my, m = me, my = mp, mz = 0. Therefore one
obtains

1 2, 2 2\ 2 1 2\ 2
(Ee)max = m (mn + me — mp) c = 2mn ((2mn - A)A + me) c,

where A := my, — mp. Inserting numerical values yields (Ee)max ~ 2.528m,c2.

Thus Ymax = 2.528 and Bmax = v/¥2ax — 1/Vmax = 0.918. The electron is highly
relativistic at the maximal energy.

4.12 The apparent lifetime 7" in the laboratory system is related to the real
lifetime 7(® by 1™ = yt©. During this time the particle, on average, travels a
distance

L=vt® =8yrO¢.

Now, the product By equals |p|c/(mc?), cf. eq. (M4.83), so that for |p| = xmc
there follows the relation

L=xt%¢.

For pions, for instance, one has rjgo) ¢ ~ 780 cm.

4.13 From the results of the preceding exercise we obtain réo)c ~2.7%x 10" cm.
For E = 10~ 2m,c? one has x = Vy? —1=0.142, while for E = 10"m,c? one
has x ~ 104,

4.14 Let py, po be the energy—momentum four-vectors of the incoming and out-
going electron, respectively, and k that of the photon. Energy and momentum con-
servation in the reaction e — e + y requires p; = p2 + k. Squaring this relation
and making use of

p%:mec2=p%, k2=0,

one deduces py -k = 0. As k is a light-like four-vector this relation can only hold
if py is light-like, too, i.e., if p% = 0. This is in contradiction with the outgoing
electron being on its mass shell, p% = mg Hence, the reaction cannot take place.

4.15 The first inversion leads from x* to (R*/x*)x*, the translation that follows
leads to Rz(x“ /)c2 + c*), and the second inversion, finally, to

R* (x" —i—xzc“) x* xH 4 xZct

X2R* (x + x2¢)’ T l42c ) el

x™

The inversion J leaves invariant the two halves of the time-like hyperboloid
x2 = R?, but interchanges those of the space-like hyperboloid x> = —R?. The
image of the light-cone by the inversion is at infinity. The light-cone as a whole
stays invariant under the combined transformation 7 o7 o J.
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4.16 As L does not depend on ¢, the equation of motion for this variable reads
d oL d
———=m— (Yyq)=0. 1
arag - " Wq) ey
In turn, L is independent of . The condition for the action integral to be extremal
leads to the following equation for 1,

aL 1 o LY -1
w:z’"(" “yr ) =0

The solutions of this equations are

o o
1ﬁ1=—2, ¢2:_—2~
N Ve —a

Insertion of i into the Lagrangian function yields

) 1 / . / .
L(q, Y= lﬂl) = §m<—2c0 C% —q2+2cé> = —mc(% 1 —qz/c(% +mc(2) .

This is nothing but eq. (M4.97), with c replaced by cg, to which the constant energy
mc(z) is added.

If we let cg go to infinity, v trends to 1 and the Lagrangian function becomes
Ly = qu /2, well-known from nonrelativistic motion. One verifies easily that
(1) is the correct equation of motion in either case.

The second solution ¥» must be excluded. Obviously, the additional term

1 , -1
SmW =1 <q2—cg"’¢ ) .

which is added to the Lagrangian function L, takes care of the requirement that
the velocity ¢ should not exceed the value cy.

Chapter 5: Geometric Aspects of Mechanics

k l
5.1 We make use of the decomposition (M5.52) for w and @

k 1 . . . .
WA® Z i, Z wj. pdx A oANdXT ANdXY AL A X

i <---<ig J1<-<Ji

The analogous decomposition of (i)/\c]f) (k and [ interchanged) is obtained from
this by shifting first dx/!, then dx/2, and so forth up to dx/!, across the product
dx"' Adx™ A ... Adx™ from the right to the left. Each one of these operations
gives rise to a factor (—)k, so that one obtains the total factor (—)kl .
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5.2 We calculate

ds* (&, ¢) ZEkdxk(e)dx (e/)—ZEkal at

where we have set af := dx*(é;). As ds?(é;,éx) = Six, we must have a¥ =

bf.‘ /~/ Ex, where {bf.‘} is an orthogonal matrix. This matrix must be orthogonal be-
cause the coordinate axes were chosen orthogonal. Therefore dx* (&;) = 8;‘ /N Ek.

5.3 Consider
1 : :
Wy = Zwi(x) dx',
i=1
2
g = by (x)dx> A dx> + cyclic permutations

whose coefficients, w;(x) and b;(x), are to be determined.
a) We calculate

1 . ) 1
wg(§) = ) wi(x)dx'(§) = ) o (X)dxl( €k9k> =) 0i(x)§—.
2 D
Since, on the other hand,
0a®) =a-£ =Y a0

we deduce

wi (x) = a;(X)VE; .

b) We calculate

Ba(E. 1) = by (0)(dx (&) dx> () — dx>(n) dx>(&)) + cycl. perms.
= b (x)(€2n® — n?€%)/\/E2E3 + cycl. perms. .

Comparing this with the scalar product of @ and & x n yields

bi(x) =+ E2E3a1(x) (cyclic permutations) .

5.4 Denote by (V f); the components of V f with respect to the orthogonal basis
that we consider. We then have, according to the solution of Exercise 5.3,

ww—ZWf) VEidx' .
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A P A . . 1 2 . .
With § = )", £'¢; a unit vector, the function wy (&) = ) ;(V f);&" is the di-
rectional derivative of f along the direction &. This quantity can be calculated
alternatively from the total differential

df = Z Bxl

to be

. 9 o
ard =3 2 etan @ =
ik

Z \/_8)61

Comparing the two expressions yields the result

1 of

V)= JE oxi

5.5 For cartesian coordinates we have E| = E, = E3 = 1.
For cylindrical coordinates (&,,84, é;) we have ds> = do® + 0*d¢?* + dz?,
ie., Ey=E3=1, E; = 92 and, therefore,

v <8f 18f 8f>
f= a0 98¢ 0z

For spherical coordinates (é,, €9, €3) we have ds® = dr? + r2d6? + r sin® 0d¢?,
which means that £y =1, Ep = r2, E; = r2sin 6 and, hence,

Vi (3 Laf 1 of
f‘(ﬁ r 30 rsind a¢>)

5.6 The defining equation (M5.58) can be written alternatively as follows
(*w)(é\ikJrl P é\i,l) = 8i1...ikik+1...iua)(é\i1 P é\ik) .

Here ¢;, ;, is the totally antisymmetric Levi-Civita symbol. It equals +1(—1)
if (i1...iy) is an even (odd) permutation of (1,...,n), and vanishes whenever
two of its indices are equal. Thus, for n = 2, xdx! = dx?, xdx?> = —dx', and
*w = F1dx> — Fdx'. Therefore, w(§) = F - &, while sw(§) = F x §. If § is a
displacement vector § = r 4 —rp, F a constant force, w (&) is the work of the force
along that displacement. In turn, xw (&) describes the change of the external torque.

5.7 For any base k-form dx't A ... Adx™* with i} < --- < iy
#(dxX'TA LAY = 8y i i dX A LA A

Here we have assumed the indices on the right-hand side to be ordered, too, viz.
ik+1 < - < iy. The dual of this form is again a k-form and is given by
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i i j j
* % (dx"" AL AdXY) = gilA..ikik“‘..in8ik+1...i,,j1‘..jkdle Ao AdxIR

All indices i1 . . . i, must be different. Therefore, the set (ji . .. jr) must be a permu-

tation of (i1 ... ix). If we choose the ordering j; < --- < ji, then j; =iy,..., jk =
ix. In the second e-symbol interchange the group of indices (i, ..., ix) with the
group (ix+1,-.-.,I,). For i this requires exactly (n — k) exchanges of neighbors.

The same holds true for i> up to ix. This gives k times a sign factor (—)" %, As
(s,-l,_,,-”)2 =1 for all indices different, we conclude

w3 (dxV AL A dXR) = ()R GA LA dxr

5.8 The exterior derivative of ¢ is calculated following the rule (CD3) of
Sect. M5.4.4, viz.

 ox2 ax!

= (curl E)3dx! AdxZ+ ...

0E oE
do = < ! + 2) dx' Adx® + cyclic permutations

This yields the result d¢ + w/c = 0.
5.9 With f a smooth function df = Y (3f/dx’)dx", thus
xdf = <8f/8x1) dx® Adx> + cyclic permutations ,

d(xdf) = (82f/(8xi)2) dx' A dx® Adx3 + cyclic permutations ,

and
3 .
xd(xdf) =Y 0% f/(0x")* .
i
Furthermore, * f = fdx! Adx? Adx® and d(xf) = 0.

k ~ N
5.10 If w is a k-form which is applied to k vectors (e, . ..ex), then, by the def-
inition of the pull-back (special case, for vector spaces, of (M5.41), Sect.5.4.1)

k A k N N
F*w(ey,...ex) = w(F(ey),..., F(er)). Then
ko R ko1 . n
Fr(wnw)(ey, ..., 1) = (@Aw)(F(e1), ..., F(er+) ,
k 1
which, in turn, equals (F* ®) A (F* w).

5.11 This exercise is solved in close analogy to the solution of Exercise 5.10
above.

5.12 With V := yd, and W := x0dy we find readily Z := [V, W] = (yd,)(xdy) —
(x0y)(y9x) = ydx — x0y.
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5.13 Let vy and v, be elements of 7, M. Addition of vectors and multiplication
by real numbers being defined as in (M5.20), it is clear that both vi + v, and av;
with a € R belong to T, M, too. The dimension of T,M is n = dim M. T, M is
a vector space. In the case M = R", T, M isomorphic to M.

5.14 We have

2 2
wANw= Zqui A dpi /\dqj Ndpj = —2dq1 /\dqz/\dpl ANdpy .
i=1 j=1

This is so because we interchanged dp; and dg’/, and because the terms (i =
1,j=2)and (i =2, j = 1) are equal.

515 HMD = p2?/2 + 1 — cosq is the Hamiltonian function that describes the
planar mathematical pendulum. The corresponding Hamiltonian vector field reads

N OH :
xW=""9, - g O = Po—singd, .

A sketch of this vector field will yield the vectors tangent to the curves of

Fig. M1.10. The neighborhood of the point (p = 0,9 = m) is particularly in-
teresting as this represents an unstable equilibrium. For

1 1
H(2)=§p2+gq(q2—3)

the Hamiltonian vector field is
1
2
X2 = pa, — 3 q*—1)d, .

This vector field has two equilibrium points, (p = 0,9 = +1) and (p = 0,9 =
—1). A sketch of X g) will show that the former is a stable equilibrium (center),
while the latter is unstable (saddle point). Linearization in the neighborhood of
g = +1 means that we set u := g — 1 and keep up to linear terms in u only.
Then Xg) A pdy — udy. This is the vector field of the harmonic oscillator or,
equivalently, the vector field X 2) above, for small values of g.

Linearization of the system in the neighborhood of (p =0, = —1), in turn,
means setting u := g + 1 so that X g) A pdy +udy. Here the system behaves like
the mathematical pendulum (described by X 2) above) in the neighborhood of its
unstable equilibrium (p = 0,9 = w) where sing = —sin(g — 7)) & —(qg — 7).
(See also Exercise 6.8.)
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5.16 One finds X o = pdy —q0p, Xy = pdy; — (g + 8q2)8p, and, finally

o (Xg, Xpo) =dH (Xyo) = epq® = {HO, H} :

5.17 For the proof consult for example Sect.3.5.18 of Abraham and Marsden
(1981).

Chapter 6: Stability and Chaos

6.1 (i) A is already diagonal. The flux is
et 0
exp(tA) = < 0 e“\z) .

(ii) The characteristic exponents (i.e., the eigenvalues of A) are A; = a + ib,
A2 = a — ib so that in the diagonalized form the flux reads as follows: With
0 a—ib

y—>u=Uy, 2=UAU—1=<“+”’ 0 )

we have

° et(a+ib) 0
u(t) = exp(rA)u(0) = ( . em_ib)) u(0).

For a =0, b > 0 we find a (stable) center. For a < 0, b > 0 we find an (asymp-
totically stable) node.

(iii) The characteristic exponents are equal, A; = A2 = A. For A < 0 we again
find a node.

6.2 The flux of this system is

a

(a(r) =5 T+ ag( mod 1), (1) = % T+ Bo( mod 1)> .

If the ratio b/a is rational, i.e., b/a = m/n with m, n € Z, the system returns to its
initial position after the time = T where T follows from oo+ aT/(27) = agp (
mod 1) and Bo+bT/(27) = Bp ( mod 1),1i.e., T =2xn/a =2mwm/b. We study
the example (¢ = 2/3,b = 1) with initial condition (¢g = 1/2, By = 0). This
yields the results shown in Table 1 and in Fig. 25. In the figure the sections of the
orbit are numbered in the order in which they appear.
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Table 1
3 9
0=— o 2 1 2 2 3
o 3 4
1 1 1
o — 1 — ; 1 -
2 6 6 2
3 1
o 2 1 1 - 1
p 3 4
Fig. 25.

If the ratio b/a is irrational then the flux will cover the torus, or the square
of Fig.25, densely. As an example one may choose a “out of tune” at the value
= 1/4/2 ~ 0.7071, keeping b = 1 fixed, and plot the flux in the square. A
specific example is provided by two coupled oscillators, cf. Exercises 1.9 and 2.9.
The modes of the system obey the differential equation ii; +w%u; = 0,i = 1, 2.
These are rewritten in terms of action and angle variables /; and ©;, respectively, by
means of the canonical transformation (M2.95). They become I =0, 0 =w®,
i = 1, 2. Embedded in the phase space which is now four-dimensional, we find two
two-dimensional tori which are determined by the given values of I; = Il.0 = const.
Each of these tori carries the flux described above.

6.3 The Hamiltonian function has the form H = p2/(2m) + U (q). The charac-
teristic equation

1 (3So(q. @)\* B
%<T) +U(g) = Eo

is integrated by quadrature:

q
So(q, o) = / V2m (Eo —U(q")dq' .
40

We have p = mq = 9S5p/dq = +/2m(Eg — U(g)) and hence
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q m , 9S50
z<q)—r(qo)=/ g = 250
a0 v/2m (Eg —U(q") 0Ey

(This holds away from equilibrium positions, in case the system possesses any
equilibria.) Choose P = o = Ey. Then Q = 9Sy9/dEy = t — 1y, or, alternatively,
(P =0, 0 = 1). Thus, we have achieved rectification of the Hamiltonian vector
field: In the coordinates (P, Q) the particle moves on the straight line P = Ej
with velocity Q = 1.

Consider now an energy in the vicinity of Ey, E = BEj, with 8 not far
from 1. Let the particle travel from go to a point ¢’ in such a way that the time
1(q') — t(qo) is the same as for Eo. Of course, py = +/2m(E — U(qo)), and

p'=2m(E —U(q’)), and
4 mdx

g0 N2Zm(E =U(x)

The new momentum is chosen to be P = Ey (the energy of the first orbit). Then

one has
dS(q, E) 9S(q, E)
= = = t_t Iy
D Eq B Yo Bt — 1)

t—1y)=

Q

ie., (P =0,0 = p). In the new coordinates the particle again moves along the
straight line P = Ej, this time, however, with velocity . The particles on the
orbits to be compared move apart linearly in time. If U(g) is such that in some
region of phase space all orbits are periodic, one should transform to action and
angle variables, I (E) = const., ® = w(E)t + ®p. Also in this situation one sees
that the orbits separate at most linearly in time. In the case of the oscillator, where
w is independent of E or I, their distance remains constant.

The integration described above is possible only if E is larger than the maxi-
mum of U(g). For E = Upnax(g) the running time goes to infinity logarithmically
(cf. Sect. M1.23). The statement of this exercise does not apply when one of the
trajectories is a separatrix.

6.4 For u = 0 the system becomes ¢ = dH/dqr and ¢ = —3dH/dq;, with
H = —\(q}+43)/2+(q193 —¢; /3)/2. The critical points (where the Hamiltonian
vector field vanishes) are obtained from the system of equations —Ag> +¢g192 = 0,
Aq1 + (‘112 —qzz)/Z = 0. One finds the following solutions: Py = (¢ =0, g» = 0),
Pip=(q1=xq2 = i\/gk), P; = (g1 = —2X, g2 = 0). Linearization in the
neighborhood of Py leads to g1 &~ —\Ag2, g» = Aqi. Thus Py is a center. Lineariza-
tion in the neighborhood of P; is achieved by the transformation u; := g1 — A,
uy := qa — ~/3 A, whereby the differential equations become.

iy = \/§Au1 +ujupy ~ ‘/gkul ;
ity = 20y — N3 Ay + (u% —u%) /2~ 20y — N3 .
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The flux tends to P; along u; = O but tends away from it along up = 0. Thus P,
is a saddle point. The same is true for P, and P3. One easily verifies that these
three points belong to the same energy E = H(P;) = —2A3/3 and that they are
pairwise connected by separatrices. Indeed, the straight lines g2 = (g1 +21)/v/3
and ¢ = A are curves with constant energy E = —2A3/3 and build up the triangle
(P1, P2, P3).

If one switches on the damping terms by means of 1 > p > 0, Py is still an
equilibrium point because in the neighborhood of (g1 = 0, g2 = 0) we have

a\ o (—H A\ (1) a(D

9 A=) \@ @)
From the equation det(x1 — A) = 0 one finds the characteristic exponents to be
x1/2 = —p £ iA. Thus Py becomes a node (a sink). The points Pj, P>, and Ps,

however, are no longer equilibrium positions. The lines which connect them are
broken up.

6.5 We write H in two equivalent forms
i) H=n+h with I=(p}+ai)/2+4l/3,

L= (p% +q§) /2—43/3,

) H=(p}+p3) 2+ U@ g with U=(q}+a3)/2+(a} —a) /3
- (22 + A2> J4+ S2A/4+ A3)12,
where XY :=q1+q, A:=q1—q>.

Then the equations of motion are

g1=p1, @2=p2,

Pil=—q1—qi. Pr=-q+q;.
The critical points of this system are Py : (g1 = 0,¢2 = 0, p1 = 0, p, = 0),
P :(0,1,0,0), P, : (—1,0,0,0), P3 : (—1,1,0,0). One easily verifies that
dl;/dt =0,i =1,2,1ie., I] and I, are independent integrals of the motion. The
points P; and P, lie on two equipotential lines, viz. the straight line g; —g2 = —1,
and the ellipse 3(g +q2)2+(q1 —q2)2+2(q1 —q2)—2 = 0. In either case U = 1/6.
As an example and using these results, one may sketch the projection of the flux
onto the plane (q1, ¢2).

6.6 The critical points of the system § = p, p=qg—¢q°>—pare Py: (q=0,p =
0), P :(1,0), and P, = (—1, 0). Linearization around Py gives



526 Solution of Exercises

2~ -1)()=4()
<P) <0 —1)\p p
The eigenvalue of A are A/, = (-1 &£ «/5)/2, hence A1 > 0 and A < 0 which

means that Py is a saddle point. Linearizing in the neighborhood of P; and intro-
ducing the variables u := g — 1, v := p, the system becomes

wy (0 1\ (u

()= 2)C)

The characteristic exponents are 12 = (—1 +i/7)/2. The same values are found
for the system linearized in the neighborhood of P,. This means that both P; and
P, are sinks.

The Liapunov function V (g, p) has the value 0 in Py, and the value —1/4
in P; and P,. One easily verifies that P; and P, are minima and that V in-
creases monotonically in a neighborhood of these points. For instance, close to
Py take u ;=g — 1, v:= p. Then &;(u,v) =Vg=u+1,p=v)+1/4 =
v2/2 + u® 4+ u3 + u*/4. Indeed, at the point P; we find @;(0,0) = 0 while @,
is positive in a neighborhood of P;.

Along solutions the function V(q, p), or, equivalently, @1(u, v), decreases
monotonically. Let us check this for V:

dv._dv . 3V . 9V 3 v
" P e G—-q¢" =p+——p=-p
t ap

_ - 2
ag 17 Bp dq '

In order to find out towards which of the two sinks a given initial configuration
will tend, one has to calculate the two separatrices that end in Py. They form the
boundaries of the basins of P; and P, as indicated in Fig.26 by the blank and
dotted areas, respectively.

6.7 As xg, by assumption, is an isolated minimum, a Liapunov function is chosen
as follows: V(x) := U(x) — U(xp). In a certain neighborhood M of xg, V(x) is
positive semi-definite and we have

n

d v " (U
il v4 — =y = _ .
dt 2 P ax; i ;(8)@')

If we follow a solution in the domain M\{xp}, V(x) decreases, i.e., all solution
curves tend “inwards”, towards xg. Thus, this point is asymptotically stable.

In the example U(x1, x2) = x12(x1 - D2+ x%. The points xg = (0,0) and
xj = (1,0) are isolated minima and, hence, are asymptotically stable equilibria.

6.8 This system is Hamiltonian. A Hamiltonian function is H = p?/2 + q(q*> —
3)/6. The phase portraits are obtained by drawing the curves H(g, p) = E =
const. The Hamiltonian vector field vy = (p, (1 — ¢?)/2) has two critical points
whose nature is easily identified by linearizing in their neighborhoods. One finds
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Fig. 26.

Pi:(gq=-1,p=0) and, withu :=qg+ 1, v:=p: (u~v, 0~ u). Thus, P; is
a saddle point.

P:(@=1,p=0)and, withst :==q—1,v:=p: (@ ~v,0~ —u). Thus, P, is
a center. In the neighborhood of P, there will be harmonic oscillations with
period 27 (see also Exercise 5.15).

6.9 The differential equation § = f(q.,q), with f(q,q) = —q + (¢ — ¢*)q, is
solved numerically by means of a Runge—Kutta procedure as follows

) 1
Gn+1 =dqn +h (qn tg itk +k3)> +O0(h)

) ) 1
dn+1 = Gn + 3 (k1 + 2kp + 2k3 + kg)

h being the integration step in the time variable, and the auxiliary quantities k;
being defined by

ki =hf(gn,qn) »

h . h . 1
ky = hf qn+§qn+§k1,qn+§k1 ,

h. hoo. 1
ks =hf <61n + Eq" + gkh% + Ekz) )

) h )
ky =hf <61n + hgn + §k3, gn + k3> .

One lets the dimensionless time variable T = wt run from 0 to, say, 67, in steps of
0.1, or 0.05, or 0.01. This will produce pictures of the type shown in Figs. (M6.6)—
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(M6.8). Alternatively, one may follow the generation of these figures on the screen
of a PC. One will notice that all of them tend quickly to the attractor.

6.10 The program developed in Exercise 6.9 may be used to print out, for a given
initial configuration, the time t and the distance from the origin d, each time the

orbit crosses the line p = ¢. One finds the following result:

T| 546 11.87 18.26 24.54 30.80 37.13 43.47

p=q>0:
0.034 0.121 0414 1.018 1.334 1375 1.378

T| 225 886 1507 2142 27.66 3396 40.30
p=q<0:
d

0.018 0.064 0.227 0.701 1.238 1.366 1.378

Plotting Ind versus 7 shows that this function increases approximately linearly
(with slope =~ 0.1) until it has reached the attractor. Thus, the point of intersection
of the orbit and the straight line p = ¢ wanders towards the attractor at an ap-
proximately exponential rate. One finds a similar result for orbits which approach
the attractor from the outside.

6.11 The motion manifold of this system is R2. For the linearized system (¥; =
X1,X2 = —xp) the straight line Uy, = (x1 = 0, x2) is a stable submanifold.
Indeed, the velocity field points towards the equilibrium point (0, 0) and the char-
acteristic exponent is —1. The straight line Uyng = (x1, x2 = 0), in turn, is an
unstable submanifold: The velocity field points away from (0, 0) and the charac-
teristic exponent is +1. The full system can be transformed to

Xo—Xp —2xp =0, x12=x2—|—562,
whose general solution is
x2(t) = aexp(2t) + bexp(—t), x1(t) =+3aexpt,

or, equivalently,

1 1 1
x) = =x7 +bv3a— = —x%~|—i
3 X1 3 X1

Among this set of solutions the orbit with ¢ = 0 goes through the point (0,0) and
is tangent to Uypg in that point. On the submanifold Vyng = (x1, x2 = x12 /3) the
velocity field moves away from (0, 0).

The corresponding stable submanifold of the full system coincides with Ugyp
because, with a = 0, x1(t) = 0, x2(t) = bexp(—t) which means that Vi, =
(x1 =0, xp).

6.12 We have x,41 = 1 — 2x,% and y; = 4/marcsin/(x; +1)/2 — 1. With
—1 <x; <0also -1 <y; <0,and with 0 < x; < lalso0 <y < 1. We
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wish to know the relation between y,4+1 and y,. First, the relation x,, — y,41 is
Ynt+1 = 4/m arcsin(1 —x,%)l/2 — 1. Using the addition theorem arcsin u 4arcsinv =
arcsin(u~/1 — v2 4+ v4/1 — u?) and setting u = v = (1 + x)/2 one shows

1
arcsin\/l—x2=2arcsin,/% for —1<x<0,
. . x+1
arcsiny/ 1 — x2 = 7 — 2 arcsin > for 0<x<1.

In the first case y, < 0 and y,+1 = 1+2yj, in the second case y, > 0 and y,4+1 =
1—2y,. These can be combined to y,+; = 1—2]|y,|. The derivative of this iterative
mapping is £2; its magnitude is larger than 1. There are no stable fixed points.

6.15 If, for instance, m = 1, then z, := exp(i2ro/n) are the roots of the equation
"—=1=(z—2z1)...(z—2zn) = 0. They lie on the unit circle in the complex plane
and neighboring roots are separated by the angle 2w /n. Expanding the product
(z=z1)...(z—z0) =7"—2> #_1 25 +..., one sees that, indeed, Y _, zo = 0.
For the values m = 2,...,n — 1 we renumber the roots and obtain the same re-
sult. For m = 0 and for m = n, however, the sum is equal to 0. Multiplying
Xo = Y r_jxcexp(—2imot/n)//n by 1//nexpinoi/n) and summing over
o one obtains

1 n 1 n n n
T 2 :iﬂemna)\/n — § :xt 2 :EZUTU(T—A)/n — } :xtark = x5 .
n
n o=1 =1 o=1 =1

This is used to calculate

1 — 1 .
L 2ir /n(o (u+v)+rv
g ==Y XoXopr =5 KKy, Y e/
n n
o=1 w,v

o

The orthogonality relation implies ©+v = 0 (mod n), and we have used X;_, = X,.

Furthermore, X, mod » = X, and, finally, X, and X,_, have the same modulus.
It follows that g, = 1/n ZZ:l |£M|2COS(27T)\,,U¢/}’I). The inverse of this formula

I3,)% = Y i_i &rcos(2mo/n) is obtained in the same way.

6.16 If we set y =ax + B, i.e.,, x = y/a — §/«a, the relation

1 1
Xit1 =l/«xi(1_xi)=ﬂ<_)’i_é) <1+é__)’i>
07 o o o

will take the desired form provided o and g are chosen such that they fulfill the
equations « + 28 = 0, B(1 — u(e + B)/a) = 1. These give ¢ = 4/(n — 2),
B = —a/2, and, therefore, y = u(u —2)/4. From 0 < u < 4 follows 0 < y < 2.
One then sees easily that y; € [—1, 4+1] is mapped onto y;; in the same inter-
val. Let h(y, y) := 1 — yy?. The first bifurcation occurs when A(y, y) = y and
oh(y,y)/dy =1, i.e., when yg = 3/4, yo = 2/3, or, correspondingly, no = 3/4,
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xo = 2/3. Take then k :=h o h, ie., k(y,y) =1 —y(1 — yy?*)%. The second bi-
furcation occurs at y; = 5/4. The corresponding value y; of y is calculated from
the system

5 1 25 125
k(y,>)=— 42y =y, 1
(y 4> 4+8y ) =Y (1
dk 5\ 25 . 55\ : 2

Combining these equations according to y - (2)—4 - (1), one finds the quadratic
equation

2_4 _i_()
Y TEY T T

whose solutions are y;,, = 2(1 &+ ﬁ)/S. From y; = 5/4 we have u; =1+ V6,
from this and from yj/;, finally

X2 = %(4 +6+ (2v/3 —+/2)) =0.8499 and 0.4400 .



Appendix

A. Some Mathematical Notions

“Order” and “Modulo”. The symbol O(&") stands for terms of the order " and
higher powers thereof that are being neglected.

Example. If in a Taylor series one wishes to take acount only of the first three
terms, one writes

1
fx) = fO)+ £ O0)x + 5]"’<0>x2 +0(x?%). (A.1)

This means that the right-hand side is valid up to terms of order x> and higher.
The notation y = x (mod a) means that x and x + na should be identified, n

being any integer. Equivalently, this means that one should add to x or subtract from

it the number a as many times as are necessary to have y fall in a given interval.

Example. Suppose two angles « and B are defined in the interval [0, 2w]. The
equation o = f(B) (mod 27) means that one must add to the value of the func-
tion f(B), or subtract from it, an integer number of terms 2w such that o does
not fall outside its interval of definition.

Mappings. A mapping f that maps a set A onto a set B is denoted as follows:

ftA— Bia—b. (A.2)

It assigns to a given element a € A the element b € B. The element b is said to
be the image and a its preimage.

Examples. (i) The real function sinx maps the real x-axis onto the interval
[—1, +1],

sin: R — [—-1,+1]: x —» y =sinx.

(ii) The curve y: x = coswt, y = sinwt in R? is a mapping from the real f-axis
onto the unit circle S! in R2,

y:R = St (x =coswt, y =sinwr) .

A mapping is called surjective if f(A) = B, i.e. if B is covered completely. The
mapping is called injective if two distinct elements in A also have distinct images
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in B, in other words, if every b € B has at most one original a € A. If it has both
properties it is said to be bijective. In this case every element of A has exactly
one image in B, and for every element of B there is exactly one preimage in A.
In other words the mapping is then one-to-one.

The composition fog of two mappings f and g means that g should be applied
first and then f should be applied to the result of the first mapping, viz.

Ifg:A— B and f:B—C, then fog:A— C. (A.3)

Example. Suppose f and g are functions over the reals. Then, with y = g(x) and

z= f(y) we have z = (f o g)(x) = f(g(x)).
The identical mapping is often denoted by “id”, i.e

idi A—> Arar—a.

Special Properties of Mappings. A mapping f: A — B is said to be continuous
at the point u € A if for every neighborhood V of its image v = f(u) € B there
exists a neighborhood U of u such that f(U) C V. The mapping is continuous if
this property holds at every point of A.

Homeomorphisms are bijective mappings f: A — B that are such that both
f and its inverse f~! are continuous.

Diffeomorphisms are differentiable, bijective mappings f that are such that both
f and f~! are smooth (i.e. differentiable, C*).

Derivatives. Let f(x!, x2, ..., x") be a function over the space R”", {é1, ..., &,},

a set of orthogonal unit vectors. The partial derivative with respect to the variable
x' is defined as follows:
A fathé) = f)

- = lim . (A4)
ox! h—0 h

Thus one takes the derivative with respect to x’ while keeping all other arguments
xbooo xih i X! fixed.
Collecting all partial derivatives yields a vector field called the gradient,

af af

Vif=(—,....— | . AS
f <8x1 8x"> (A-5)
Since any direction 72 in R” can be decomposed in terms of the basis vectors
€1, ..., ey, one can take the directional derivative of f along that direction, viz.
Z i =p-Vf. (A.6)

The total differential of the function f (x], ..., x") is defined as follows:

a a

df = —fd 4 —fd 24+ —fdx” . (A7)

9x2 ax"
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Examples. (i) Let f(x,y) = %(x2 + yz) and let (x =r cos¢, y =r sin¢) with
fixed » and 0 < ¢ < 27 be a circle in R2. The normalized vector tangent to the
circle at the point (x, y) is given by v; = (—sin¢, cos¢). Similarly, the normal-
ized normal vector at the same point is given by v, = (cos¢, sin¢). The total
differential of f is df = xdx + ydy and its directional derivative along v; is
v, - Vf = —xsing + y cos¢ = 0; the directional derivative along v,, is given by
v, - Vf =xcos¢ + ysing = r. For an arbitrary unit vector v = (cos«, sin «)
we find v- Vf =r(cos¢ cosa + sin¢ sina). For fixed ¢ the absolute value of
this real number becomes maximal if « = ¢ (mod ). Thus, the gradient defines
the direction along which the function f grows or falls fastest.

(ii) Let U(x,y) = xy be a potential in the plane R?. The curves along which
the potential U is constant (they are called equipotential lines) are obtained by
taking U(x, y) = ¢, with ¢ a constant real number. They are given by y = c/x,
i.e. by hyperbolas whose center of symmetry is the origin. Along these curves
dU(x, y) = ydx +xdy = 0 because dy = —(c/x*)dx = —(y/x)dx. The gradient
is given by VU = (dU/dx, aU/dy) = (v, x) and is perpendicular to the curves
U(x,y) = c at any point (x, y). It is the tangent vector field of another set of
curves that obey the differential equation

dy x
dx y
These latter curves are given by y> — x? = a.
Differentiability of Functions. The function f(x!,..., x/,..., x") is said to be

C" with respect to x if it is r-times continuously differentiable in the argument
x'. A function is said to be C* in some or all of its arguments if it is differentiable
an infinite number of times. It is then also said to be smooth.

Variables and Parameters. Physical quantities often depend on two kinds of
arguments, the variables and the parameters. This distinction is usually made on
the basis of a physical picture and, therefore, is not canonical. Generally, variables
are dynamical quantities whose time evolution one wishes to study. Parameters, on
the other hand, are given numbers that define the system under consideration. In
the example of a forced and damped oscillator, the deviation x(¢) from the equi-
librium position is taken to be the dynamical variable while the spring constant,
the damping factor, and the frequency of the driving source are parameters.

Lie Groups. The definition assumes that the reader is familiar with the notion of
differentiable manifold, cf. Sect.5.2. A Lie group is a finite dimensional, smooth,

T3]

manifold G which in addition is a group and for which the product “-”,
GxG—-G:(g. &g g,

as well as the transition to the inverse,
G—>G:g— (gf1

are smooth operations.
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G being a group means that it fulfills the group axioms, cf. e.g., Sect. 1.13:
There exists an associative product; G contains the unit element e; for every g € G
there exists an inverse g~! € G. Loosely speaking, smoothness means that the
group elements depend differentiably on parameters, which may be thought of as
angles for instance, and that group elements can be deformed in a continuous and
differentiable manner.

A simple example is the unitary group

U(l) = {ei“|a < [0, 271]} .

This is an Abelian group (i.e., a commutative group). Further examples are
provided by the rotation group SO(3) in three real dimensions, and the unitary
group SU(2) which are dealt with in Sects.2.21 and 5.2.3 (iv). The Galilei group
is defined in Sect. 1.13, the Lorentz group is discussed in Sects.4.4 and 4.5.

B. Historical Notes

There follow some biographical notes on scientists who made important contribu-
tions to mechanics. Without striving for completeness, the founders of mechanics
proper are marked by an asterisk and are treated in somewhat more detail.

*d’Alembert, Jean-Baptiste: born 17 November 1717 in Paris, died 29 October
1783 in Paris. Writer, philosopher, and mathematician. Co-founder of the Ency-
clopédie. Important contributions to mathematics, mathematical physics and as-
tronomy. His principal work “Traité de dynamique” contains the principle which
bears his name.

Arnol’d, Vladimir Igorevich: 1936—, Russian mathematician.
Cartan, Elie: 1869-1951, French mathematician.

Coriolis, Gustave-Gaspard: 1792-1843, French mathematician.
Coulomb, Charles Augustin: 1736-1806, French physicist.

*Descartes, René (Cartesius): born 31 March 1596 in La Haye (Touraine), died
11 February 1650 in Stockholm. French philosopher, mathematician and natural
philosopher. In spite of the fact that Descartes’ contributions to mechanics were not
too successful (for instance, he proposed incorrect laws of collision), he contributed
decisively to the development of analytic thinking without which modern natural
science would not be possible. In this regard his book Discours de la Méthode
pour bien conduire sa Raison, published in 1637, was particularly important. Also
his imaginative conceptions — ether whirls carrying the planets around the sun;
God having given eternal motion to the atoms relative to the atoms of the ether
which span our space; the state of motion of atoms being able to change only



A. Some Mathematical Notions 535

by collisions — inspired the amateur researchers of the 17th century considerably.
It was in this community where the real scholars of science found the resonance
and support which they did not obtain from the scholastic and rigid attitude of the
universities of their time.

*Einstein, Albert: born 14 March 1879 in Ulm (Germany), died 18 April 1955 in
Princeton, N.J. (U.S.A.). German-Swiss physicist, 1940 naturalized in the U.S.A.
His most important contribution to mechanics is Special Relativity which he pub-
lished between 1905 and 1907. In his General Relativity, published between 1914
and 1916, he succeeded in establishing a (classical) description of gravitation as
one of the fundamental interactions. While Special Relativity is based on the as-
sumption that space-time is the flat space R*, General Relativity is a dynamical
and geometric field theory which allows one to determine the metric on space-time
from the sources, i.e., from the given distribution of masses in the universe.

*Euler, Leonhard: born 15 April 1707 in Basel (Switzerland), died 18 September
1783 in St. Petersburg (Russia). Swiss mathematician. Professor initially of physics,
then of mathematics at the Academy of Sciences in St. Petersburg (from 1730 until
1741, and again from 1766 onwards), and, at the invitation of Frederick the Great,
member of the Berlin Academy (1741-1766). Among his gigantic scientific work
particularly relevant for mechanics: development of variational calculus; law of
conservation of angular momentum as an independent principle; equations of mo-
tion for the top. He also made numerous contributions to continuum mechanics.

Fibonacci, Leonardi: ~1120-~1240. Italian mathematician who introduced the
Indian-Arabic system of numbers. See also Fibonacci numbers in Sect. 6.5.

*Galilei, Galileo: born 15 February 1564 in Pisa (Italy), died 8 January 1642
in Arcetri near Florence (Italy). Italian mathematician, natural philosopher, and
philosopher, who belongs to the founding-fathers of natural sciences in the mod-
ern sense. Professor in Pisa (1589-1592), in Padua (1592-1610), mathematician
and physicist at the court of the duke of Florence (1610-1633). From 1633 on un-
der confinement to his house in Arcetri, as a consequence of the conflict with Pope
Urban VIII and the Inquisition, which was caused by his defence of the Coper-
nican, heliocentric, planetary system. Galilei made important contributions to the
mechanics of simple machines and to observational astronomy. He developed the
laws of free fall.

*Hamilton, William Rowan: born 4 August 1805 in Dublin (Ireland), died 2
September 1865 in Dunsink near Dublin. Irish mathematician, physicist, and as-
tronomer. At barely 22 years of age he became professor at the university of Dublin.
Important contributions to optics and to dynamics. Developed the variational prin-
ciple which was cast in its later and more elegant form by C.G.J. Jacobi.

*Huygens, Christiaan: born 14 April 1629 in The Hague (Netherlands), died 8
July 1695 in The Hague. Dutch mathematician, physicist and astronomer. From
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1666 until 1681 member of the Academy of Sciences in Paris. Although Huygens
is not mentioned explicitly in this book he made essential contributions to me-
chanics: among others the correct laws for elastic, central collisions and, building
on Galilei’s discoveries, the classical principle of relativity.

Jacobi, Carl Gustav Jakob: 1804-1851, German mathematician.

*Kepler, Johannes: born 27 December 1571 in Weil der Stadt (Germany), died
15 November 1630 in Regensburg (Germany). German astronomer and mathemati-
cian. Led a restless live, in part due to numerous misfortunes during the turbulent
times before and during the Thirty Years War, but also for reasons to be found in
his character. Of greatest importance for him was his acquaintance with the Danish
astronomer Tyge (Tycho) Brahe, in the year 1600 in Prague, whose astronomical
data were the basis for Kepler’s most important works. Succeeding T. Brahe, Ke-
pler became mathematician and astrologer at the imperial court, first under emperor
Rudolf II, later under Mathias. Finally, from 1628 until his death in 1630, he was
astrologer of the duke of Friedland and Sagan, A.von Wallenstein. Kepler’s first
two laws are contained in his Astronomia nova (1609), the third is contained in
his main work Harmonices Mundi (1619). They were not generally accepted, how-
ever, until Newton’s work who gave them a new, purely mechanical foundation.
Kepler’s essential achievement was to overcome the ancient opposition between
celestial mechanics (where the circle was believed to be the natural inertial type
of movement) on one hand and terrestial mechanics on the other.

Kolmogorov, Andrei Nikolaevic: 1903-1987, Russian mathematician.

*Lagrange, Joseph Louis: born 25 January 1736 in Torino, died 10 April 1813
in Paris. Italian-French mathematician. At the early age of 19 professor for mathe-
matics at the Royal School of Artillery in Torino, from 1766 member of the Berlin
Academy, succeeding d’ Alembert, then from 1786 member of the French Academy
of Sciences, professor at Ecole Normale, Paris, in 1795 and at Ecole Polytechnique
in 1797. His major work Mécanique Analytique which appeared in 1788, after
Newton’s Principia (1688) and Euler’s Mechanica (1736), is the third of the his-
torically important treatises of mechanics. Of special relevance for mechanics were
his completion of variational calculus which he used to derive the Euler-Lagrange
equations of motion, and his contributions to celestial perturbation theory.

“Laplace, Pierre Simon de: born 28 March 1749 in Beaumont-en-Auge
(France), died 5 March 1827 in Paris. French mathematician and physicist. From
1785 on member of the Academy, he became professor for mathematics at Ecole
Normale (Paris) in 1794. He must have been rather flexible because he survived
four political systems without harm. Under Napoleon he was for a short time Sec-
retary of the Interior. Besides important contributions to celestial mechanics on
the basis of which the stability of the planetary system was rendered plausible, he
developed potential theory, along with Gauf3 and Poisson. Other important publi-
cations of his deal with the physics of vibrations and with thermodynamics.
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Legendre, Adrien Marie: 1752-1833, French mathematician.

Leibniz, Gottfried Wilhelm: 1646-1716, German natural philosopher and phi-
losopher.

Lie, Marius Sophus: 1842-1899, Norwegian mathematician.

Liapunov, Aleksandr Mikhailovich: 1857-1918, Russian mathematician.
Liouville, Joseph: 1809-1882, French mathematician.

Lorentz, Hendrik Antoon: 1853-1928, Dutch physicist.

*Maupertuis, Pierre Louis Moreau de: born 28 September 1698 in St. Malo
(Britanny, France), died 27 July 1759 in Basel (Switzerland). French mathemati-
cian and natural philosopher. From 1731 paid member of the Academy of Sci-
ences of France, in 1746 he became the first president of the Prussian Académie
Royale des Sciences et Belles Lettres, newly founded by Frederick the Great in
Berlin who called many important scientists to the academy, notably L. Euler. In
1756, seriously ill, Maupertuis returned first to France but then joined his friend
Joh.II Bernoulli in Basel where he died in 1759. Along with Voltaire, Mauper-
tuis was a supporter of Newton’s theory of gravitation which he had come to
know while visiting London in 1728, and fought against Descartes’ ether whirls.
Of decisive importance for the development of mechanics was his principle of
least action, formulated in 1747, although his own formulation was still some-
what vague (the principle was formulated in precise form by Euler and Lagrange).
A widely noticed dispute of priority started by the Swiss mathematician Samuel
Konig who attributed the principle to Leibniz, was eventually decided in favor
of Maupertuis. This dispute alienated Maupertuis from the Prussian Academy and
contributed much to his bad state of health.

Minkowski, Hermann: 1864-1909, German mathematician.
Moser, Jiirgen: 1928-1999, German mathematician.

*Newton, Isaac: born 24 December 1642 in Whoolsthorpe (Lincolnshire, Eng-
land), died 20 March 1726 in Kensington (London), (both dates according to the
Julian calender which was used in England until 1752). Newton, who had studied
theology at Trinity College Cambridge, learnt mathematics and natural sciences
essentially by himself. His first great discoveries, differential calculus, dispersion
of light, and the law of gravity which he communicated to a small circle of experts
in 1669, so impressed Isaac Barrow, then holding the “Lucasian Chair” of mathe-
matics at Trinity College, that he renounced his chair in favor of Newton. In 1696
Newton was called at the Royal Mint and became its director in 1699. The Royal
Society of London elected him president in 1703. Venerated and admired as the
greatest English natural philosopher, Newton was buried in Westminster Abbey.
His principal work, with regard to mechanics, is the three-volume Philosophia
Naturalis Principia Mathematica (1687) which he wrote at the instigation of his
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pupil Halley and which was edited by Halley. Until this day the Principia have
been studied and completely understood only by very few people. The reason for
this is that Newton’s presentation uses a highly geometrical language, divides mat-
ters into “definitions” and ‘““axioms” which mutually complete and explain one an-
other, following examples from antiquity, in a manner difficult to understand for
us, and because he presupposes notions of scholastic and Cartesian philosophy we
are normally not familiar with. Even during Newton’s lifetime it took a long time
before his contemporaries learned to appreciate this difficult and comprehensive
work which, in addition to Newton’s laws, deals with a wealth of problems in me-
chanics and celestial mechanics, and which contains Newton’s original ideas about
space and time that have stimulated our thinking ever since. Newton completed a
long development that began during antiquity and was initiated by astronomy, by
showing that celestial mechanics is determined only by the principle of inertia and
the gravitational force and, hence, that it follows the same laws as the mechanics
of our everyday world. At the same time he laid the foundation for a development
which to this day is not concluded.

Noether, Emmy Amalie: 1882-1935, German mathematician. Belongs to the
great scientific personalities in the mathematics of the 20th century.

*Poincaré, Jules Henri: born 29 April 1854 in Nantes (France), died 17 July
1912 in Paris. French mathematician, professor at Sorbonne university in Paris.
Poincaré, very broad and extraordinarily productive, made important contributions
to the many-body problem in celestial mechanics for which he received a prize
donated by King Oscar II of Sweden. (Originally the prize was announced for the
problem of convergence of the celestial perturbation series, the famous problem
of the “small denominators” that was solved much later by Kolmogorov, Arnol’d,
and Moser.) Poincaré may be considered the founder of qualitative dynamics and
of the modern theory of dynamical systems.

Poisson, Siméon Denis: 1781-1840, French mathematician.
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