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Introduction

Rigid body dynamics is one of the oldest and most challenging subjects in
classical mechanics. It was initiated by Leonhard Euler, who formulated the equations
of motion for a general (asymmetric) torque-free body and obtained the first inte-
grable, in quadratures, case known after his name. With the efforts of D’ Alembert,
Poinsot, Lagrange and Poisson, the equations of motion of a body about a fixed
point under the action of forces were written in their present form known as the
Euler—Poisson equations: a system of six first-order differential equations for which
three integrals are known. Lagrange found the second integrable case, the case of a
heavy axi-symmetric body, usually named as Lagrange’s top. In both cases of Euler
and Lagrange, an integral of motion followed from general principles of mechanics,
constancy of the angular momentum in the first and due to the cyclic angle of rotation
about the axis of symmetry in the second. An important moment was that in both
cases, the equations of motion were solved to the end and the solution expressed
through elliptic functions, invented by Jacobi, and certain integrals involving them.

The search for integrable cases continued, but, although the problem attracted the
attention of several eminent mathematicians, the search did not lead to any other
cases. A whole century later, Sofia Kowalevski found a new integrable case of the
heavy rigid body. That was not in virtue of a physical conservation principle, but
using a purely mathematical condition: all solutions of the equations of motion
should have only poles as their singularities as functions of time in the complex
t-plane. This property is satisfied by the solutions in the two known integrable cases
of Euler and Lagrange, being expressible in terms of elliptic functions of time. Having
isolated three cases of this type, two cases of Euler and Lagrange and a new third
one, Kowalevski tried and found the complementary integral in the third case. That
integral turned out to be the first instance ever of a polynomial integral of degree
four in the dynamical variables in a dynamical problem. Kowalevski also reduced the
problem to quadratures and expressed all the dynamical variables in terms of hyper-
elliptic functions of time, which are far more complicated than elliptic functions, but
share with them the property of having only poles as singular points in the complex
plane.
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viii Introduction

From this point on, instead of searching for new integrable cases, researchers
directed their efforts to find methods to prove non-integrability, non-existence of a
fourth integral of motion, in addition to the elementary three general ones, which
is algebraic (Liouville, Husson and Burgatti) or even single-valued (Poincaré). This
trend reached its perfection after the KAM (Kolmogorov—Arnold—-Mozer) theory
for integrable Hamiltonian systems was established. In the last few decades, new
concepts were applied to rigid body dynamics in the works of several authors, among
which those of Kozlov and Ziglin play a distinguished role.

The last quarter of the nineteenth century was a golden era for rigid body
dynamics. More complicated problems including certain generalizations of the clas-
sical problem were investigated. The integrable case of the motion of a body carrying
a symmetric rotor (the gyrostat) was found by Joukovsky and Volterra. Brun found
integrals of motion for the motion of a body acted upon by asymmetric Newtonian
force of attraction. The equations of motion of a body in a liquid were constructed
by Kirchhoff and integrable cases of that problem are associated with the names of
Clebsch, Steklov and Lyapunov. The same period is also characterized by the appear-
ance of several cases of exact particular solutions of the classical problem, which
were obtained by Staude, Hess, Goryachev, Chaplygin, Kowalewsky, Bobylev and
Steklov. Those cases constitute more than half of the exact solutions of the classical
problem, known to us to date.

The next half-century or so has elapsed without significant advancements in prob-
lems of rigid body dynamics as concerns integrable cases. The second half of the
twentieth century, on the other hand, witnessed a renaissance of the subject. Interest
has grown in integrable problems in general and, in particular, in those of rigid body
dynamics. Several important results were obtained, including new exact solutions of
the classical problem and the problem of motion of a heavy gyrostat. New problems
emerged and underwent intensive investigation. One of them was that of motion of a
body acted upon by more general conservative potential and gyroscopic forces. The
last four chapters of this book present mostly innovations brought into the subject in
the past few decades, in which the author had some substantial contributions.

The idea of writing this book emerged more than a decade ago. It was delayed so
long due to the social and political upheaval that arose in Egypt at the time and had a
direct impact on every aspect of life. The original motivation was two-fold, first and
foremost, there was a need for a new survey on the subject of rigid body dynamics.
The core of such a survey should be classification and a complete up-to-date account
of all the known but scattered in the literature integrable cases and particular solutions
of the diverse problems treated within this subject.

Only in integrable cases can one study the motion in the whole phase space and
draw conclusions about the behaviour of the mechanical system over an infinite
interval of time. It will be evident as we go through the book that integrable cases are
a rarity in problems of rigid body dynamics, and in some problems, there are even
proofs that no more integrable cases are there to be found in the future. This situation
ensures the high importance of every integrable case and justifies that each one is
recorded under the name of its discoverer. Also of great importance are particular
exact solutions, obtained only under certain conditions on the initial state of motion
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of the body. Those constitute the only window through which one can visualize or
study a little fragment of the solution in non-integrable problems over an infinite
time interval.

Direct methods already used in the construction of new integrable problems since
the late nineteenth century have been exhausted and are no longer capable of iden-
tifying integrable cases in more complicated problems. Completely new ways of
thinking were required to establish new methods and to make substantial advance-
ments in the subject. One of those ways was writing equations of motion in the form
of the Lax pairs and using advanced tools of algebraic geometry. In this way, many
integrable systems were constructed in the dynamics of particles and some in rigid
body dynamics. Later, those methods helped to construct the formal exact solution
of some problems. An example is the integrable case of motion of a body acted upon
by two skew uniform fields, which generalizes Kowalevski’s case of a single field
due to Reyman and Semenov-Tian-Shansky. Two integrable versions of this problem
were known when the problem admits a linear integral, but using the above method
made it possible to obtain the case, with a quadratic integral, unifying those versions.
The solution of the complexified equations was also pointed out in terms of Theta
functions.

Another method of finding integrable problems in rigid body dynamics was an
inverse one. The author of the present book developed a method for the construction of
integrable generalized natural systems of two degrees of freedom, which admit inte-
grals of motion in the form of polynomial in the velocities with coefficients depending
on the position. This method led to the appearance of vast families of such systems,
living on two-dimensional Riemannian manifolds. Designating special values for the
parameters, it was possible to construct integrable cases on some known manifolds.
In this way, a comparatively large collection of general and conditional integrable
problems in rigid body dynamics was constructed over the past decades. Examples
are the case of a gyrostat, which generalizes the classical case of Kowalevski, and a
large set of conditional cases. Every one of the integrable cases poses new mathe-
matical challenges: to investigate qualitative properties using integrals of motion, to
achieve separation of variables and study topological properties of integral manifolds
in the phase space. Another possible task is the construction of explicit time solution
of the equations of motion, usually by inverting quadratures in case of separation of
variables or by using Lax pair representation of a certain type.

Moreover, the application of certain transformations to known integrable cases
with cyclic coordinates has led to the construction of much more general inte-
grable cases. This produced new general integrable cases depending on several extra
parameters and added physical effects to all the integrable cases known earlier.

Thus, the state of the subject has radically changed since the time of the well-
known monographs of Leimanis and Magnus. In 2005, Borisov and Mamaev
published their book “Rigid Body Dynamics” and an English translation appeared
in 2017. This marvellous book lays emphasis on mathematical structures and gener-
alizations of integrable cases to higher dimensions. Several important topics are
not covered in it. Moreover, reading this book requires professional mathematical
knowledge.
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The second motivation for writing the book was to showcase some novel methods
developed by the author that have led to substantial results and completely new collec-
tion of integrable cases in rigid body dynamics. Although almost all these cases have
definite physical interpretation, they have not been given due attention. In the mean
time, as we essentially use the Lagrangian approach, against a currently prevailing
trend that the Hamiltonian (or Poisson bracket) approach is the one that should be
followed in all problems of mechanics whenever it is applicable. We had to explain
why we intentionally use the Lagrangian formalism to present some features of
mechanical systems that are vividly seen in that formalism, while disguised in the
Hamiltonian formalism. Our standpoint is that the use of this or that approach is not
an arguable issue. None of them can be said to be absolutely better than the other.
Each approach must be applied, with no prejudice, to problems for which it is most
suited. The problem of classifying and tabulating integrable cases of motion of a
rigid body subject to potential and gyroscopic forces, which occupies most of the
book, is an example. Those cases are time-irreversible, i.e. equations of motion are
not invariant under the change of sign of the time variable. As will be established
later in the book, every such case is completely determined by two (scalar and vector)
functions V and p. The scalar is the potential and the vector uniquely determines
the moment exerted by gyroscopic forces. The pair (V, n) uniquely characterizes
the physics of the problem and its equations of motion and thus can be used as a
basis for the classification and tabulation of integrable cases. On the other hand, in
inverse methods used to construct integrable systems, gauge terms that arise as a part
of the solution of partial and ordinary differential equations enter in the definition
of momenta. The Hamiltonian function and the Hamiltonian equations of motion
depend on those terms and obscure the necessary terms that determine potential
and gyroscopic forces acting on the body together with the physics of the problem.
Hamiltonian equations of motion of an irreversible mechanical system can be written
in an infinite number of equivalent forms. In fact, to determine whether two Hamil-
tonians are equivalent, one has to do some steps that are equivalent to finding the
equations of motion in the Lagrangian form. Concrete examples are given in the last
chapters of the book, beginning with Chap. 10. Nevertheless, in Chaps. 10 and 12,
after classification of integrable cases on the Lagrangian basis, to conform with the
reference character of the book, we also give Hamiltonians and complementary inte-
grals in terms of momenta for all integrable cases. These cases involve gyroscopic
moments, which depend on the position in a complicated manner. For such systems,
the Lagrangian approach is not just an awkward presentation, but it faithfully and
uniquely presents the physics of the problem under consideration. On the other hand,
a system of Hamiltonian equations of motion can represent a whole class of physi-
cally different mechanical systems on that level of complication. Nevertheless, the
whole integrability theory is most easily and clearly in terms of the Hamiltonian
approach.

In the plan of this book, it soon became clear that the original motivation to include
all new changes in the field of rigid body dynamics to produce something similar to
Routh’s tractate of the late nineteenth century is too ambitious and rather impractical.
The changes in the subject in the preceding half-century are far more extensive, to
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be included in one volume. A narrower line had to be set as an aim for the book. We
have, thus, made the decision to make a survey of known integrable cases in various
problems in the dynamics of a rigid body moving about a fixed point under given
forces, including certain problems of motion of a body with no fixed point, but which
reduce, after some transformation or reduction, to the first type of problems (with a
fixed point). Examples of such problems are the problem of motion of a body in a
liquid and that of motion of a satellite in a circular orbit about a spherical planet.

Thus, no place was left for some important problems. The problem of motion of
a rigid body subject to a non-holonomic constraint, rolling on a plane or a surface,
is an example. Other examples are the motion of a gyroscope in gimbals, problems
involving motion of a system of connected bodies in a general state of motion and
the motion of a body with a cavity, completely filled with a liquid in a state of
vortex flow. The last problem is described by Poincaré—Joukovsky’s equations of
motion. We have also excluded a large set of existing solutions, which are not in
finite exact form, like asymptotic solutions and series solutions or perturbations of
exact solutions in power series of a small parameter. On the other hand, problems of
rigid body dynamics in which integrability is not a principal issue are not considered.
An example is the controlled rotational motion of the rigid body.

Even in the main course of the problem considered in the book, we had to make
some definite selections of the material to be included. In the first place, we intended
to make a complete up-to-date account of all known integrable cases in the subject. A
considerable part of such content is scattered in the literature and would be presented
in the form of a book for the first time. The information about integrable cases should
contain conditions for their existence, full historical context of their discovery or
development from former cases and sufficiently detailed forms of the first integrals
in each case. This covers all general integrable cases, i.e. cases integrable in the
whole phase space (for arbitrary initial conditions) as well as conditional integrable
cases, i.e. integrable on a fixed level of the relevant linear integral of the motion
(the areas integral). In most elementary cases, we tried to illuminate as much as
possible the process of obtaining the explicit solution of the equations of motion.
By this, we mean the expression of all the physical phase variables in terms of
time. As will be seen in most of the integrable problems considered in this book,
the separation of variables, inverting quadratures and constructing explicit solutions
have turned into a separate art and in their majority still represent open mathematical
challenges. Even in solved cases, a frequently met drawback is that some explicit
solutions are expressed using complex functions of time, a situation that obstructs
their use in numerical calculations or simulation. For this reason, greater importance
is devoted to the construction of some particular solutions expressible in terms of
elliptic, trigonometric or simpler functions of time. Apart from the integrable cases,
complete, and somewhat detailed, account of all the twelve known exact particular
solutions of the classical problem of motion of a heavy rigid body is given. But this
could not be pursued in other higher problems of the hierarchy. That could simply
double the size of the book and also the time to compile the existing information.
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The book is divided into two parts:

The first part, the elementary part, grew mainly as a course on rigid body dynamics
delivered over years to undergraduate mathematics students of the Faculty of Science
and it can be used for this purpose. This part includes Chaps. 1-7, covering the mate-
rial necessary for a mathematics or physics student to get acquainted with the subject
of rigid body dynamics, its main problems, techniques and historical development. A
few sections of Chap. 8 can be selected to augment that content with some examples
of a particular solution in rigid body dynamics.

We begin in Chap. 1 with a study of the characteristics of mass distributions: the
centre of mass and the inertia matrix. Even in this classical material, some innovative
element was introduced. A new theorem is given, determining natural bounds on the
location of the centre of mass of a body with given moments of inertia. Chapter 2 is
devoted to different ways of the description of finite rotations, infinitesimal rotations
and the angular velocity vector. Introduced here are Euler’s angles, the rotation matrix
and quaternions for describing the orientation of the body.

Chapter 3 includes a brief study of the classical problem of motion of a rigid body
about a fixed point under the action of its own weight. Different forms of the equations
of motion and their integrals are derived in different reference frames fixed in the
body and moving with it. Equations of motion are obtained in Lagrangian, Routhian
and Hamiltonian forms.

In Chap. 4, the three general integrable cases of the classical problem known after
the names of Euler, Lagrange and Kowalevski are presented in some detail. Explicit
time solution of the equations of motion is given in terms of elliptic functions of time
for Euler’s case of a torque-free body. The solution of Lagrange’s case is reduced to
an elliptic quadrature, which may be used to express it in elliptic functions as well.
However, we relied, following Poisson, on the use of integrals of motion to establish
certain qualitative aspects of the motion, without referring to explicit time solution.
Kowalevski’s case is formally reduced to hyper-elliptic quadratures. Some degenerate
cases are solved in elliptic or simpler functions in Appendix B. The conditional case
of integrability bearing the names of Goryachev and Chaplygin is also presented with
its separation of variables belonging to Chaplygin. Degenerations of hyper-elliptic
quadratures are presented in some detail in Appendix C.

Chapter 5 is devoted to the study of the problem of motion of a heavy gyrostat. In
its simplest form, the gyrostat is a rigid body in which a symmetric rotor is placed
with its axis fixed in the carrier body by cylindrical smooth joint(s) and given a
constant angular speed with respect to the main body. The gyrostatic effects are
in wide use in several problems of science and technology. Equations of motion
were formulated in the last decades of the nineteenth century. An integrable case is
readily recognized, which is a trivial generalization of Lagrange’s case, when the
main body is axially symmetric and the rotor is aligned along its axis of symmetry.
The second case generalizes Euler’s case in the classical problem by adding a rotor
in an arbitrary direction fixed in the body. This case was found by Joukovsky and
shortly later by Volterra. The third general integrable case, Yehia’s case, was found as
a generalization of Kowalevski’s case in the classical problem by adding a gyrostatic
momentum. The conditional case of Goryachev and Chaplygin that was generalized
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to the gyrostat by Sretensky is also presented. The chapter concludes with some
applications of the gyrostat dynamics to stabilize certain motions.

In Chap. 6, the problem of motion of a gyrostat about a fixed point while acted upon
by the force of a Newtonian centre of attraction is presented. Especially interesting
is the case when the attraction centre is far from the fixed point. This case is treated
in some detail, for it has several applications in certain problems in astronomy and
physics. Two integrable cases are known. They generalize Euler’s and Lagrange’s
cases. In this chapter, we also present what is called Brun’s problem, which is equiva-
lent to a special version of the former problem. A quite interesting property is proved
that Brun’s potential is the only one that admits an integral of motion, quadratic in
the velocities.

Chapter 7 contains a brief account of the problem of motion of a body having no
fixed point. Equations of motion will be useful in certain topics later to be exposed in
this book. A quite interesting example, the motion of a top on a smooth plane (called
Poisson’s top), is considered at least for its educational importance.

The second part of the book contains mostly new research material that was not
compiled before in book form.

The original course included a few examples of particular solutions of the equa-
tions of motion. In the final plan of the book, I found it necessary to make separate
Chap. 8 collecting the basic information and results about all the twelve known exact
particular solutions of the equations of motion in the classical problem. This infor-
mation, which accumulated in the period from the 1890s to 1970s, to the date the last
case was found, has never been presented in a source in the English language. Just a
few cases are pointed out in Leimanis’ book [256], not all of them are correct. The
same situation applies to Magnus’ monograph [270]. Borisov and Mamaev mention
only half of these cases, with somewhat detailed analysis of the earlier results of
Staude, Hess, Bobylev, Steklov and Grioli. In our presentation, some new features
were added. In most cases of a particular solution, we show the curve drawn during
the motion by the apex of the vertical unit vector y on the unit sphere fixed in the
body. This graph gives a full idea on how the body moves relative to the vertical
through the fixed point, i.e. up to a rotation about it.

Exact particular solutions of the gyrostat problem are considered only in one brief
section of Chap. 8. Those solutions were intensively studied almost exclusively by
the school of Mechanics in Donetsk. All those cases are listed with the essential
information on each case. Those are nine cases generalizing their counterparts of the
classical problem and four new cases with no classical analogs. For each case, we
provided necessary information and references that would help the interested reader
to track every case in original works.

In Chap. 9, we consider the analogy between the motion of a rigid body about
a fixed point and the problem of motion of a particle on a smooth ellipsoid. This
analogy, noted first by Minkowski, furnishes several easy ways for the reduction of
the order of equations of motion, using the known integrals of motion. The climax in
this direction is the maximal reduction to a single differential equation of the second
order named as the “orbital equation”. This equation settles once for all the question
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of maximal reduction of order raised in rigid body dynamics the since 1890s and
discussed by a long list of authors.

Chapter 10 is devoted to the problem of motion of a body by inertia in an ideal
incompressible fluid extending to infinity in all directions. This problem originally
belongs to the field of hydrodynamics, which is described by boundary-value prob-
lems on partial differential equations. Nevertheless, the efforts of several authors led
to the result that the pressure of the fluid on the body can be completely avoided,
leaving us with a mechanical system of six degrees of freedom. Equations of motion
of that system were given by Kirchhoff and Clebsch for a simply connected body
and by Lamb for a multi-connected (perforated) body.

Also in this chapter, a new form of the equations of motion and a transformation
have changed the way of presentation so deeply, gave a new insight into the problem
and revealed its inherent relation to other physical problems that were treated before
as completely separate from each other. An analogy has been established between
this problem and a special form of the problem of motion about a fixed point of a
heavy and magnetized body, which carries immovable in it electric charges under
the action of an axi-symmetric combination of gravitational, electric, magnetic and
Lorentz forces. This opened the way to study systematically, for the first time, the
motion of a heavy, magnetized and electrically charged body or gyrostat. The full
list of known integrable cases, seven general and two conditional, valid for the two
equivalent problems, is given in a unified form. For each case, we give relevant
historical information and essential contributions to its study. For completeness, we
also provide the Hamiltonian and the complementary integral for every integrable
case in the tables, beginning from Chap. 10, where gyroscopic forces will play a more
prominent role and Hamiltonians found by inverse methods are usually obscured by
gauge terms.

The analogy just described above of the problem of motion of a body in a liquid
and the alternative problem has placed the last problem on the top of a hierarchy
of the problems considered in all previous chapters and paved the way to create a
higher and richer level of that hierarchy that was never treated before. It may have
been considered as hopelessly complicated to yield significant results.

In Chap. 11, the use of the Lagrangian approach and certain peculiarities of the
equations of motion has pushed the whole subject beyond its common limits. Equa-
tions of motion are given in their historical context. They formally generalize the
new alternative form of equations of motion of a body in a liquid and go much further
from the physical point of view. Transformations are given, which generate new inte-
grable cases of the most complicated nature from the ones in the lower hierarchies,
by adding more parameters into their structures.

In Chap. 12, unprecedented and quite complicated integrable cases involving
large numbers of parameters were constructed in an exotic, but effortless, way. In
fact, we have used certain tricky properties of the Lagrangian formalism to add extra
parameters of physical significance to the structures of the known general integrable
cases of a body in a liquid. The number of those additional parameters depends on
the structure of the potential part of the Lagrangian of the integrable problem. The
new cases are the only known examples in our days of integrable cases of motion of
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arigid body acted upon by potential and gyroscopic forces of the most complicated
structure. The variety of those cases may shed some light on some of the most
intractable problems of mechanics concerning the motion of natural and artificial
bodies in extreme conditions when the fields applied to the body have comparable
effects and none of them can be treated as negligible.

In this chapter, we also introduce a new type of generalization of each general
case of integrability of motion of a body in a liquid a conditional integrable case
involving an arbitrary function. This type of generalization is valid on a fixed level
of the cyclic (areas) integral.

It was argued by some authors that those two types of generalization are trivial
and lose their value if the problem under consideration is written in Hamiltonian
formalism. We use the Hamiltonian formalism to show that this view of the subject
is not factual.

In Chap. 13, we give a full list of the known up-to-date conditional integrable cases
of the problem of motion of a rigid body. The tables for those cases are given here in
their last and most general form, with no regard to their physical interpretation. Cases
in those tables are ordered according to the degree of the complementary integral as a
function of the components of the angular velocity of the body. Some of them acquire
a physical meaning only for certain values of the parameters present in them. Other
ones do not seem presently to have physical meaning at all, mostly because their
potentials involve singular terms of certain types, not usually attainable by natural
fields. The 22 cases known at present of this class were obtained mainly in the works
of the author and some with his coworkers. Most of those cases have resulted as
special cases of certain generalized natural multi-parameter integrable systems that
were constructed by the author over the last few decades. Some of those cases have
even stimulated research to find new ways for the separation of variables and other
mathematical topics.

Chapter 14 is devoted to a systematic presentation of the present status of the
problem of motion of a rigid body about a fixed point under the action of an asym-
metric combination of potential and gyroscopic forces (crossed fields). Equations
of motion are derived in the Euler—Poisson variables. Known integrable cases are
collected and classified. First presented are integrable cases of a body acted upon
by two and three skew uniform fields, then cases with a potential that is quadratic
in the direction cosines. Apart from some special cases, in both types of problems,
the mechanical system has strictly three degrees of freedom, i.e. does not admit
a cyclic integral. In the last two sections of this chapter, we present two classes of
problems admitting a cyclic coordinate. The problem of motion of a (physically) axi-
symmetric body under the action of asymmetric forces admits the Eulerian proper
rotation angle as a cyclic coordinate. The symmetry leading to a cyclic integral in
the second problem is not about a fixed axis, neither in space nor in the body. It may
be interpreted as axial symmetry in the quaternion space. The cyclic coordinate is
the sum (or difference) of the two Eulerian angles of precession and proper rotation.
For the last two classes, the method described in Chap. 11 and applied in Chap. 12
gives some exotic generalizations of the well-known cases.
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Exercises constitute an essential component of the book. A large number of them
provide some supplemental information to the main text or introduce in a brief way
additional topics of special interest that could not be presented in more detail.

The elementary part of the present book should be easily readable by anyone who
has completed courses on calculus, differential equations and analytical dynamics.
Some parts require some knowledge of elliptic integrals and Jacobi’s elliptic func-
tions. The advanced part provides mostly new material but it is written in the most
elementary way. It will be tractable for readers of different mathematical back-
grounds: students, Mathematicians, Physicists and Engineers. I hope that it will stim-
ulate research in the field. Many of the new cases may be investigated for explicit
solution either by separation of variables or by the use of Lax pairs. Topological
classification and qualitative properties of motion can be studied for every case, for
which separation of variables is achieved. Many cases are waiting for appropriate
concrete physical interpretation.

This book is intended to be a reference book for integrable cases and exact solu-
tions. I have taken possible care of checking the large number of formulas involved,
mostly by using computer packages of symbolic computation.

Throughout the book, I used the usual notations for mathematical terms and
operations. Vectors and matrices are denoted by bold symbols, and scalar and vector
products by dot and cross, respectively. We have found it much easier and more
consistent to use for multiplication of a vector v by a matrix M the usual matrix form
vM, instead of the mostly used operator form Myv. The first produces vectors in the
usual row form and brings some advantage in avoiding the need in many sources to
switch between row and column forms of vectors.

During work on this book, I enjoyed generous help from many friends, to whom
I express my sincere gratitude. A conversation with David Gao at a conference
in Poland was encouraging and inspiring. Michael and Irina Kharlamov and Pavel
Ryabov provided me with some old papers in Russian. Gennady Gorr secured for
me issues of MTT and longtime chats discussing many details of the subject. Our
long-years friendship was in no way affected by our differences on some of the
content of books coauthored by him. Alexey Borisov made some publications of RCD
available to me, in addition to his books coauthored by Ivan Mamaey, including their
marvellous book on rigid body dynamics (2005) and its recent English translation
(2017). On the other hand, Ahmed Ghaleb has read extensive parts of the manuscript
and made many suggestions to improve the English text. Adel Elmandouh and Ashraf
Hussein helped me by checking some mathematical calculations and resolving some
issues concerning LaTeX editing of the manuscript. Hani Yehia and Ashraf Hussein
helped me to improve the quality of some graphics.

Mansoura, Egypt Hamad Yehia
March 2021 hyehia@mans.edu.eg
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The Elementary Part



Chapter 1 ®)
Distribution of Mass g

In the study of the dynamics of a rigid body, we deal in a natural way with certain
quantities which are determined by the distribution of mass in that body. In this
chapter, we introduce those quantities and study their properties and the relations
between them.

1.1 The Moment of Mass—The Centre of Mass

A rigid body is defined as a finite distribution of mass in which the relative positions
of all its mass elements do not change with time, regardless of the position of the
body in space and the external forces exerted on it. We do not assume any conditions
on the structure or shape of the body, which may be composed of invariable rigidly
connected parts that can comprise in any way discrete point masses and continuous
line, surface or volume distributions of mass. The term “element of mass” we use
below should be interpreted in each case accordingly.

1.1.1 Moments of a Mass Distribution

The moment of mass of a given rigid body is a vector defined by the integral

a’:/rdm, (1.1)

where dm is an infinitesimal mass element, r is the position vector of that element
and the integral is taken over all mass elements of the body. In a given system of
axes Oxyz, the components are
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(/xdm,/ydm,/zdm), (1.2)

Those are the first moments of the mass distribution with respect to the given coor-
dinate system.
Generally, moments of arbitrary degree n for a mass distribution are also defined

o(ny,ny,n3) = /x”‘y”%”»*dm, (1.3)

where ny, ny, n3 are non-negative integers and n = n; + n, + n3 . In dynamics of
rigid bodies, zeroth-, first- and second-degree moments (n = 0, 1, 2) appear naturally
in the equations of motion. Higher moments are also met when the potential of a
rigid body is calculated in certain models of gravitational potential in the field of
attraction of other bodies. The simplest case is that of approximating the potential of
the body in the Newtonian field of a far centre of attraction. We shall return to this
point later with more detail.

1.1.2 Centre of Mass
Let M be the total mass of the body

M = / dm. 1.4)
Obviously, M is positive and finite. The vector

ro=o0/M = (%/xdm, %fydm, %/zdm) (1.5)

defines a unique point in the body, called the centre of mass. This point has the
fundamental property that the resultant of forces exerted on the body by an arbitrary
uniform gravity field always passes through it. However, this property can be lost for
any non-uniform gravitational field.

1.2 Second Moments and Inertia Matrix of a Mass
Distribution

In the course of our study of rigid body dynamics, we deal with two related matrices
(in fact, tensors):
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1.2.1 Second Moments Matrix of Mass Distribution

3

Define the symmetric matrix I = (I;, D=t

i zfrirjdm, ii=1.3 (1.6)

where r; stands for the i-th component of the position vector r =(x, y, z) of the mass
element dm of the body, i.e.

[x*dm [xydm [ xzdm

I=| [xydm [y*dm [ yzdm |. (1.7)
[ xzdm [ yzdm [ z*dm

Diagonal elements [ x*dm, [ y>*dm and [ z2dm are called moments of inertia of
the body with respect to the planes yz, zx and xy, respectively.

1.2.2 Inertia Matrix of Mass Distribution

In most dynamical considerations, we more frequently meet the inertia matrix
defined as B B
I=¢tr@)d -1, (1.8)

where 6 is the unit matrix. This makes

JO*+2Ddm  — [xydm  — [xzdm
I=(I;;); ,_, = — [xydm [ +xHdm — [yzdm . (1.9)
— [ xzdm — [yzdm  [(x* + yHdm

The diagonal elements of the inertia matrix 11, I» and I33 are called moments of
inertia of the mass distribution with respect to the axes x, y, z, respectively, while
the off-diagonal ones are termed the products of inertia with respect to the three
coordinate planes. As the mass element is always positive, the moments of inertia
are non-negative. Moreover, a moment of inertia of a body about an axis vanishes
only if the body mass is distributed (continuously or discretely) on that axis.
Note that
tr() = 2tr(D), (1.10)

so that the inverse of the relation (1.8) can be written as

I= %tr(l)é—l. (1.11)
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1.3 Properties of the Inertia Matrix

1.3.1 The Triangle Inequalities

Although the moments of inertia are always positive, not every three positive quan-
tities can represent moments of inertia of some body about three perpendicular axes.
In fact, moments of inertia of a body satisfy the inequalities

I+ 1n— 13 2 0,In+ 13— 111 20,111 + 133 — I > 0. (1.12)

The equality holds only for plane mass distributions. Those inequalities suggest that
the three moments of inertia about three perpendicular axes can be represented by
lengths of three sides of a triangle. We shall return to this point with more detail later
in this chapter.

To prove those inequalities, we notice from (1.7) that the diagonal elements of I
are non-negative, for being quadratic moments of mass with respect to the coordinate
planes. The three inequalities follow from the relation (1.11). Equality holds only
for bodies whose mass is distributed in one of the coordinate planes.

1.3.2 Theorem of Parallel Axes

Let I be the inertia matrix of a given body of total mass M with respect to some
Cartesian frame Oxyz with origin O at the centre of mass of the body. We shall

calculate the inertia matrix I’ with respect to another Cartesian frame O’x’y’z’ parallel

to the first, so that O’ has relative to O the position vector r; = (x1, y2, z1). The first
of those elements is

I, = /(y’2 +2%)dm
= f[(y — )’ + @ —z)’ldm
= /(y2 +z2%)dm + (y12 + z%)/dm -2y / ydm — 2z, /zdm.
Since [ ydm = [ zdm = 0, we get

Iy =1, + M7 +27). (1.13)
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In a similar way, we can show that

M(y12 —l—Z%) —Mxy —Mxz,
U=1+| —Mxyy M@E@+x) —Myz |, (1.14)
—Mxizi —Myizi Mxi+y7)

which can be stated as follows:

Theorem 1.1 The inertia matrix of a body about a system of axes is equal to its
inertia matrix relative to a parallel system with the origin at the centre of mass of
the body plus inertia matrix of a point mass equal to the mass of the body placed at
the centre of mass of the body relative to the first system.

From (1.13), we deduce that among all parallel axes, the axis around which the
moment of inertia of a given body is minimal is the one passing through centre of
mass of the body.

1.3.3 Ellipsoid of Inertia

Let I be the inertia matrix of a given body with respect to a Cartesian reference
frame Oxyz. Denote by r the position vector of the current mass element dm. The
moment of inertia of that body about an arbitrary straight line O P, passing through
O, whose direction cosines are given by the vector t = («, 3, ) can be written in
the form (Fig.1.1)

e

Fig. 1.1 Body-element
reference frame 4

dm

0
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IOP = / |I‘ X t|dm
=/[|r|2|t|2—(r~t)2]dm

= / [(x% + y* + 2)(a? + B2 +7°) — (ax + By +7v2)*1dm

= I110” + [nf* + Ly + 210 + 263 By + 2100y (1.15)

We now take a point Q on O P such that I p is inversely proportional to O Q2
with a proportionality constant of dimensions M L* and magnitude equal to 1, i.e.
lop = Oil—éz. Combining this with (1.15), we get

—
0Q (Ina* + Inf* + Iyy* — 210 — 2138y — 21309) = 1,

and denoting by (X, Y, Z) the coordinates of O, we can put the last equation in the
form

InX?+ InY? + I3 Z% + 201, XY +2In3YZ + 213X Z = 1. (1.16)

This means that the point Q lies on a quadratic surface with centre at the origin.
Since the moment of inertia of the body around any line is always positive and finite,
the surface (1.16) is an ellipsoid, usually termed “inertia ellipsoid” or “Cauchy’s
ellipsoid”. Equation (1.16) can be written in short form as

f-r=1, (1.17)

wherer = (X, Y, Z).

With the inertia ellipsoid, we gain a clear geometric image of the distribution of
moments of inertia about axes meeting at one point. We know from geometry that
the axes can be rotated to a position O&n(, say, so as to eliminate the products of
inertia and hence all mixed terms in (1.16) and write the ellipsoid equation in the
standard form

A&+ B +CC =1, (1.18)

where A, B, C are called the principal moments of inertia. They are the eigenvalues
of the inertia matrix /, i.e. roots of the equation

In—X Ip I3
Io Ip—X D |=0 (1.19)
I3 Iy Ip— A

or, in expanded form,
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N — (I + I + I33)\?
+(InIn + Inlss + Inlyy — Iy, — I3 — IR\
—IInlss + 211313 + 1111223 + 1221123 + 1331122
—0. (1.20)

One should notice here that the coefficients of the last equation, which defines
a unique set of principal moments of inertia, must be invariant with respect to the
rotation of the axes, i.e. they must be independent of the current set of axes at O.
This implies the three relations between the elements of the current inertia matrix at
O and the principal moments of inertia at the same point:

Ii+Ipr+hi=A+B+C,
Il + Dol + Iyl — 1, — I — Iy = AB + BC + AC,
I Inls — 21 halis — I Iy — Inlh — Inlh, = ABC. (1.21)

The axes &, 1, ¢ of the ellipsoid (in which [ is diagonal) are called the principal
axes of inertia and they are in the directions of the eigenvectors of /, i.e. the solutions
of the linear system

In =X I I3 13
Iy Inp—X I n|]=0 (1.22)
I3 Ly - A ¢

corresponding to the three eigenvalues A = A, B, C.Theplanes{ = 0,7 =0, =0
are called principal planes.

Remark 1 As clear from (1.18), the semi-axes of the ellipsoid of inertia are

1 1 1
a:—,b:—’C:—’
VA vBJC

and thus the semi-minor axis of the ellipsoid of inertia is the axis of maximal moment
of inertia and the semi-major axis of the ellipsoid of inertia is the axis of minimal
moment of inertia.

Remark 2 An arbitrary ellipsoid with semi-axes a, b, ¢ cannot be the ellipsoid of
inertia of a real body unless those semi-axes satisfy the three inequalities & + & >
11 1 L1 1 1 “ b
tzZ2a.xta2y

2 p2 = a2 2 az = p2°
Remark 3 When two of the principal moments of inertia are equal, A = B, say, the
ellipsoid of inertia becomes an ellipsoid of revolution with axis of symmetry {. Then

all axes passing through O in the equatorial plane £n of the ellipsoid are principal
axes.

Remark 4 When A = B = C, the point O is called a spherical point. All axes
through it are principal axes.
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Remark 5 The matrices I, I have the same principal axes and in those axes, in
virtue of (1.11),

- - - B+C—-—A C+A-B A+B-C
I = diag(A, B, C) = diag + , + , * , o (1.23)
2 2 2
and regarding the inverse relation (1.8), we also have
I =diag(B+C,C+ A, A+ B). (1.24)

As we shall see in several occasions in the sequel, it is advantageous to use the second
moments matrix instead of the inertia matrix. Several relations take a simpler form
when expressed in terms of I. Moreover,

Remark 6 Contrary to moments of inertia, any given three positive quantities can
serve as the principal second moments of a mass distribution with respect to three
orthogonal axes.

Remark 7 If the axes are arranged so that A > B > C, then A<B<C.

Remark 8 The condition of axial dynamical symmetry A = B is equivalent to
A =B.

Remark 9 The diagonal elements of the inertia matrix defined in (1.8) (expressed
in terms of I) automatically satisfy the triangle inequalities

B+C—-A=2A>0,C+A—-B=2B>0,A+B—-C=2C>0. (125

1.3.4 The Gyration Ellipsoid

The inverse I~ of the inertia matrix is called the gyration matrix. The gyration
ellipsoid can be defined, in a way analogous to inertia ellipsoid, by the equation

I 'r=1, (1.26)
where r = (x, y, z) is a current point on that ellipsoid. Thus, inertia and gyration

ellipsoids have the same principal axes and their semi-axes are reciprocal to each
other. In the principal axes of inertia, the gyration ellipsoid is

[}

x+y2+ =1 (1.27)
A B o '
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1.3.5 Representation of Principal Moments of Inertia

In many problems involving rigid body dynamics, the results depend on the values of
the moments of inertia. This can be represented in several ways. Here, we describe
two of the most frequently used methods:

1.3.5.1 The First Method

In most problems, only the ratios between moments of inertia and not the moments
themselves are significant to the results. The simplest method is to represent moments
of inertia in the plane of their ratios (¢, ) = (%, %). The set of admissible points,
i.e. points which correspond to real bodies are those inside or on the border of the
semi-infinite strip shown in Fig. 1.2. This strip is divided into zones with different
relative order of the moments by lines representing cases of two equal moments and
cases when the body is a plane disc. We refer to those zones by Roman numerals.

1) A>B>C,
1) B> A>C,
I B>C=>A,
IV) A>C > B,
V) C>A>B,
V) C>B=>A.

1.3.5.2 The Second Method

Ratios of moments of inertia are represented by points in the plane of the two quan-
tities

Fig. 1.2 Representing 1=C/A
moments of inertia in the 4
plane of their ratios C=A+B

(]

£=BJA
3
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Fig. 1.3 Representing ratios B
of moments in the plane
A1 B %
1
A%
11
vV
A
1
I
VI
!
A =B7C p _C-A (1.28)
1= A s D1 — B . .

Recalling that the largest value of B is A + C, we note that the maximum value of
A is 1. Also, the largest value of C is A 4+ B and thus A; has a minimum of —1.
Similarly, we can show that —1 < B; < 1. The admissible area in the given plane is
the square depicted in Fig. 1.3.

Comparing the three methods, we note that the circular boundaries between zones
are not comfortable in use. Two of the zones extend to infinity, in which the moment
A approaches zero. In the second method, the boundaries are straight lines, but we
also have two infinite zones. In the third method, all zones are finite and boundaries
are straight, but the quantities defining the plane are not as simple as in the second
method. Thus, we shall prefer to use one of the last two methods when we need to
illustrate the dependence of certain results on moments of inertia of the body.

1.4 Relations Between the Centre of Mass and the Inertia
Ellipsoid

In several circumstances, we deal with a rigid body and results of the study depend
on the parameters: moments of inertia of that body, its mass and the position of its
centre of mass. In the analysis of such results, one has to know the relative order of
parameters. Also, in numerical simulations of motion, one needs to choose definite
numerical values of all the parameters, corresponding to a realistic body.

We know that three moments of inertia A, B and C are subject only to triangle
inequalities. When one of the triangle inequalities for moments of inertia approaches
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equality, say, C = A + B, the body turns into a distribution of mass in the plane
z = 0. Obviously, some condition (or conditions) must hold in the general case and
turn to z = 0 in the case of equality.

This question is answered by the following:

Theorem 1.2 [389] Let Oxyz be the Cartesian coordinate system coinciding with
the principal axes of inertia at O of a body of mass M and given principal moments
of inertia A, B and C, respectively. The centre of mass of the body lies inside or on
the ellipsoid

x2 yz 2
E+ﬁ+c_2=17 (1.29)
where
, A B+C-4A , B C+A-B , C A+B-C
a = — = ———, _= ==, = — = .
M 2M M 2M M M
(1.30)

Remark 10 Note thatif C — A + B, then ¢ — 0 and the centre of mass lies in the

ellipse
2 2
AR A (131)
B/M " A/M

of the plane z = 0, where A = [ y?dm, B = [ x*dm.
This theorem can be proved! by applying the conditions that the quadratic form

F(o, oy, a2, 03) = f(ao +x101 + y1aa + z103)*dm

is non-negative for all real vy, o1, oz, 3 where dm is the mass element at (xy, y;, 1)
and the integral is taken over the whole mass of the body. This gives

F(a, an, a2, a3) = Oz%/dm
+2CM0(OZ1/X1dm+a2/y1dm+a3/11dm)
+a%/x12dm+a§/.y12dm+a§'/zfdm

= M[aj + 2a0(a1x + azy + a3z2)]
+Aaj + Bas + Caj.

! For detailed proof, generalization to arbitrary dimension and degenerate cases, see [408].
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For a mass distribution M > 0, and the required condition is that all top left deter-
minants of the matrix

—_—

O O =

N~ =
oxlw o <
o o a

should be non-negative. It turns out that, unless the mass distribution lies in a plane,
those conditions reduce to three ones of the form

P <dy < b A< (1.32)
where _ _ _
A B C

ad=—0==cr=— (1.33)
M M M

and the last one, resulting from the whole determinant, which we put in the form

x_2 + y_2 + i <1 (1.34)
2 2= :
Conditions (1.32) restrict the centre of mass of the mass distribution to lie inside or
on the cuboid centred at the origin and with sides 2a, 2b, 2¢. The condition (1.34) is
stronger than the three previous conditions. It tells that the centre of mass lies inside
or on the ellipsoid with semi-axes a, b, c inscribed in this cuboid.

The semi-axes of the ellipsoid in the condition (1.34) have the simplest form
(1.33) in terms of the matrix of second moments. Written in terms of moments of
inertia, they become

p_BFEC-A  CHA-B , A+B-C

1.
oM om0 oM (1.35)

Remark 11 Theorem 1.2 was firstly used in [388], where it helped to establish
that the number of zones of stability and instability of pendulum-like motion cannot
exceed a given finite number. Disregarding such result led to assuming countable
number of zones in some works, e.g. [17]. In some engineering works in order to
simulate the motion of a rigid body, authors have to give the parameters of the
problem certain numerical values. Ignoring the above conditions can lead to the use
of impossible combination of parameters like the location of the centre of mass that
does not belong to any physical body, e.g. [160]. Recently, this result was applied in
[315].
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1.5 Solved Examples

Example 1
Find the loci of the axes at O about which the moments of inertia are equal.
Solution

Let (¢, 1, ¢) be a point on one of those axes, about which the moment of inertia
is 1. The point of intersection of this axis with the inertia ellipsoid

A+ B +CP =1

lies on the sphere
IE+nr+G) =1

Subtracting the two equations, we obtain
(A-DE+B-DHn*+(C—-DHE =0. (1.36)

This homogeneous quadratic equation determines the required locus, which is a cone
with vertex at O. This cone is called equimomental cone (Fig. 1.4).

For determinacy, we assume the moments of inertia to be organized so that A >
B > C. Equation (1.36) is meaningful only for values of / satisfying C <1 < A
(Fig. 1.5).

The shape of the cone depends on the value of I as follows:

(1) For I = C, the equimomental cone degenerates into the line { = n = 0, i.e. into
the z—axis.
(2) For values of I on the interval C < I < B, Eq. (1.36) takes the form

Fig. 1.4 Iso-momental lines
on the ellipsoid of inertia
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iso-momental lines on the

Fig. 1.5 Projections of g
xz-plane ,

\S

A-DE+B-Dn*=U-0)¢

The axis of the cone is the z—axis.
(3) When I = B, the middle moment of inertia, the cone degenerates into the two

planes
V(A—=B){=+/(B—-C)

which intersect at the middle axis of the inertia ellipsoid.
(4) For values of I on the interval B < I < A, Eq. (1.36) can be written in the form

(A-DE=U-B)*+U —C)¢

The axis of the cone is the x —axis.
(5) Finally, when I = A, the cone degenerates into x —axis.

Example 2

Ag, By and Cj are the central principal moments of inertia of a given body (the
principal moments of inertia at its centre of mass). Show that no point exists, at which
the three principal moments of inertia A, B, C are equal (spherical point), unless the
smaller two of the central moments are equal.

Solution

Let the point P(x, y, z) be a spherical point referred to axes at the centre of mass
O of the body. All axes passing through P are principal axes. Choose the axis O P
to be the z—axis. The inertia matrix in parallel axes at P is

A+ MZ? 0 0
0 B+Mz20 |,
0 0 C
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and its diagonal elements are the principal moments at P. Equating those, we get
A+Mz> =B+ Mz =C.

This is possible only when A = B < C, i.e. the z-axis is the axis of dynamical
symmetry and the moment around it is the maximal moment at O. In that case, there

are two spherical points (0, 0, £,/ %), both lying on that axis at equal distances
from the centre of mass.

Example 3

(a) Find the cone formed by all axes passing through some point O of a rigid
body, so that each of them is a principal axis of inertia at one of its points.

Solution

(a) Let xyz be a system of axes at the given point O and r = (x, y, z) be the
position vector of the current mass element in that system. Take an axis z’ passing
through another point O’ at a distance s from O and two orthogonal axes to complete
anew Cartesian system x’y’z" at O’. Let «, 3, =y be three orthogonal unit vectors in
the directions of the new axes. We have

X=r-ay=r-8,7=r-v-s.

The condition that Oz’ be a principal axis of inertia of the given body at O’ gives
two equations
/x'z’dm =0, f y'7dm =0,

which can be written in the form
o - (yI— Msry) =0,8- (I — Msry) =0

in which ry is the centre of mass and I is the second moments matrix. The vector in
brackets is thus orthogonal to both a and 3, i.e. parallel to «y. That is

~ x (I — Msry) = 0. (1.37)

Eliminating s by multiplying scalarly by ry, we get the equation of the required
locus as B
ro- (v x~vDh =0. (1.38)

In this form, this equation can be expressed in terms of components with respect to
any axes at O. In particular, if we take xyz as the principal axes of I (and also of the
inertia matrix I) at O, then (1.38) takes the form
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X0 Yo 20
N =0 (1.39)
Ay By, Cy3
or, equivalently,
x0(C — B)12v3 4 yo(A — C)y371 + 20(B — A)ram = 0. (1.40)

This homogeneous quadratic equation represents a cone with vertex at O, called
Ampere’s cone. Recalling the relation (1.11), one can write the relations (1.38—1.40)
in terms of the inertia matrix by simply dropping bars from I(A, B, C). In particular,
the last equation becomes

x0(C — B)72v3 + yo(A — C) vz + z0(B — A)yay1 = 0. (1.41)

The three principal axes are generators of that cone. Other generators are passing
through the points 1o, roI~!, roI~!. The general view of Ampere’s cone is shown
in Fig. 1.6. We shall meet this cone in the sequel, in connection with the stationary
rotations of a rigid body known as Staude’s rotations (see Chap. 8 Sect. 8.3).

Fig. 1.6 The intersection of
Ampere’s cone with the unit
sphere, for
A:B:C:2:3:4and
X0:y0:20::2:3:7




1.6 Exercises 19

1.6 Exercises

1. Show that for an axis to be a principal axis of inertia of a given rigid body at two
points on it, this axis should pass through the centre of mass of the body, and in
that case, it is a principal axis for all its points.

2. Given a rigid body and a point O on an axis Oz fixed in it, show that one can
always find two orthogonal pairs of axes x, y and x;, y; at O orthogonal also to
z, such that

(a) the product of inertia with respect to x, y vanishes;
(b) the moments of inertia about x;, y; are equal, and find the angle between
the two pairs.

3. Given a body with central principal moments of inertia A, B, C, show that its
matrix of inertia can be obtained at an arbitrary point of space by replacing
the body with an ellipsoid of the same mass M, uniform density and semi-axes

(\/5(B+C7A) , \/S(CJrA*B) , S(A;ﬁfc)), respectively, in the directions of the cen-

M M
tral principal axes.

4. Show that the two circular cross-sections of the gyration ellipsoid (1.27) relative
to principal axes at O lie in the two planes

xy/C(A—B)+z,/A(B—-C) =0.

In Hess’ case, the centre of mass (xg, Yo, z0) lies on the line drawn from O
perpendicular to one of those cross-sections, show that the following conditions
are satisfied:

yo=0,x2A(B — C) = z2C(A — B).

5. Show that the equation of the gyration ellipsoid (1.26), in arbitrary Cartesian axes
at the same origin, can be put in the form

1 x y z
x Iy Ip I3 0
y Iy Iy In3 )

z Iz Iz I33

6. Show that the equation of the ellipsoid (1.29), inside or on which lies the centre
of mass (x, y, z) of a body in an arbitrary system of axes Oxyz, can be written

in the form
M Mx My Mz

Mx 1:11 1:12 1:13
My Ly I by
Mz LIz D3 I3z

I being the second moments matrix of the body in those axes.



Chapter 2
Description of Rotation of a Rigid Body I
About a Fixed Point

Although in motion of a rigid body about a fixed point, we deal with continuous
change of position, i.e. with a sequence of infinitesimal rotations, it turns out that
the study of finite rotations is essential in understanding several concepts concerning
infinitesimal ones. In this chapter, we present a brief theory of finite rotations to
elucidate their properties and relation to infinitesimal rotations. We shall concentrate
on the use of Euler’s angles and the Euler—Rodrigues or quaternion coordinates as
the most relevant to the Lagrangian approach. For space considerations, some other
alternative descriptions, like Cayley—Klein, are not considered. We also use the most
common notation. For a useful historical survey, the reader may consult [332] and
several references therein.

2.1 The Position of a Rigid Body. Euler’s Angles

The position of a rigid body moving about a fixed point O is completely determined
by the position of a Cartesian coordinate system Oxyz fixed in the body and moving
with it with respect to the system O XY Z fixed in space. The number of parameters
necessary for the description must be three, the number of degrees of freedom of
the rotational motion of the body. Several types of angles are used to this end, and
their choice depends mainly on the suitability for the concrete problem of motion
under consideration. For example, some angles are most suitable to use in the study
of motion of a ship and others are suitable for describing the flight of a plane.
Although, of course, different sets of angles must be equivalent for arbitrary position
of the body, each of them can have specific privileges or drawbacks in regard to
certain application.

One of the most frequently used sets of angles in many applications and especially
for theoretical purposes are Euler’s angles 1, 6 and (. They are defined as follows
(see Fig.2.1):

© Springer Nature Switzerland AG 2022 21
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X

Fig. 2.1 Euler’s angles

We begin by the body axes Oxyz coinciding with the space-fixed axes O XY Z,
and from that position, we give the body system a rotation by an angle i (the pre-
cession angle) about the Z-axis, so that the body system takes the position OKY, Z.
Then, the last system is given a rotation by an angle 6§ (the angle of nutation) about
O K . This brings the body system to the position O K Y>z. We now fix the z-axis in the
body and give the body system a rotation by an angle ¢ (the angle of proper rotation)
about the z-axis to reach its final position Oxyz, fixed in the body. In this way, ¥
is the angle of rotation of the body about the space axis Z, 6 is the angle between z
and Z and ¢ is the angle of rotation about z. The line OK is the intersection of the
two planes Oxy and O XY. It is called the line of nodes.

Now, let o, 3, ; 1, j, k be the unit vectors along the space axes XY Z and the
body axes xyz, respectively. Let also n be a unit vector along the nodal line O K
and ji, jo be unit vectors along OY; and OY;, respectively. One can express the
components of the fixed unit vectors with respect to the moving axes. For example,

a = cosyn — sinYjj
= (cos 1 cos p — cos B sin sin p, — cos 1 sin ¢ — cos & sin 1 cos ¢, sin O sin 1)),
B = (sin cos ¢ + cos f cos Y sin ¢, — sin 1 sin ¢ + cos § cos ¥ cos , — sin § cos V),
4 = (sin @ sin ¢, sin O cos p, cos 7). (2.1)

We can also write the unit vector n in the body and space axes, respectively, as
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n = cos @i — sin pj =cos Ya + sin Y 3. 2.2)
Conversely, we can express the moving unit vectors i, j, k in the fixed (space)

basis. They have the form

i = (coscos @ — cos fsin sin ¢, sin 1 cos p + cos 6 cos ¢ sin ¢, sin 0 sin @),
j = (—cossinp — cos b sin 1 cos ¢, — sin ¢ sin ¢ + cos 6 cos Y cos p, sin § cos @),
k = (sin#sin 1, — sin  cos 1, cos ). (2.3)

2.2 The Rotation Matrix

Let (X, Y, Z) be the coordinates of a point P in the system of axes XY Z. When the
system XY Z is rotated by an angle ® around Z-axis, the point P is displaced to the
new point P'(X’, Y’, Z’). One can easily write

X' = X cos ® + Y sin P,
Y = —Xsin® + Y cos ®,
Z =7z,

which can be put in the matrix form

X’ X
Y |=R|Y |,
z' z
where
cos® sind 0
R=| —sin®cos®0
0 0 1
R is called the rotation matrix. Note that R is an orthogonal matrix (all rows are
orthogonal and also columns), its inverse is its transpose (R~! = R”) and its deter-
minant is 1.

Now we consider the characteristic equation of R. That is

cos®— )\ sind 0
—sin® cos® -\ O =0.
0 0 1—A
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In the final form, this becomes
(1 =M\ =2Xcos® + 1) = 0. (2.4)

As we see, one of the characteristic roots equals 1. It corresponds to the eigenvector
(0,0, 1), which coincides with the axis of the rotation. The other two roots are
complex

cos® ++/cos2® — 1 = cos ® +isin® = ¢ ®.

Thus, the eigenvector vector corresponding to the unit eigenvalue of the rotation
matrix coincides with the axis of the rotation and the argument of the complex pair
of eigenvalues directly expresses the angle of rotation.

Now we apply the same conception to an arbitrary rotation. Let r be a vector
whose components are (X, Y, Z) in the space-fixed axes and (x, y, z) in the body-
fixed axes. We can find the relations between the components of the vector in the
two systems as follows:

The components of r in the system O K'Y, Z after a rotation by an angle v around
the Z-axis

X1 X cos?yy siney 0 X
yvi|=Ry|Y |=]|—sinypcosy0 Y (2.5)
Z1 z 0 0 1 V4

and in the system O K'Y, Z after a rotation by an angle 6 around O K

X2 X1 1 0 0 X1
2] =Rp| y1 ] =10 cosf sinf yi ). (2.6)
2 21 0 —sinf cos 21

Finally, after a rotation by an angle ¢ around the z-axis, we find the components of
r in the body system

X X3 cosp sing 0 X2

y| =Ry | » | =] —sinpcosp0 »

Z 22 0 0 1 22
X

=R| Y], (2.7)
zZ
where
R = RyRyRy;

cosp sinp 0 1 0 0 cosy siny 0
= | —sinp cosyp 0 0 cosf sinf —sint cosyp 0
0 0 1 0 —sinf cosf 0 0 1
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costcosp —cosfsinysing  sincosp + cosfcosysing sinfsin p
— cos ¥ sin — cos @ sin ) cos ¢ — sin ) sin ¢ + cos § cos Y cos p sinfcosp | .
sin 6 sin 1) —sin 6 cos i cos

2.8)

Comparing with (2.1), we conclude that

a) B m
R=|abhmrn],
a3z 3373

and again we note that R has all rows and columns orthogonal unit vectors. Its
inverse is its transpose R~ =R (check that RR” = R”R = §) and its determinant
equals 1. Note also that the columns of are the components of the fixed unit vectors
referred to the moving (body) axes while its rows are the components of the unit
vectors i, j, k, in the directions of the movable axes xyz, referred to the fixed axes
XYZ.

2.2.1 The Angle of Rotation

We now proceed to form the characteristic equation of the rotation matrix (2.8). After
some manipulations and factorization, we get

IR — AS| = (1 — M){A\? 4+ [(1 —cosb) — (1 4 cos ) cos(y) + @)\ + 1}
0
=(1-M{\+2[1 —20052§cos2¥])\+ 1} =0. (2.9)
From here, we see that one of the characteristic roots of the rotation matrix is 1. The
eigenvector v corresponding to that root satisfies the equation

Ra =a,

i.e. the rotation represented by the matrix R leaves that vector unchanged. This vector
coincides with the axis of the rotation. On the other hand, to obtain the rotation angle
of the rotation ®, we compare the quadratic factors in (2.9) and (2.4). We get

0
cos@:Zcosz—coszw—Hp—l. (2.10)
2 2
This can be also written in the form
® 0
vre @2.11)

COS — = COS = COS
2 2 2

in which we have chosen positive sign.
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Remark: In spite of their simplicity, Euler’s angles suffer from the defect that the
two angles 1 and ¢ lose their independence when the third angle 6 takes one of the
values O or 7. In those cases, the rotation matrix takes the form

cos( £ ¢) sin(E£¢) 0
—sin(y) £ @) cos(y £ ) 0
0 0 1

which involves not the two angles, but their sum when # = 0 and difference when
0=m.

2.3 Description of Finite Rotation

We have just seen that the finite rotation can be always and completely represented by
arotation matrix. On the other hand, it is evident that such rotation can be completely
determined by giving the axis of rotation and the angle of rotation about that axis,
i.e. one can say the rotation is determined by a scalar quantity and a direction.
Nevertheless, it cannot be represented in the full sense by a vector, since an essential
rule of vector algebra, the commutation rule, is not followed by matrices. This means
that performing two consequent rotations R; and then R, gives different resultant
from that of reverse order R, and then R;. This can be clearly illustrated by the
following

Example: Let us perform to the body in Fig. 2.2a two consecutive rotations, each
by a right angle,' the first about the x-axis and the second about the y-axis. Figure
2.2b shows what we get in this case, but Fig.2.2c shows the completely different
result of performing the rotations in the reverse order.

Analytically, R; and R; can be represented by the matrices

100 00—1
R=[oo0o1].RR=[010
0-10 10 0

Resultant of the first sequence is
010
S=RR;=]001
100

and the second sequence

1 ' We mean rotation by an angle described in the positive sense about an axis, i.e. counterclockwise
as viewed from the positive end of that axis.
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a) The initial position b) R, and then R; é) R>and then R,

Fig. 2.2 Finite rotations are not commutative

0 —1
0
—1

S =R|R;, =

S = O

0
0

The two matrices S and S’ are obviously different. We can go a little further and
construct the characteristic equation for S. That is

I-=XN=0=M)N\+X+1D =0,
and its roots are 1, e* % . This means that the angle of the rotation S is equal to 2{
To find the axis of the rotation, we solve the equations

Sv=v,

which gives the column vector

Thus, S is a rotation by angle ZT’T around the axis in the direction parallel to the vector
v=(1,1,1).

Similarly, one can show that S’ is a rotation by angle %” around the vector
v=(1,1,-1).
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Q
Ne

Fig. 2.3 Geometry of a rotation vector

2.4 Representation of Finite Rotation by Means of a Vector

The above example shows that finite rotation cannot be completely represented by a
vector as we represent the position vector or the velocity of a particle. Thus, we shall
try now to find the formula that expresses the finite rotation as a vector quantity and
to find a suitable rule for the resultant of two rotations, a rule that must account for
the non-commutation of rotations.

2.4.1 The Rotation Vector

Let us begin with some vector r = O P and an axis O Q with a unit vector e in its
direction. The rotation of r by an angle ® around O Q in the positive direction carries

— —

r to its new position r’ = O P’ and the point P along the circular arc P P’ to P’ (4.1).
Let also O’ be the centre of P P’. Our aim now is to express 1’ in terms of r and the
angle and direction of the rotation (see Fig. 2.3).

The plane Fig. 2.4 shows the circle O’ P P’. O'R is orthogonal to P P" and RS is
orthogonal to O’ P. Note that e is the outward unit vector normal to the plane of the

figure and SR = O'P sin & cos 2, so that SR = e x O'P sin 3 cos 3.
From simple geometry, we find that

o o b
PP ' =2PR =2(PS+ SR) =2[—O'P sin® 5 tex O'P sin 7 cos 3].

But since

OP=r—(r-ele=(e-e)r—(e-r)e=—ex (e xXr),
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Fig. 2.4 Rotation angle

then we obtain

b oarn @ . D D
PP’ =2[sin Ee X (e X r)+ sin Ecos Ee X r],

so that we can finally write

r=r+ PP

N L, ®
=r + 2[sin ECOS Ee X r+ sin Ee X (e xr)]. (2.12)

This is the Rodrigues formula, which expresses the rotated vector r’ in terms of the
initial vector r, the angle of rotation ® and the direction e of the rotation axis. It can
be written also in the form

r' =r + (sin ®)e x r+(1 — cos ®)e x (e x r). (2.13)

It is valid for arbitrary angle and arbitrary direction of the rotation. As expected, for
a point on the axis of rotation, r = e and r'= r. Also, a rotation with an angle 27
brings all points of space to their initial positions.

To push forward the concept of a vector representing a finite rotation, we assume
that the rotation angle ® # m, i.e. cos % = 0. Then we can write (2.12) in the form

/ 2@ @ ZCD
r =r+2cos E[tan;exr+tan Eex(exr)]
+ 2 [t e +t 2 2 (e x 1)]
=r+ ——[tan —e X r+tan” —e X (e X r)].
1+tan® 2 2 2
Introducing the notation

0]
p = tan Ee, (2.14)
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then we rewrite the last formula as

/

r=r+

1+p2px[r+pxr]. 2.15)

Using (2.14), one can verify that

(1) p(® 427, e) = p(D,e).

(@) p(—=P,—e) = p(P, e).

Those properties are geometrically obvious.

(3) Formula (2.14) is not suitable for expressing any rotation with an angle 7 about
any axis. That is the singular point of the function tan. This is not related to
the rotation itself, but due to the way of representing the rotation as a vector in
(2.14). The previous formulas (2.12), (2.13) are still valid for the angle ® = 7.

(4) Finite rotation is thus represented by a vector, which may be written in terms of
its components as p = (p, p2, p3) or p = p1i + paj + p3k, but this determines
the magnitude and direction of the rotation and does not mean at all that the
rotation is the resultant of its parts, or equivalent to any sequence of those parts.

(5) Itis evident that rotation vectors do not commute and cannot be summed accord-
ing to rules of vector algebra. However, it can be easily shown that infinitesimally
small rotations do commute and obey the rule of summation of vectors.

Let p, be arotation by a small angle &, the rotation vector p; = tan %el =%e1 .
After neglecting nonlinear terms in the rotation vector, formula (2.15) takes the
form

r=r+2p, xr. (2.16)

If p, is followed by another small rotation p,= %ez, the vector r’ is transformed
to

v’ =r +2p, xr
=r+2p, Xr+2p, x (r+2p, xr). .17

Neglecting the nonlinear term, we get
r’" =r+2(p,+p,) Xr. (2.18)

Small rotations are summed according to vector addition rule, and their sum does
not depend on the order of the rotations.

Now we return to formula (2.14) to see how a rotation p = tan %e acts on the unit
vectors a, (3, ~y fixed in the directions of XY Z and bring them to be coincident with
the unit vectors i, j, k, respectively. According to (2.15), we have
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i=a+ p X (a+pxa),

1+ p?
J=5+1+p2p><(ﬁ+p><ﬁ),
2
k= . 2.19
7+1+p2p><(7+p><7) (2.19)

One immediately notices that
pi=p-o,p-j=p-B,p-k=p-7,

i.e. the components of the rotation vector are the same in the directions of the initial
and final axes. We shall denote those components by p = (p1, p2, p3)-

We now express the rotation matrix in terms of the components of the rotation
vector

ia i-8 i~y
R=|jajBjvy
k-a k-3 kv
2, 2
_nPrtps p1p2+p3 pLP3—p2
1 21+p2 2]_“;22 21+p2
— pLP2—P3 __nPitrs p2p3tp1
= 2 i 1-2 T1p 2 1+I;2 i . (2.20)
22123+g2 202p3=pL | 2/’1+P2
1+p? 1+p? 1+p?

2.5 Hamilton-Rodrigues’ Parameters

We now introduce the four quantities Ag, A1, Az, A3 to express the three components
of the rotation vector, such that

(A1, A2, Az)

" 2.21)

(p1, p2, p3) =

As we have one redundant parameter, we assume that the new parameters satisfy the
condition
NANEN+ =1, (2.22)

so that the end of the four-dimensional vector A = (\y, A1, A2, A3) lies on a three-
dimensional sphere of unit radius. This implies the relation

MoAo 4+ MAL+ Ada + A3h; = 0. (2.23)

From (2.21), we calculate
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N+ +22 1
1+p2=1+%=;, (2.24)
0 0

and substituting (2.21) in (2.20) and using the last relation, we obtain the expression
of the rotation matrix

N+HA =N =22 2000+ A 2(—Xod + A )
R=| 2(=2N+ X)) A+X =2 =23 2000 +XA) |, (225
202 + A1A3)  2(=AoA; + AAs) A2+ A2 — A2 — N

This form of the rotation matrix is more symmetric than that in terms of the
rotation vector or in terms of Euler’s angles. Moreover, it does not have the problem
of degeneration of Euler’s angles at # = 0 or , nor the singularity of the rotation
vector corresponding to a rotation by an angle m. This makes Euler—Rodrigues’
parameters in certain problems appropriate for use as variables describing motion
and finite rotations of the rigid body.

On the other hand, one can readily notice that the two sets of the Hamilton—
Rodrigues parameters £ A correspond to the same rotation matrix. Thus, any expres-
sion designating a quantity of physical meaning should contain only even terms in
A, otherwise it will be double-valued on the group of rotations SO3. This remark
will have some implications in later chapters.

Remark 12 The expression (2.25) for the rotation matrix can be decomposed into
three parts of simpler structure (two symmetric and one antisymmetric):

100 AT A A
R=02N-D]010]+2| XA M XX
001 Mz ds A
0 A —\
+2x0 | =N 0 N\ (2.26)
M =M\ 0
or in the shorter tensor form
Rij = N — D)3ij + 22X Aj + 20061 Mk, (2.27)

where 0 is the Kronecker delta and ¢ is the Levi-Civita tensor.

Remark 13 It is clear from (2.25) that the points (Mg, A1, A2, A3) and (=g, —Ap,
—A2, —A3) represent the same rotation matrix. The sphere (2.22) covers the con-
figuration space of the rotating body twice. The configuration space can, thus, be
represented by one half of that sphere, say, the half on which A\ 2 0.

Remark 14 From (2.24) and (2.14), we have
, @

S R J R B
— = = an? — = sec? —,
Y p 2 2
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so that
Ao = coS —, (2.28)

and hence
()\17 )\21 )‘3) = )\Op
o
= cos — tan —e
2

= sin —e.
2

Thus, we can write the following expression for the Euler—Rodriguez parameters

o D
(Ao, A1, A2, A3) = (cos > sin Ee). (2.29)

2.6 The Angular Velocity Vector

During motion of the body, Euler’s angles change with time ¢, and also the rotation
matrix. To express the time derivatives of an arbitrary quantity, one may first check
the following relations using expressions (2.1)

Oa B vy

o =Xy, 5o =Bx7, 5 =0,
%—‘;‘:axn,%:ﬁxn,%—gzvxn, (2.30)
g—;‘:axk, %:ﬁxk, ‘a—;:'yxk.
From those, we get
('904 Ja
Y = 0+ —¢ 2.31
a= ¢w 95 @ (2.31)
:axw,/}—l—axnﬁ—{—axkgb
= a X (y+6n+¢k). (2.32)
Let us now introduce the notation
w = Yy+On+¢k. (2.33)

The vector w is called the angular velocity of the body and it is, in fact, the usual
vector sum of the three vectors 1/.)7,0.n,<,bk, which represent the angular velocities
¥, 0 and  about the axes Z, K and z, respectively. In a similar way, we can get two
expressions for the derivatives of 3 and -, so that we can write
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d:axw,ﬁ:ﬁxw,‘yzfyxw. (2.34)

Those equations satisfied by «, 3, are called Poisson’s equations and they
express the constancy of those vectors in space, as we shall see soon. They play an
important role in the dynamics of rigid body as will be seen in due course.

2.7 Space and Relative Time Rates of Change of a Vector

During the motion of the body, the three unit vectors i, j, k fixed in the body along
the axes x, y, z change with time. The rate of change of one of them, i, say, is the
velocity % of its end point in space. Hence, we have

di dj dk
d—;=wxi,d—':=wxj,z=ka, (2.35)

where w is the instantaneous angular velocity of the body.
Now, let u be a vector given by its components (1, u,, u3) in the body system of

axes, so that we write
u = uiturjtusk. (2.36)

The time derivative of this vector is

du  du ,+du2,+du3 4 di+ dj+ dk
— = — 4+ —])+—K+u|—+ur—+uzs—.
dt dt dt J dt 1dt 2dt } dt

Using (2.35) in the last three terms, we get

du dM]_ du2,+du3k+ .+ .+ k
—_— = —i4+ — —_— W X IH+Urw X Uzw X
dt dt dtJ dt ! g ! ’

_dul_ duy, dus

= —i+ —j+ —k+w x (ui+ uzj + usk).
7 it (u1i+ uzj + usk)

Now we introduce the notation u =%i + %j + ‘%k, i.e. u is the time derivative
of the vector u as if the unit vectors i, j, k were constant vectors, or as seen by an
observer fixed in the body and moving with it. This derivative will be called the

relative derivative or the relative rate of change of u. The last relation becomes

d
A dtwxu (2.37)
dt

Thus, we have split the space derivative into two terms: the relative derivative @ in
the body system and the term w X u resulting from the rotation of the body system.
When w = 0 the two derivatives coincide.
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As an example, we apply this rule to the three vectors o, 3 and = fixed in space.

da _ dB _ dy _
As & = 75 = 71 =0, we have

dtwxa=0B+wxB=0,%+wx~y=0, (2.38)

so that we again obtain Poisson’s equations (2.34).

2.7.1 Components of the Angular Velocity in the Body Axes
and Space Axes

The direction of the angular velocity at the fixed point determines a line called the
instantaneous axis of rotation. Points of the body lying on that line at any moment of
time are instantaneously at rest. The magnitude of w is a measure of the angular speed
of rotation of the body. In case of rotation about a fixed axis, the angular velocity is
the time rate of change of the angle of rotation about that axis, but it is not possible
in general to write a rotation angle such that the angular velocity is represented as
its rate of change.

We shall denote by p, g, r and p’, ¢, r’ the components of the angular velocity
w in the moving and in the fixed axes, respectively. Using (2.2) and (2.3) together
with (2.33), we have

p= 1/}sin95in<p+écoscp,
g = v sinfcos p — O sin g,
r=1cosb+ ¢, (2.39)

and similarly, we write

p' = ¢sinfsint + 6 cos 1,
q' = —psinfcosip + G sin),
¥ = pcos + 1. (2.40)

2.7.2 The Use of the Euler—Rodrigues Parameters

From (2.11) and (2.28), we have A\ = cos g cos & 42'“’. One can easily obtain expres-
sions for the other three parameters by comparing corresponding elements of the
rotation matrix R in formulas (2.8) and (2.25). It is even easier to compare the anti-

symmetric parts, e.g. one can see from (2.26) and (2.8) that
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_ Rys— Ry sinf(cos o + cos )

40 B 4cos ¢ cos L2

2 2
Y-y
2

At

= sin = cos
2
and so on, so that we get the expressions

Y-y N — i 0 . v—op
_ z_smzsm

0
A1 = sin 3 cos

)

2 2
0 0
)\3=c0s§sin¢;@,/\o:coszcosw;so. (2.41)
The angular velocity has the expression
P =200A1 — Ao + Asha — Aody),
g = 2(AoA2 — Ao + AAz — Az,
r = 2(/\0/‘\3 — )\3)'\0 + )\zj\] — /\1)‘\2). (2.42)
This may be written in the vector form
w = 2[MoA — Ao — A x Al (2.43)

where A denotes the three-dimensional vector (Aq, A2, A3). In this notation, (2.22)
and (2.23) take the form

NN =1, (2.44)

Modo+ XA =0. (2.45)

The formula (2.43) together with (2.44), (2.45) can be used to obtain a remarkable
expression for the square of the angular velocity. Squaring both sides of (2.43) and

noting that the third term on the right-hand side is orthogonal to the other two, we
write

W = AD2NT = 22000 - AA + 2202 4 (A x A7)
= 402X = 200hod - A+ A2A2 4 237 = (A A
= 4LO2 + AHAT + 222R2+020% — (odo)?
=42+ AOX + 2+ AR
=402+ A2+ A0
=402+ XD,

so that, finally, we have
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. . . . .2
P =p P+ =40+ X2+ N2+ 0\ =4A". (2.46)

That is four times the square of the speed of the point A = (Ao, A1, A2, A3) moving
on the unit sphere (2.22).

2.8 Quaternions and Representation of Finite Rotation

Quaternions, or hypercomplex numbers, discovered by Hamilton, are a generalization
of the ordinary complex number system. A quaternion is composed of one real
component and three imaginary ones. A general quaternion can be written in the
form

Q:(Cl,A],Az,A3)=a+A]i+A2j~|—A3k, (247)

where i, j, k are imaginary units satisfying the multiplication rules

i2 j2:k2:1,

ij =—ji =k, jk=—kj=iki=—ik=j. (2.48)

In (2.47), the first part a is an ordinary real part and the remaining parts can be viewed
as a vector A = Aji 4+ A,j + Aszk, and thus, we write

0=a+A. (2.49)

Now it is easy to check that the product of the quaternions Q and Q' =a’ + A’

according to the rules (2.48) can be put in the usual form using scalar and vector
products of vectors as

00 =ad —A-A'+aA’"+ad'A+AxA, (2.50)

and if we define the conjugate quaternion Q = a — A, we easily note that the quantity

00=00=d"+A-A 2.51)

is a positive real number which we adopt as the squared magnitude of the quaternion

101=y00 = Ja? + A2 + A3+ A2, 2.52)

From the last, we get that for a non-zero quaternion Q

Qé — 1. (2.53)
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That is the multiplicative inverse of Q (which satisfies QQ~' = Q07'Q =1) is

0! = gr
Consider now the quaternion formed by Euler—Rodrigues’ parameters Q = \g +
A1l + A2 j + Aszk. It can be put in the form

0]
0 = X+ Mp = cos E(l + p). (2.54)

Note that @
10l=1,0"' = cosz(l —p). (2.55)

Letr be a vector, i.e. a quaternion with zero real part. Applying (2.50), we calculate
the product

-1 _ 29 _
grQ— =cos —(1+ PO+ —p)]

[

)
= cos E(l—i—p)([rr—i—r—i—pxr)

P
:cosZE[p~r+r+pxr—p~(r~|—pxr)

+(pr)p+ p X (r+p x1)]

P
:coszi[r+2pxr+(p~r)p+px (p x1)]
2 @ 2
= cos E[r+2pxr+2px(pxr)+p r]

2 @ 2
= cos E[(1+p)r+2pxr+2px(pxr)]
P
= cos® —(1+ pH)l,

and using (2.14), we finally get

2
oro ! =r+ - +pp2 x(r+p x ). (2.56)

Comparing this formula with (2.15), we note that the rotation p transfers the vector
r to
r =Q0rQ ', (2.57)

so that the rotation p is completely determined by the quaternion Q of unit magnitude.
Also, we have
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o 'ro=0"'Qro™"Ho

=(Q7'Or'0)
=T,
so that the inverse of the rotation is given by the quaternion Q~! = Q.

2.9 Composition of Two Rotations

39

Formula (2.57) is due to Cayley. Although equivalent to (2.15), it is much simpler in
dealing with finite rotations. We use it now to obtain a formula for the composition

of two rotations.

Consider a rotation through an angle ®; around the axis in the direction e;. This
rotation is completely described either by the rotation vector p;=tan %el or by the
quaternion g; = Ao + Aji + A2j + Aszk. Let the rotation vector p,=tan %ez and
the quaternion g, = po + p1i + paj + psk correspond to another rotation through

an angle &, around e,. We have

D, @,
g1 = cos 7(1 + p1), g2 = cos 7(1 + p2).
The vector r is transformed by the first rotation to
' =qrq;!
and then by the second rotation to

v =qr'qy' = qqivgy a7 = (290 (q2g)

Thus, the resultant rotation corresponds to the quaternion

0 = q2q
= (Qo, 01, 02, 03),

where
Qo = Moo — Atpn — Aapi2 — Azpa,
01 = Apo + Aopir + Az — Aoz,
Q2 = Mo + Aotz + A1z — Aspuns
O3 = Aspio + Aopts + Aoptr — A pa.

(2.58)

(2.59)

(2.60)

2.61)

(2.62)

If we like to express the resultant rotation in terms of the rotation vectors, we use

(2.58) to write
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o, D,
Q = cos - cos 7(1 +p)d+ py)

D, o,
:COSTCOST[(l_pI “P2) +pi+ Pyt prxpl

d ()
=C087100872(1 —plopz)[l—i-pl—i_pz—i_p2 ><pl]. (2.63)

(=pi-py)

Comparing this with (2.58), we can write the resultant rotation quaternion in the
form

Q = cos %(1 + p). (2.64)

We find
_ Pt Pt X P

2.65
(I=pi-p2) (269

and

P D, <I>2(1 )
cos — = cos — cos —(1 — p; -
) ) B PP

(D] (bz . <I>1 . CDZ
= COS — COS — — sin — sin —¢; - €
2 2 2 2

D, D D D
= COS — €0S — — Sin — sin — coS . (2.66)
2 2 2 2
Rodrigues’s formula (2.65) gives the resultant rotation vector and (2.66) gives the
angle of the resultant rotation in terms of the two rotation angles and the angle x
between the two axes of the rotations.
Note that Rodrigues’s formula (2.65) is not valid when p, - p, = 1. In that case,
from (2.66), we see that the rotation angle ® = 7. This is expected whenever we
deal with vectors of rotation.

2.10 Exercises

1- Show that the resultant of two half turns around different axes intersecting at an
angle 6 is equivalent to a rotation at an angle 26 around the axis orthogonal to the
two axes.

2- Put the formula (2.42) for the angular velocity in the quaternion form

w=2q""4, (2.67)

and hence prove the formula (2.46).



Chapter 3 M)
The Classical Problem: The Motion of a s
Heavy Rigid Body About a Fixed Point

In the present chapter, we present detailed analysis of the classical problem of motion
of a rigid body about a fixed point under the action of its own weight. This problem
has a long history that began with the work of Euler and continued to the present
day. Various powerful methods belonging to eminent specialists in mechanics and
mathematics were applied to this problem without stopping, sometimes successfully
and sometimes with less success. The list of basic contributors to this problem from
our perspective, the construction of integrable cases, will be clearly presented as we
proceed through this preliminary chapter and the following two chapters, after we
make clear the meanings of general integrable, conditional integrable and particular
solvable cases of the classical problem. This chapter is mainly concerned with basic
concepts and various forms of the equations of motion, each of which would be more
suited for use in certain investigations of the classical problem.

3.1 Equations of Motion

In this section, we derive the equation of rotational motion of the rigid body about a
fixed point, under the action of arbitrary forces, which are not necessarily conservative
or even having a potential. For such general setting, the Lagrangian approach is not
a suitable choice and it is preferable to use ordinary vector mechanics. Denote by
r the position vector of a mass element dm and by v = ‘fl—f its velocity. The angular
momentum of the body, denoted here by G, is the sum of moments of momenta of
the elements about the origin O, the fixed point of the body,

G = /r X (vdm), (3.1)
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where the integral is taken over the whole mass of the body. Differentiating the last

relation, we get
dG dv
— = —dm. 2
7 /vadm+/rxdtdm (3.2)

The first integral vanishes, and from the equation of motion of the mass element dm,
we have

d
dm™Y — 4F + aF,
dt

in which dF, dF’ are, respectively, the resultant external and internal forces exerted
on that element. Inserting this into (3.2), we write

dG

9 _ / r % (dF + dF'). (3.3)
dt

Since the internal forces appear only in equal and opposite pairs, their overall moment
vanishes, i.e. fr x dF’ = 0. Thus, we finally have

dG
— =L, 34
T (3.4

where L = ['r x dF is the resultant moment of all the external forces acting on the
body about the fixed point. This is the equation of rotational motion of the rigid
body about a fixed point, under the action of arbitrary forces with moment L. It is
curious that this equation is similar to the equation of motion of a particle % =F,
but replacing the Linear momentum P and the force F by the angular momentum
and the moment of forces about the fixed point.

3.2 The Heavy Rigid Body

Equation (3.4) is quite general. It is valid for an arbitrary rigid body subject to arbitrary
system of forces. In this chapter, we are concerned with the simplest case of motion
of a body subject only to its own weight. For such a body, let g be the intensity of
the gravity field directed vertically downwards. We have

L:/r x (gdm)

:/rdmxg.

Recalling the definition of the centre of gravity (the centre of mass) of the body in
Chap. 1, we write the last relation in the form
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L=Mryxg. (3.5
Without loss of generality, for most applications, one can take the Z-axis in the

vertical direction upwards, so that the gravity field becomes

g=—gv. (3.6)
Thus, in the case of a heavy rigid body, the equation of motion takes the form

9C _ _rer (3.7)
_—= X . .
T gro X ¥

3.3 The Angular Momentum of a Rigid Body

The mass element at the point r has velocity
V = WXT. (3.8)

Recalling the definition (3.1), we write
G= /r X (wxr)dm
= /[rzw—(w -)rldm.

The i-th component is

3
G; :w,-/rzdm—/ijrjridm
Jj=1
3
= ij f[rzéij — r,-rj]dm
Jj=1
3
= ijlij,
Jj=1

where I = (/; J-)?, =1 is the inertia matrix in the system of axes at the fixed point O.
Making use of the symmetry of the inertia matrix, we write the last expressions in
the form

G=wl (3.9)
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Remark 15 In most textbooks, the last relation is usually written as
G =1Iw,

where G’ is a column vector. We use the notation (3.9) to express G as a normal
row vector. This is especially convenient in applying rules of vector algebra to that
vector.

The relation (3.9) can be written in the expanded form as

Iy Iz I3
G=(p,q,r)| I2 In I
I3 I3 I33

= (Inup+lng + Lisr, Iup + Iog + Iyr, Lizp + g + Iar). (3.10)

In the inertial system of axes at O, the body moves and its orientation changes with
time. Equation (3.7) then involves 12 variable quantities: six moments and products
of inertia, three coordinates of the mass centre and three components of the angular
velocity. This makes the equations of motion quite complicated and impractical to
use.

The system of axes fixed in the body with origin at the fixed point O enjoys
the advantage that the inertia matrix is constant and also the position vector of the
centre of mass. This makes it plausible to use a coordinate system fixed in the body
to express Eq.(3.7) in it. A question arises, how to express that equation which is
derived in the inertial system of axes in the body system? The answer will be given
soon.

3.4 Kinetic Energy of a Moving Body

Summing the kinetic energy of mass elements and making use of the formulas of the

last subsection, we get
1
T = / —v’dm
2

%/V~ (wxr)dm

2

1
Ewl-w. 3.11)

lw~ /[r X vldm

In expanded form, this means
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1
T = 5(111172 + Ing® + Iyr? + 21 pq + 2Isqr + 2113 pr). (3.12)

3.5 Equations of Motion in the Moving Coordinate System

Let us now write Eq.(3.7) in the body system. It takes the form, called Euler’s
equation,

G+ wxG=Mgvyxry. (3.13)

In addition to the vector w, this equation involves the vertical unit vector -y, which
has variable components in the body system Oxyz. Being constant in space, the
vector -y satisfies ‘2—7 = 0 in the inertial frame. In the body system, this is equivalent
to

Y+wxy=0, (3.14)

which bears the name of Poisson’s equation.

The pair of vector Egs. (3.13) and (3.14), known as the Euler—Poisson equations,
constitute a closed system of six scalar first-order differential equations in six vari-
ables, which can be chosen as either w, 7 or G, 7.

3.5.1 The Use of the Variables w, ~y. Special Axes Related to
the Inertia Matrix

In that case, using (3.9), we write the Euler—Poisson equation as
wl+wxwl=Mgy xrg,y+wx~v=0, (3.15)

which is the most commonly used form of those equations. For arbitrary choice of
the body axes, they have the expanded form

N1p+ hog + hai + (I3 = Do)gr + D3(q? — r?) + p (Ii3g — Iar) = Mg(zo7 — ¥073)-
Iop+Ing + i + (1 — 133) pr+ 113 (r2 - PZ) +q (Ior — Ipzp) = Mg(xov3 — z2071)s

Ii3p + I3q + I337 + (Ip — I11)pg + 112 <P2 - qz) +r(Iap — I13q) = Mg(yov1 — X072)»
(3.16)
N+qr—rn=0%+rm—-pr=093+pr—qgn=0. (3.17)

In this form of equations, the inertia matrix has six elements. The system is not solved
for the derivatives, a situation that is not in favour of a process of solution.
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3.6 Integrals of Motion

Equations of motion (3.13), (3.14) or in expanded form (3.16), (3.17) are essentially
nonlinear. For their solution, in the sense of reduction to quadratures, the application
of Jacobi’s theorem about the last integrating multiplier (See, e.g. [305]) requires the
knowledge of four integrals of motion.

The first step is to see how much general integrals the above system admits in its
most general form.

3.6.1 The Energy Integral

The rigid body is assumed to be smoothly fixed at O and moving in the uniform field
of gravity, whose potential is
V=Mgry-~. (3.18)

Regarding expressions (3.11), (3.12) and (3.18), one can immediately write the
energy integral as

L=T+V

1
EwG—i-Mgl'o’Y

1
EwI-w+Mgr0-'y=h, (3.19)

h being the arbitrary constant of conserved total energy of the motion. In the expanded
form, we can write

1
L = 5(111172 + Ing* + Isr? + 2112 pg + 2Dsqr + 2113 pr)

+Mg(xov1 + Yoy2 + 2073)
= h. (3.20)

3.6.2 The Area’s Integral

Now we rewrite the equation of rotational motion (3.7)

dG

— = —Mgry X v,
dr 8To X ¥

and note that on multiplying scalarly by the vector ~ on both sides, we get
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which may be now written as

%(G ) =0,
so that we obtain the second general integral of motion
L=G -~v=f, (3.21)
f being an arbitrary parameter. In the moving axes, it has the form
L=wl-v=f (3.22)
In a general body system, it may be written as
I = (lup+ Liog + Lizr)yi + Tep + Ing + Dar)y, + (Iizp + Izq + Is3r)v = f.
The integral of motion (3.21) or (3.22) is linear in the components of the angular

velocity. In accordance with the tradition prevailing in celestial mechanics, it is called
the areas integral.

3.6.3 The Geometric Integral

The vector ~ is defined as the unit vector directed vertically upwards. From this
definition, it directly follows that its square is a constant of motion, with its constant
value normalized to 1:

L=y=v+n+7%n=1 (3.23)

3.6.4 Exercise

Use Euler—Poisson’s equations of motion in the vector form (3.15) to directly obtain
the three general integrals of motion.

3.7 Special Axes Associated with the Inertia Matrix

Equation (3.16) can be somewhat simplified, by a suitable choice of the body axes.
For example, we can take the z-axis as the one joining the fixed point with the centre
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of mass, so that ry can be written as
ro = (0,0, zo). (3.24)

Moreover, we still have the freedom to rotate the x, y-axes in their plane to a position
in which
I, =0. (3.25)

We shall call the final set of axes the special axes associated to the inertia matrix.
Those axes are most convenient in describing some particular solutions of the clas-
sical problem and other problems in rigid body dynamics, such as the regular pre-
cessions. This will be made clear later on.

The Euler equations now take the form

L1 p + L3 + (Iyy — In)qr + ba(q” — r?) + Lispqg = Mgzom,
Ing + Lsit + (I — Is3) pr + L (r* — p*) — Iapg = —Mgzom,
Ii3p + In3g + Lar + (Inp — L) pg +r (Izp — Lizg) =0, (3.26)

while Poisson’s equations still have the form (3.17), i.e.
Nt+qin—rn=0%+rm—-pr=093+pr—qgn=0.

The general integrals of motion can be written in the given coordinate system in the
form

1
I = 5(111172 + Ing? + Lar* 4 2Lsqr + 213 pr)
+Mg(xov1 + Yoy2 + 2073)

=h,
L = (Inp+ Lizr)y + (g + Iar)y, + (Iizp + bag + Iiar)ys = f,
L=ri+n+ys=1 (3.27)

3.8 The Use of Principal Axes of Inertia of the Body

In the special case, when the body axes are chosen to be the principal axes of the
body at O, we have

I =diag(A, B, C),G = (Ap, Bq, Cr), ry = (X0, Yo, 20)- (3.28)

The equations of motion take the form
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Ap +(C — B)qr = Mg(z072 — Y073),

Bg + (A —C) pr = Mg(xovs — 20M1),

Ci+ (B — A)pg = Mg(yoy1 — x072),
Nt+qun—rn=0%+rm—pp=0,13+prn—-—g9gn=0 329

and the integrals of motion become

1
I = E(Ap2 + Bg* + Cr?) + Mg(xom + Yoy2 + 2073) = h,

L =Apy+ B+ Crys = f,
L=v4+y34+43=1. (3.30)

The equations of motion acquire in (3.29) their simplest and most symmetric
form. The most favoured form is in scientific and technical literature. Those equations
involve six parameters: three principal moments of inertia and three quantities formed
by multiplying three coordinates of the centre of mass by the body weight. Unlike
Eq.(3.16), Eq.(3.29) is readily solved in the derivatives p, ¢, 7, which is quite an
advantage.

In the sequel, we shall mostly adhere to this form of the equations of motion. Only
in exceptional occasions, we find other forms more appropriate or easier to use.

3.9 Determination of Euler’s Angles

Solving the system of six equations of motion (3.29), we determine the vectors w(t)
and ~y(¢)as functions of the time ¢ and only five arbitrary constants of integration,
since the initial values of - satisfy the geometric integral without arbitrary constant.
This determines the Eulerian angles of nutation and proper rotation 6 and ¢ as

am
V2

6 = cos !y, p = tan (3.31)

To complete the solution of the dynamical problem, i.e. to determine the orientation
of the body in space, we should also determine the precession angle 1. To this end,
we use (2.39) of Chap. 2 to write

C pntam
=" 22 (3.32)
712 fyg

so that we finally obtain
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t
pY1 + a7
W = 1o +/0 —712‘ m ﬁzdr, (3.33)

o is the sixth integration constant of the solution. This completes the solution of the
problem of motion about a fixed point.

3.10 The Movable and Immovable Hodographs

Applied to the angular velocity vector the relation (2.37) gives

v _ 3.34
ar (3-34)
i.e. the angular velocity has the same rate of change in space as in the body. This
formula, noted by Poisson, means that the infinitesimal change in the angular velocity
at any moment of time is the same in both space and body reference frames. This has
a very useful interpretation. Let the spatial curves I', named as the movable angular
velocity hodograph, and I'y, the immovable angular velocity hodograph, be the loci
of the angular velocity vector in the body and space system of axes, respectively. The
two curves have the same tangent at every moment of time. The motion of the body
in space can be represented as rolling the movable hodograph I without slipping on
the immovable hodograph I'y (fixed in space). The hodograph motion was studied
as a way of geometric visualization of the motion in solvable cases. A voluminous
literature exists on this topic. Interested readers may see, e.g. [108, 121] for several
concrete examples.

3.11 The Use of the Variables G, ~. Special Axes
Associated with the Gyration Ellipsoid

Let G = (P, Q, R) denote the angular momentum of the body and its components
referred to the body axes. In that case, inverting the relation (3.9), we write

w=GAA=1", (3.35)
so that (3.13) and (3.17) take the form
G+GAXxG=Mgyxry,¥+GAx~y=0, (3.36)

and the integrals of motion become
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—GA - G+Mgry-~v =h,
G’YZ f’
~?=1. (3.37)

The main advantage of Eq. (3.36) is that they are solved for the derivatives, in the
sense that each of the six equations involves only one derivative of one component of
G or . In this form, also the areas integral takes its simplest form. The situation can
be made more advantageous by using the so-called “Special axes associated with
the gyration ellipsoid”, introduced and extensively used by Kharlamov [191]. They
are formed in the following way: Choose the z-axis as the one joining the fixed point
with the centre of mass, so that ry can be written as

ro = (0,0, zo), (3.38)
and then rotate the x, y-axes in their plane to a position in which
Ap =0. (3.39)
In those special axes, the angular velocity
w=(AnP+ AR, AnQ + AR, A3R+ Az P + A 0), (3.40)
and Euler—Poisson’s Eq. (3.36) become

P+ (Ap — A3)QR — A3PQ + An(R* — Q%) = Mgzom,
O+ (A33 — Aj)PR + AP Q + A3(P* — R*) = —Mgzomi,
R+ (A1 —An)PO+ (A;30 — AsP)R =0,
Y1+ (A0 + AxR)ys — (AR + A3P 4+ A Q)1 =0,
Y2+ (AR + AP 4+ Ap0)y1 — (AP +AizR)y: =0,
Y3+ (AP 4+ AsR)72 — (A Q + AnR)y = 0. (3.41)

As to the integrals of motion in the special axes, we note that the areas and
geometric integrals still have the form as in (3.37), but the energy integral takes the
form

1
I, = E(AHPZ + A22Q2 + A33R2 +2A230R+2A13PR) + Mgzoy; = h.
(3.42)
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3.12 Equations of Motion in Generalized Coordinates

The Euler—Poisson form is mostly preferred in the study of rigid body motion. Nev-
ertheless, in certain situations, it is advantageous to write the Lagrangian form of
the equations of motion, sometimes using the Eulerian angles as generalized coordi-
nates and other times using different coordinates or some redundant coordinates, for
example, the components of the vector « or the quaternions. This formalism turns
out to be most useful in the case of a dynamically symmetric body, but we shall not
impose this condition for the time being.

The Lagrangian can be written in arbitrary coordinate system fixed in the body,
but to obtain a more tractable form, we use the principal axes of inertia of the body
at the fixed point as body axes. We write

1
L= 5(Ap2 + Bg® 4+ Cr?) — Mgry - . (3.43)

Using Eqgs. (2.39) and (14.1), the Lagrangian takes the form

1 . .
L=3IAW sin @ sin ¢ + 0 cos ©)?

—I—B(@ sinf cos p — 6 sin <p)2 + C(z/') cosf + @)2]
—M g(xp sin 6 sin ¢ + yg sin 0 cos @ + z cos 6). (3.44)

We note at once two properties of the Lagrangian leading to two integrals:
(1) The system is conservative and hence admits the energy integral

1 . ;
I = E[A(w sin @ sin ¢ + 6 cos p)?

+B(¢ sinf cos i — 6 sin go)2 + C(T/.) cos 6 + gb)z]
+Mg(xgsinfsin ¢ + yy sin 6 cos p + zgcos ) = h. (3.45)

(2) The angle of precession ¥ is a cyclic coordinate and this leads to the cyclic
integral

0L
~ o
= Asin 0 sin (¢ sin 0 sin ¢ + 0 cos )
+ B sin 6 cos go(qb sinf cos p — 0 sin ) + C cos () cos O + )
= (Asin® 0sin ¢ + B sin® 0 cos® ¢ + C cos? 0)1)
+(A — B)sin#sin pcos cpé
= f. (3.46)

143
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It is evident that those integrals are the same as the two in (3.30). Note that the
geometric integral in (3.30) turns into an identity in the Euler angles as coordinates.
In fact, 71, 72, 73 are redundant coordinates, i.e. they are dependent coordinates
subject to the geometric integral as a constraint.

3.13 Canonical Equations of Motion in Euler’s Angles

For certain important applications, such as different perturbation procedures, it may
be advantageous to use the Hamiltonian formalism. We shall give now the Hamilto-
nian function and canonical equations of motion in Euler’s angles and their conjugate
momenta py, py, p,. From (3.44), we get

oL . .

Dy = % = DY + (A — B)sinfsin pcos b + C cos 6,
oL . . : 2 22 NA)

Po = % = (A — B)sinf cos 6 sin i + (A cos” ¢ 4+ B sin” ¢)0,
oL . .

Py = 77 = C@cosl + ), (3.47)
op

where
D = Asin® 0 sin® p+ B sin® 6 cos? p+C cos 6. (3.48)

Then, after solving (3.47) for w 9 ¢, we calculate the Hamiltonian

H =py+0py+pp, — L
_ (Acos? o + Bsin® p)

(Asin® ¢ + B cos? @)
(py — ppcos ) + Pi

2ABsin’ 6 2AB o
(A— B)sinpcosp Pi
_ ) — Do COS 0 e
ABsin6 (Py = pycos)po + 2C
+Mg(x¢ sin 0 sin @ + yg sin 6 cos ¢ + zg cos 0). (3.49)

The equations of motion can be written in the form

, __OH . 0H
p’uz— aw’ _apuv

. OH , 0H

Pr=""%0""= bpy’

, OH . OH

Py — (3.50)
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Since H does not depend on v, we have p,, = 0, i.e. p,, = const. In conformity
with (3.46), we take this constant to be f, so that

py = f. (3.51)

The second and third pairs of equations give

_ (B—A)sinpcosyp

cost — p,
Do B0 (f Do) Do
(A cos? ¢ + Bsin® p)
— pycosB)(fcosf — p,
AB S0 (f = ps (S Pe)
—Mg (x¢cosfsinp + yycosfcosyp — zgsinb),
. (B —A)sinpcosp (Asin® ¢ + B cos? p)
0= - 0 ,
ABsing T PecoshF AB pe
. (A—B) singp
Dy = T[sinﬁ (f — ppcosB) + pgcos o]
cos .
X[——(f — p,cos ) — pysin ]
sin 6
—Mgsin 6 (xgcos p — ypsiny) ,
. Py  (A—B)sinpcospcost
Y= C ABsinf b
(A cos® ¢ + Bsin® @) cos @
— — p,cosb). 3.52
ABsin® 6 /=P ) (3:-52)

If a solution is obtained for the last system giving 6, ¢, 0, ¢ as functions of time,
the precession angle ) can be then determined by integrating the second equation in
(3.50), which is now written as

. (A cos? o + Bsin® )

b (A — B)sinpcos g
AB sin® 0

ABsinf

(f — ppcost) —

pe.  (3.53)

3.14 The Routhian Reduction

From (3.46), we find

. f—(A—B)sin&sin@cosgoé—Ccongb
~ (Asin®@sin® ¢ + Bsin®f cos? ¢ + C cos? 0)

0 (3.54)
One can now use Routh’s procedure to ignore the cyclic coordinate ) and reduce

the problem of motion to a system of two degrees of freedom. The Routhian of the
system is
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R=1L— fi
=R, +R -V, (3.55)

where
1 ) s 02 2 2
Ry = S5 {Csin* (A sin® ¢ + B cos™ p)p” —

1 o
_EC(A — B)sin 20 sin 2p0¢
+[D(A cos® ¢ + Bssin® ) — (A — B)* sin” sin® p cos” 0167},
R, = %[C cos 0 + (A — B) sin 6 sin o cos pf],

f2
Vi=V 4+ —. 3.56
1 + D ( )
The function V; is called the reduced potential, while V' is the original potential
of the problem. The equations of motion are

i@_]?_@_R: ,ia—l,e—a—R:O. (3.57)

dt 90 00 dt 0o  Op
We shall not write them down in the expanded form because they lack symmetry and
they are not easy to use in general. However, they can be used much easily in case
of a dynamically symmetric body. Such concrete applications are not in the focus
of the present book and can be found in several books on perturbation problems.
Those are two second-order equations in the two variables 6 and . After solving
those equations and expressing the two angles in terms of time, one can determine
the ignored angle 1 by integrating (3.54) with respect to time.

Remark 1: The Lagrangian (3.44) (and equations of motion derived from it in
any generalized coordinates) is time-reversible, i.e. the Lagrangian and equations
remain invariant if the sign of time ¢ is changed. On the contrary, the Routhian and
Routhian equations of motion are not time-reversible. They are invariant only on the
simultaneous change of signs of 7 and f.

When f = 0, the Routhian becomes

R=R, -V,

and the Routhian equations of motion are time-reversible.
Remark 2: In the case of axial dynamical symmetry B = A, a significant sim-
plification occurs in the Routhian (3.55). It renders to the form

A .
R = E(C sin? 04 + DO*) + %Ccos@gb - Vi,

f2
Vi=V+4+—. 3.58
1 + D ( )
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Finally, when A = C, i.e. in the case of complete dynamical symmetry, D = A
and we have

A .
R = E(sinz 0% +6%) + fcosbp — V(B, ). (3.59)

This is the Lagrangian of a particle moving on a smooth sphere with 6 and ¢ as
polar coordinates on that sphere. The particle is subject to forces with potential V
and gyroscopic forces represented by the term linear in ¢. Note that the last term is
proportional to f and thus vanishes when f = 0.

3.15 Exercises

(1) A heavy rigid body is moving about a fixed point, which is not coincident with the
centre of mass of the body. Use the energy integral and Euler’s equations to express
the vector ~y in terms of the angular velocity w and its time derivative w in the form

1 1
=— ol I h—-wl- 3.60
2l Mg|r0|2[r0 X (@l w xwl) + (h = Swl-w)rol, (3.60)

where 4 is the energy constant and ry # 0 is the position vector of the centre of mass
of the body with respect to the fixed point.

(2) Use the last result to reduce the equations of motion of the classical problem
to the form of three autonomous first-order differential equations in the components
of the angular velocity with respect to an arbitrary system of axes fixed in the body
in time as independent variable to the form'

(wWl4+w x wl) -1y =0,
1
(h — 5wl.w)2 + (@I + w x wD? = M?g%|ry)%,

1
ro-[(h — 5wl~w)wl+cblxwl — |wI?w] = Mgf|rol?, (3.61)

where f is the areas constant and other parameters as defined above.
Hint: Use the following equations:

(wWl4+wxwl) -1y =0,
1> =1,
wl-v=f.

! For this form, or (3.63), to be equivalent to the original Euler—Poisson system, a condition on the
motion must be satisfied (See the two theorems in Sect. 8.1).
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(3) Show that in terms of G, the formula (3.60) and reduced Eq.(3.61) take the
following form:

) 1
~N=——[ro x (G+GA x G) + (h — =GA - G)ry], (3.62)
Mg|ry|? 2
and
(G+GA xG) ry=0,
1 2 ~ 2 2.2 2
(h—EGA-G) + (G + GA x G)? = M*g¥ry )%,
1 )
ro-[(h — 5GA -G)G+GxG — |GI*GA] = Mgf|rol?, (3.63)

where A = I,



Chapter 4
General and Conditional Integrable o
Cases of the Classical Problem

In the classical problem of motion of a rigid body about a fixed point, there are only
three general and one conditional integrable cases. By a general integrable case,
we mean that case in which the problem of motion is integrable for arbitrary initial
conditions, while the term “conditionally integrable” is reserved for cases which
are integrable only on a fixed level of the areas integral. In this chapter, we give a
brief account of integrable cases of the classical problem. We first rewrite the Euler—
Poisson equations of motion in their most used form in the system of principal axes
of inertia of the body at the fixed point:

Ap+ (C — B)gr = Mg(z072 — Y073)s

Bg + (A —C) pr = Mg(xov3 — 20M1)»

Cr+ (B —A)pg = Mg(yon1 — x072),
Nt+qv—rn=0,%2+rn—py=0"%+pr—gn=0,

4.1)
and also their integrals of motion
1
I = E(Ap2 + Bq® 4+ Cr®) + Mg(xom1 + Y072 + 2073) = h,
L = Apyi+ Bgy + Cryz = f,
L=v+7vm+%n=1 4.2)

The list of integrable cases is provided in the following Tables 4.1 and 4.2:

In both Tables 4.1 and 4.2 a; = Mgxy/C, a, = Mgyy/C. Although in the cases
of Kowalevski and Goryachev—Chaplygin, one can always rotate the coordinate axes
xy in their plane in order that the x-axis passes through the centre of mass, i.e.
yo = 0, we here keep both coordinates in the general position, keeping in mind some
future occasions, when the extra-parameter makes it possible to build integrable cases
© Springer Nature Switzerland AG 2022 59

H. M. Yehia, Rigid Body Dynamics, Advances in Mechanics and Mathematics 45,
https://doi.org/10.1007/978-3-030-96336-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96336-1_4&domain=pdf
https://doi.org/10.1007/978-3-030-96336-1_4

60 4 General and Conditional Integrable Cases of the Classical Problem

Table 4.1 General (Unconditional) cases

Author Conditions
1 Euler [78] (1758). gro=20.
Iy = A2p? + B2¢® + C%r2.
2 Lagrange’s top [251] (1788). B=A,
(Axially symmetric case)
Iy =Cr. xo = yo =0,
3 Kowalevski (1889) [238] A=B=2C,
Iy = z0 = 0.

(P* = ¢* —aym +axn)? +
(2pg — a172 — aam)>.

Table 4.2 Conditional case f =0

1 Goryachev—Chaplygin [115] |A =B =4C,z0=0
(1900) [52] (1901)

Ly = r(p* +¢*) — (a1 p + a29)

containing additional parameters in a nonlinear way (See, e.g. case 6 of Table 12.1
in Chap. 12).

4.1 Euler’s Case (1758). The Torque-Free Rigid Body

4.1.1 Explicit Time-Solution

In the same work [78], where he published the final form of the equations of motion
of a rigid body about a fixed point, Euler noted that the case of a free rigid body
(when the moment of forces applied to the body about the fixed point vanishes)
can be solved and reduced that case to a quadrature expressing the relation of the
components of angular velocity to time. In the present section, we shall solve the
equations of motion in Euler’s case explicitly using the elliptic functions invented
by Jacobi after almost a century, in the middle of the nineteenth century.

The equations of motion are obtained from Eq. (3.29) of the previous chapter
by setting either g = 0 (the case of absence of gravity force) or the equivalent case
ro = 0 (the case of a heavy body fixed from its centre of mass). Euler’s equation can
be written as 4G

EEG+wXG:O, (4.3)

or, in components,

Ap— (B —C)gr =0,
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B§ — (C— A)pr =0,
Ci—(A—B)pg = 0. (4.4)

Apart from Poisson’s equations, (4.4) form a closed system of three equations in
three variables, and can be solved independently. One can also notice that the energy
integral (3.30) for this case takes the form

_l 2 2 N
11=2(Ap + Bg~+Cr°) =h, 4.5)

so that it gives an integral of the system (4.4).

We can easily construct another integral of that system. In fact, Eq. (4.3) expresses
the constancy of the angular momentum vector G in the inertial space. The modulus
of this vector will be constant in all frames and in particular in the body frame. We
can write the integral

G? = const. = G(z),

Alternatively, we can multiply (4.3) scalarly by G to obtain
GG =0,
which leads to the same result. Thus, the new integral can be written as
A*p? + B’¢* + C*r* = Gi. (4.6)

Now, we construct the general solution for the equations of motion. First, we
introduce the two constants D and p through the relations

2h = 1’D, Gy = Dy, 4.7)

provided none of the constants Gy, / is zero, which can happen only on an equilibrium
(p = q =r =0). The two Egs. (4.5, 4.6) become

Ap* + Bg* + Cr* = Dy?, (4.8)

A?p? 4+ B*q* + C?*r? = D12 (4.9)

Note that D has the dimension of a moment of inertia, while x4 has that of an angular

velocity.
Eliminating r from the two Egs. (4.8, 4.9), we have

2_; 2 _ _ _ 2
p _A(A—C)[u DD - C)—B(B - C)q7]. (4.10)

Also, eliminating p from the same equations
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2o — 1 2D = D)= (A— B (4.11)
AA—C) ’ ‘

Without loss of generality, we assume A > B > C, itis easy to show that the variables
p and r have real values only if the parameter D satisfies the condition

C<D<<A. (4.12)

Inserting the two expressions (4.10, 4.11) into the middle equation in (4.4), we obtain

+1
Bg = —— 2D(A — D) — B(A — B)g? 2D(D - C) — B(B — C)qg2.
g m\/u( ) — B( )q*y/ 12 D( ) — B( )2413)

Noting that the right-hand side of the last equation is the square root of a 4th degree
polynomial, we conclude that the separation of variables leads to an elliptic integral
of the first kind. Since ¢ admits the values from zero to the minimum value of

»_WD@A-D)  , wDD-0)
N="ga—B - T BB-0

Thus, we have two cases:

4.1.1.1 The First Case

If g3 < g7 (this is hold only if £=C < 4=L je. C < D < B) then ¢? is changed
from O to qzz. Setting
q = qax,

where x is a new variable that varies from —1 to 1. Inserting the last expression in

Eq. (4.13), we get
X =M1 —=x2/1—k2x2, (4.14)

where
DA —-D)(B-C A—-B)(D-C
)\::I:u\/ ( )( ), 2=¢. (4.15)
ABC (A-—D)B -0C)
Separating the variables in (4.14) and integrating, we get
At z)—fx du (4.16)
Tl A — k) ’

where #( is an arbitrary integration constant. Equation4.16 can be solved to give

X = sn\(t — 1p). 4.17)
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Taking all obtained expressions into account, we can write

. |D(D —C) B
p==%u AA_O) cnA(t — fy),

DD —-C)

q=p msn)\(t — 1),
_ D(A — D)
r==u mdn/\(t —1t9). (4.18)

The last expressions show that the components of angular velocity are periodic func-
tions in the time ¢ with period %K (k) for p, g and %K (k) for r. Furthermore, the sign
of p and g change during the motion while » does not change its sign. Therefore, the
rotation about the third axis that has the minimum value of inertia is always in one
and the same direction.

4.1.1.2 The Second Case

In this case, B < D < A. The reader can easily check that the last formulas are

replaced by

p=u /%dn)\@ — 1),

q=p Hsm\(l — o),

r=pu /%cnk(r — 1), (4.19)
where

DD -C)YA-B A-D)B-C
AZiu\/(/“;é ) 4 \/( )(B - C)

“VA-BD-0)

Note that this time the rotation about the first axis (x-axis, with the maximum moment
of inertia) remains in one direction.

4.1.2 Permanent Rotations

Permanent rotations are motions with constant angular velocity in the body, i.e.

motions satisfying w = 0. Since ‘Z—‘;’ = w + w x w = 0, those motions are are also
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time independent in space. For them Eqgs. (4.4) become
(C-A)qgr=A—-Cyrp=(B—-A)pg =0.

They have three solutions: {p =Q,g=r =0}, {g=Q,p=r =0} and {r =
2, p = g = 0}, each of which represent a permanent rotation with an arbitrary angu-
lar velocity €2 about one of the principal axes of inertia of the body which takes an
arbitrary fixed position in the inertial space.

4.1.3 The Degeneracy of Elliptic Function

When D = C, we have k = 0 and Eq. (4.18) gives p = ¢ = 0 and r = . This
refers to the permanent rotation of the body around the third axis that has the minimum
principal inertia. The second degeneration occurs when D = B. Then, we have k = 1
and the expressions (4.18) or (4.19) become

B(B—-0C) 1
p==Eu ,
A(A — C) cosh X (t — ty)

q = ptanh X' (t — 19),

_ . [Ba-B) 1
"N CA=C)cosh Nt —19)

where \' = p,/ %. This is an asymptotic motion. As the time ¢ — =00, this
motion becomes a permanent rotation with angular velocity £y around the middle
axis.

4.1.4 The Case of Dynamically Axi-Symmetric Body

In this case, when B = A(> C) (the case of a body with a prolate inertia spheroid),
we can obtain relevant formulas of the solution by substituting B = A in (4.18). We
obtain

B D(D - C) 3
p==u —A(A 0 cos A(t — 1),

. DD —-C) . _
q=pu —A(A 0 sin A(t — tp),
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_ | |p@a-D)

where A\ = 1,/ %)C(A_C). It is easy to identify the two results.

On the other hand, when B = C < A, i.e. in the case of a body with an oblate
ellipsoid of inertia, from (4.19) we get

_ [D(D-0)

P=I"aa—cy

_ |D(A-D) . B

q=p CA—0) sin At — 1),
D(A — D)

r=p

m COS )\([ — [()), (421)

where

D(D - C)(A—0O)
A=p 12 .

4.1.5 Euler’s Angles in Terms of Time

In Euler’s case, there is no distinct direction in space to be taken as the direction of
gravity. The orthonormal basis vectors ¢, 3, -y can be chosen arbitrarily in space.
There also exist three areas integrals

G~ =Gy, G-a =Gy, G B =G (say). (4.22)

For determinacy, one can use the direction of the constant angular momentum to be
that of ~, i.e. one can take

G  (Ap,Bq,Cr)

4.23
Go Go (4.23)

Corresponding to this choice, one must take G, = G = 0 in (4.22). Using the
expressions (4.18), we can write the Eulerian angles in terms of time. Thus, we

have
C C [ D(A-D
cost = Loz ¥ dnA(t — 1p),
Gy D\ CcA-0O)
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_Ap [AB—C) et — 1)
Y= By TV BA—C A —1) (@29

as elliptic functions in the time 7. The angle of precession ¢ can be determined from

. pntan . Ap*+Bq® —uB a5
7" +% A’p2+ B T C 1+ Su=8s2

where s = sn\(¢ — #p). Thus, v is obtained as an elliptic integral of third kind in time

Y =1+ b, A_C/t di (4.25)
- YeTRe A 1+ S A — 1) | ‘

Further analytical evaluation of the last integral may be found in several treatizes,
e.g. [9] and will not be pursued here.
In the case of dynamical symmetry A = B, we get

C
cosf = j,
G
. Gy
= —, 4.26
P 1 (4.26)

. C
p=rg—vcosh = (1— Z)ro.

Itis evident that this motion describes a uniform rotation around the axis of symmetry
while this axis rotates around the vertical with a constant angular velocity. Euler’s
angles are then given by

c
6 = cos™! ﬂ,
G
G
b =t + Xo(t — 1), 4.27)

C
© =1+ (11— Z)Vo(f — 1p).

This motion is named regular precession. The axis of symmetry of the body is called
the figure axis and the axis fixed in space in the direction of G and -y is called the
precession axis. This type of motion will be met in several other situations later in
this book.
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4.1.6 Geometrical Interpretation of the Motion (Poinsot
1851)

The explicit analytical solution of Euler’s case provided in Sect. 4.1.1 is not of much
help in giving a clear geometric idea about how the body moves in space. An elegant
geometric description of the motion constructed by Poinsot [308] has become popular
in textbooks on the subject. We give a quick presentation of this construction here.

In the system of principal axes of inertia of the body Oxyz at the fixed point O,
the inertia ellipsoid of the body has the equation

Ax* + By’ +C=1. (4.28)

Let the body be in motion at certain moment of time with instantaneous angular
velocity w = (p, g, r) referred to that system. Denote by r =(x, y, z) the position
vector of the pole P (the point of intersection of the vector w with the inertia ellipsoid).
Note that since P lies on the instantaneous axis of rotation of the body, it is always
in instantaneous rest.

It is easy to deduce the following properties of the motion of the inertia ellipsoid.

Property 1: The angular velocity of the body is proportional to the line segment
O P, cut of the rotation axis by the inertia ellipsoid.
In fact, one can write
w = Ar, (4.29)

where ) is a multiplier to be determined. Substituting this expression into (4.28), we
obtain

AN 2(Ap*+ Bg* +Cr?) =1,

and in virtue of the energy integral this gives

A\ =2h.

It follows that |
A= ——.
V2h

so that the proportionality factor A is a constant. We have here fixed the positive sign
for A, in order to have r in the same direction of w, and thus from (4.29) we get

w = /2hr. (4.30)

Property 2: The tangent plane T1 to the inertia ellipsoid at the pole P keeps a fixed
direction in space for all the time of motion.

The unit vector n in the direction orthogonal to the tangent plane at P can be
written as
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1 1
r o1 _6 4.31)

VidP eI G

where we have used (4.30). As G is a constant vector in space, property 2 is proved.
Property 3: The tangent plane to the inertia ellipsoid at the pole P remains fixed
in space for all the time of motion.
To prove this property it is easy, using properties 1 and 2, to deduce that the
orthogonal distance of the centre O of the ellipsoid from the tangent plane at P

_ rl-r _ 1 _ ~2h
VirI? VP er G

is really constant during motion.

Now we are ready to make the final conclusion about the motion of the body based
on the motion of its ellipsoid of inertia (fixed in that body):

The motion of a rigid body by inertia about the fixed point O is realized by rolling
the inertia ellipsoid, with centre at O, without slipping on the immovable plane T1
(See Fig.4.1).

At any time moment, the point of contact P is momentarily at rest. The curve
traced out on the ellipsoid of inertia by the pole P is called polhode, and it is
obviously a closed curve. The locus of P on the plane IT has the name herpolhode.
It is not closed in general, but it may close under some conditions on the parameters
of the body and of the motion. In the case of a dynamical axial symmetry, both the
polhode and herpolhode become circular.

n—=

d=r-n (4.32)

Fig. 4.1 Poinsot’s
construction
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It should be noted that Poinsot’s description is purely geometrical. It shows the
consecutive positions occupied at different moments by the inertia ellipsoid of the
body, but has nothing to do with the time sequence in which those positions occur.

Exercise 1 Show that in Euler’s case the angular momentum of the body describes
a cone, whose equation referred to the principal axes of inertia at the fixed point is

a D)2+(1 D)2+(1 D)2 0
— —)x —_— —_ — = U.
A B c”

4.2 Lagrange’s Case (1788). The Top with a Fixed Point

Lagrange’s top is characterized by axial symmetry, when two of the principal
moments of inertia at O are equal and the centre of the mass of the body lies on
the axis of dynamical symmetry, so that one can write

A= B, X0 = Yo = 0. (433)

This case was first described as a solvable problem by Lagrange in his historical book
on analytical mechanics [251]. A significant contribution of Poisson [309] made a
clear and elegant picture of the motion of the apex of the top. This picture will be
briefly described below in this section.

The study of motion of Lagrange’s top is most interesting as for theoretical under-
standing of gyroscopic effects of rotating bodies and from the point of view of scien-
tific and technical applications. In fact, the approximate theory of gyroscopes relies
on the fundamental properties of motion of Lagrange’s heavy top and the axisym-
metric version of the free top (in absence of gravity). That is why that top is a
favourite subject in all books on analytical dynamics in general and, particularly, in
books on gyroscopes. (See, e.g. [112] for precession of equinoxes and [132, 270] for
gyroscopic effects of rotors). One of the most detailed descriptions of the dynamical
behaviour of Lagrange’s top can be found in [222], where expressions for the angular
velocities and the geometric variables are also given in terms of theta functions (See
also [269, 368]). Interest in the subject never faded away over years. Various aspects
of Lagrange’s top were studied extensively in the literature. The reader can see [34,
61, 62, 104, 106, 143, 262, 310, 362], just as examples. In this section, we give a
brief account of the analytical solution and the most important qualitative properties
of the motion.



70 4 General and Conditional Integrable Cases of the Classical Problem

4.2.1 The Solution

In the case of Lagrange, both coordinates i) and ¢ are cyclic and one can use
Routh’s procedure to ignore them and reduce the problem of motion in the clas-
sical Lagrangian form to one degree of freedom. However, we shall follow here a
slightly different approach, more consistent with that used in other cases throughout
this book. In fact, under conditions (4.33) Euler—Poisson’s equations reduce to

Ap — (A= C)gr = Mgzoa,
Ag — (A= C)pr = —Mgzom,
Ci =0, (4.34)

Y1 +4g13—r1n =0,
Y2 +ry1— pys =0,
Y+ py2—qy =0. (4.35)

The last equation of (4.34) at once gives the fourth integral
r=ry (4.36)

where r is an arbitrary parameter. We also write the three general integrals:
The energy integral

A(p* +q*) + Cr* +2Mgzoys = 2h, (4.37)

the areas integral
A(py1+qv)+ Cry = f, (4.38)

and the geometric integral
F+1+1=1 (4.39)

where h, f are arbitrary parameters. According to Jacobi’s theorem, the equations
of motion can be solved completely and the solution is expressed in terms of elliptic
functions as in Euler’s case. In fact, using Eq.4.35 and the geometric integral, we
obtain

Y2 = (pr2—qn)* = p (1= =D +¢* (1 =% —73) — 2pgmy
=1 —=)P*+9>) — (pn +qn)* (4.40)

One can also use the four integrals of motion in the last equation to obtain the
following equation for ~3:
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f—Crom

" )2, (4.41)

Y3* = (1 = B(E —ay3) — (

where E = %(Zh — Crg), a = ZMA# and, without loss of generality, we assume
a > 0. In this equation, one can separate the variables and integrate to obtain the
relation

dvs
t = , 4.42
VF(y3) (4.42)
where |
F(13) = (1 = )(E —av3) — e Crov;)*. (4.43)

The function F(y3) is a cubic polynomial in the variable 3 and thus, the integral in
(4.42) is an elliptic integral of the first kind and its inverse 3 (¢) is an elliptic function.
The three roots of F, which we denote by u;, us, u3(u; < uy < u3), play a decisive
role in determining the character of the motion. We shall now closely investigate the
function F on the real ~y; line. First we note that

1
F(FD) = —F(f + Cro)?,
F(400) = +00. (4.44)

That is, apart from the very special cases f + Cry = 0, F is negative at the terminal
points of the interval [—1, 1]. One of the roots, namely u3, lies to the right of y3 = 1
and for physically meaningful motion the other two roots must be real and must
lie in the interval [—1, 1]. The point representing 3 moves on the interval [u, us],
where F is non-negative, (See Fig.4.2), traversing this interval in one direction
and then in the other with its velocity vanishing at the ends. In the generic case of
three different roots of F, 7; is periodic in 7 with period T = 2 fu"lz % Explicit
solution was given in [134] in terms of Jacobi’s elliptic functions of time. The most
detailed solution is given in the treatise of Klein and Sommerfeld [222] in terms
of Theta functions. Alternative form in Weierstrass’ functions, the most popular in

Casea Caseb

Fig. 4.2 The path of the apex on the fixed sphere
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application at that time, can be found in Whittaker’s book [368]. We shall not give
explicit analytical formulas here, but we can draw, following Poisson, a very useful
qualitative picture of the motion of the body.

Now, we turn to determine Euler’s angles. The nutation angle 6 is readily expressed
as @ = cos! 3. The two relations

P+ gy =sin?0, r=1cosh+ o
can be used, together with the areas integral, to obtain expressions

i f—Croys

- , 4.45
() A0 =2 (4.45)
. (= Crm)

Y =ry —A(l — ’Y%) . (4.46)

One can obtain v, ¢ by integrating the last two expressions with respect to time. The
general solution of the problem is thus constructed. It contains six arbitrary constants:
h, f, ro and the integration constants that appear in the last three integration processes.

4.2.2 The Study of the Motion

Lagrange’s top is assumed to have only dynamical symmetry about the z—axis. It is
possible to think of it as an ordinary top having complete axial symmetry, geometric
and physical. From this perspective, the way in which the proper rotation angle
o changes does not make difference to the observer. The significant part of the
motion is that of the figure axis. This is determined by the two spherical coordinates
6 = cos™! 73 and v, governed by Egs. (4.42) and (4.45), respectively.

4.2.2.1 Motion of the Apex

During the motion of the body, the apex of the figure axis traces a curve on the
unit sphere fixed in space and with centre at the fixed point. The figure axis nutates,
ascending from the angle #; = cos™! u; to #, = cos™! u, and then descending to 6,
in a periodic manner, while precessing about the vertical. The precession velocity ¥,
as given by (4.45), takes its minimum value at the upper-most position 6. This value
may be positive, zero or negative, depending on the quantity f — Crou,. Accordingly,
the spherical curve traced by the apex touches the upper circle u = u, in the same
direction as it makes with the lower one, has a cusp on that circle or touches it in the
opposite direction. The trace of the apex takes one of the forms a, b or ¢, depicted in
Fig.4.2.
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4.2.2.2 Regular Precession of Lagrange’s Top

Generic motion of Lagrange’s top corresponds to motion of the figure axis between
the two circles u; and u,. In Fig.4.3a, u varies on the interval [u;, u]. Regular
precession corresponds to the nutation angle 6 taking a constant value 6* (say), and
then from (4.45, 4.46) we find that the other two Eulerian angles 1), ¢ change with
time in constant rates. This occurs in two qualitatively different ways:

1- When u; = up = u*, —1 < u* < 1. This happens at inclination u*, provided
two conditions F(u*) = F'(u*) = 0 are satisfied. These conditions give, respec-
tively,

. (Crou*— f)?
Al —u*?)

1 *2 *2 2
f=5lCro(+u) £ (1 —u )y C2r¢ — 2Aau*]. (4.47)
u*

E =au

/_ Pr— uy
T O
t “ ’ usz ' ’ /

a-Generic motion. b-Regular processions.

F
F

u=u=1

h ’ \/uj ‘ ! !

c-Stable standing position. d-Unstable standing position.

Fig. 4.3 Possible cases of motion of Lagrange’s top
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When the figure axis makes with the vertical upwards an angle 6* = cos™! u (3 <
0* < ), there are two different real values of f corresponding to two precessional
motions that may be named as fast and slow precessions. On the other hand, when
0 <0 < 7, the two precessions are possible only when |ro| exceeds a minimal
value —Vzé‘”‘* (Fig.4.3b). This family of precessional motions include the hanging
gyroscope position #* = —1 and the standing gyroscope position u* = 1, termed
also as the sleeping top position (Fig.4.3c). Regular precessions of this family are
all stable, since a slight perturbation of the motion causes splitting of the two roots
in a small neighbourhood of u*. This leads to a small periodic change in the nutation
angle 6 and consequently small wobbling in the rates 1/) and ¢.

2- When u; < 1, u3 = up = 1. This gives a different standing position, corre-
sponding to Fig.4.3d. On perturbation, the equal roots splitinto u3 > 1, up < 1. The
figure axis begins a finite periodic motion, in which it goes near to position u before
it returns near to u;. This standing position is unstable.

Comparing Fig.4.3c, d, one concludes that the standing gyroscope position is
stable when F has a maximum at its double root # = 1 and unstable when it has a
minimum at that position. Analytically, the condition for a stable upright spinning
position is

F(1)=F(1)=0,F"(1) <0. (4.48)

This finally gives the condition

A% 4MgAz,
There is a critical value rj = 2—%‘3’/‘“ of the angular speed |ry| of the sleeping top,

under which the upward position is unstable and above which that position becomes
stable. The same stabilizing effect can be achieved even when the body stands at rest
in its upper equilibrium position, with the help of a symmetric rotor whose axis is
fixed in the body in alignment with the body axis. We shall return to this point in the
next chapter.

4.3 Kowalevski’s Case (1888)

In both cases of Euler and Lagrange, an integral of motion followed from general
principles of mechanics, constancy of the angular momentum in the first and cyclicity
of the angle of rotation about the axis of symmetry in the second. An important
moment was that in both cases the equations of motion were solved to the end
and the solution expressed through Jacobi’s elliptic functions and certain integrals
involving them.

The search for integrable cases continued, but, although the problem attracted
attention of many eminent mathematicians, the search didn’t lead to any other cases.
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A whole century later, a new integrable case of the heavy rigid body was found by
Sofia Kowalevski. That was not in virtue of a physical conservation principle, but
using a purely mathematical condition: all solutions of the equations of motion (4.1)
should have only poles as their singularities as functions of time in the complex
t-plane. This property is satisfied by the solutions in the two known integrable cases
of Euler and Lagrange, being expressible in terms of elliptic functions of time. It
implies that the Euler—Poisson variables w,  can be represented in the vicinity of a
pole at 7y (say) by a Laurent series of the form

Wi =

(t—to)“ Z“’()(t_l")k”y’ - z)@ Zv(k)(t—to)" (4.50)

in which «;, §; are positive integers and the coefficients wfk), 'yi(k) are (in general
complex) constants to be determined. In order for the series (4.50) to represent the
general solution of the six-ordered system (4.1), five constants must remain arbitrary
init. The sixth one, as explained in Sect. 3.9, is associated with the integration process
that determines the angle of precession.

Kowalevski used the values o; = 1, 3; = 2 and analyzed the successive systems
of equations in the coefficients resulting from substituting the expansion in the Euler—
Poisson equations of motion and their integrals. As a result, she isolated three cases
of the required type, the two cases of Euler and Lagrange and a new third one,
characterized by the conditions A = B = 2C, zo = 0. Thus, the centre of mass of
the body lies in the plane of equal moments of inertia, i.e. zo = 0. By virtue of the
condition A = B, we can assume that the centre of the mass lies on x-axis, so that
we finally write Kowalevski’s conditions for the new third case'

A=B=2C,y)=z=0. 4.51)

Note that those conditions guarantee only that property of the solution in the complex
plane, but with no definite conclusion about integrability of the third case, i.e. about
the existence of a complementary fourth integral, necessary for the integration of the
equations of motion. Kowalevski tried and found the complementary integral in the
third case, thus proving the integrability of that case. She also reduced problem to
quadratures and expressed the solution in terms of hyper-elliptic functions of time,
which are more complicated than elliptic functions, but they share with them the
property of having only poles as singular points in the complex plane.

In this section, we throw some light on the Kowalevski case. In our presentation,
more attention is paid to available principal results. Detailed citations to relevant
sources covering the abridged material are given.

1 Some authors argue that the condition yo = 0 is a restriction on the physical parameters of the
problem and call for correcting this error [98, 371]. For a discussion see Chap. 8 Sect. 8.14.
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4.3.1 Integration of the Equations of Motion

Under Kowalevski’s conditions (4.51), the Euler—Poisson equations take the form

2p —qr =0,

2q + pr = avs,

F4+avy, =0, (4.52)
NM+tqyn—rn=0%+rm—pr=0,%+pn—qgn=0, (4.53)

in whicha = @ The three general integrals of motion may be written as

I =2(p* 4+ ¢*) + r* + 2avy; = 2h,
L =2(py1 +qm) +rvn=f,
L=v+vn+n=1L (4.54)

From the first two equations of (4.52), we get
d . . . .
2 (p+iq) =—ir(p+iq)+iays, (4.55)

and from the first two equations of (4.53)

d
E(% +iv2) = —ir(y1 +iv2) +ivs(p +iq). (4.56)

Multiplying (4.55) by p + ig and (4.56) by a and subtracting, we obtain

d
T+ i) —a(m +in)]=—ir[(p+ig)* —a(n +im)].

The last equation can be written in the equivalent form

d . . .
- In [((p+iq)* —a(y +iv)] = —ir.

Taking the conjugate of the last equation, noting that all the variables are real, we get

d — . .
o [(p+ig)* —a(y +iv)] =ir,

and adding the last two equations gives

d . .
Il + ig)> —am +in)>=0.
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Thus, we obtain the fourth first integral in the form
(P +iq)* —a(m +im)* = &2,
where k is an arbitrary integration constant. Its final form takes the form
L=’ —¢* —am)’ + 2pg —am)* = k. (4.57)
According to Jacobi’s theorem, the general solution of Euler—Poisson equations in

this case can be constructed. To find it, Kowalevski introduced two new variables
s1, $2 and showed that they satisfy the following two ordinary differential equations

dS] + dSz _
VoG  JBG)
sldsl S2dS2 _ ﬂ
JoG6) | Vo) 2 (5%
where
a2f2
O(s)=—(s—h—k)(s—h+k)F(s), F(s)=s[(s —h)?*+a>—k*]— 5
(4.59)

i.e. ®(s) is a polynomial of degree five in the variable s. Those equations can be put
in the equivalent form
st 1
Vo) 20s1—s2)]
52 -1

JOG) 21—

Equations (4.58) are termed Abel-Jacobi equations. On integration, they give

(4.60)

/ dS‘] 52 dSz o
Joon g Vaen

/Sl s +/SZ nde Lo (4.61)
=z — 1) .

0 VOGS JP(s2) 2

where s?, sg are the initial values at t = #y). The inversion of those ultra-elliptic

quadrature is a classical solved problem. It gives the two variables sy, s, in terms of

ultra-elliptic functions of time, depending on the parameters /, f, k and two more

integration constants. Alternatively, they can be expressed in terms of Theta functions

in two variables. A detailed account of the inversion problem can be found in [113].
Kowalevski was also able to express all the dynamical variables in terms of sy, s

[238, 256]. To this end she widely used the properties of elliptic functions, which were
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so popular at the time. Kotter [234] simplified and systematized Kowalevski’s method
and made it somewhat more transparent (See also [259] and references therein).
Several later trials to simplify Kowalevski’s and Kotter’s derivations by using Lax
representation of the equations of motion and methods of algebraic geometry have
led to more complicated solutions in terms of Theta functions of three variables, e.g.
[1, 26] (See also comments in [307]).

The motion of the body in Kowalevski’s case takes its simplest form in the plane
of the Kowalevski separation variables s; . Let e;, i = 1, ..., 3, be the roots of the
cubic polynomial F(s). Two options are possible, either e; is real and e;, e3 are
complex conjugate, or the three roots are real and e¢; > e, > e3. We shall introduce
also the notation e4 = h — k, es = h + k. Note that, for determinacy, k can always
be considered a non-negative constant, while a is made positive by a suitable choice
of the coordinate x axis.

Each of the variables sy, s, takes its values on one of the admissible intervals
on which ®(s) takes non-negative values. But, in view of Eq. (4.60), both variables
cannot vary simultaneously in one and the same interval. After the works of Appelrot
[9] (See also [108]), it turned out that in the generic case, when @ has no equal roots,
then real motions in Kowalevski’s case correspond to the intervals of variation of
Kowalevski’s variables shown in the following table (Table4.3).

Kowalevski’s expressions for the phase variables in terms of the auxilliary vari-
ables 51, s, can be written as

_ BiPitBP A B3P
P+ Py + a3 Py’
1

1= a1P1+a2P2+a3P3’
- 2041P23 +ar Py + az P
arPi+ar Py + a3 Ps
Pys + B2 Ps1 + 5 P
73:_\/551 23 + B2 P31 + B3 Pin

arPy+ aaPry+ azPs
3 3
Z (en — ea)oy, Pus F Z(en — e5), Pys
i = 1= - L : (4.62)
Z anPn4:F Z anPnS
n=1 n=1

Table 4.3 Admissible intervals of Kowalevski’s variables s1, sp when ® has all roots distinct

1 —o0<sm<e <e <s1=<e;5 F has one real root e
2 —00 < <e <e <51 =<e;5

3 — X0 <s;H={e3z<ey<e <s51=<e5 ez < e4 <ep

4 —0<Hm=<e<e3z<e<e <s1<es5

5 —0<sm=<e3<e<e <e <51 =<e;5
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where
Pn - \/(Sl - en)(SZ - en)»
P = ’?ﬂt{ Vo) Vo) }
M (s =) L1 —e)(si —em)  (s2—en)(sa—en) )’

and the constant coefficients are given by

2e,

ay = s

F'(en)
5o NEE e Jae
YT OFen) T Fle) T Flles)

However, those formulas serve to show how complicated the solution is. The generic
analytical solution is almost useless in the study of qualitative properties of motion.
Even in some cases, when the solution takes simpler form for certain values of the
parameters, it turns out to be more practical to return to direct solution of the equations
of motion under given conditions, instead of substituting in the generic solution.

In real motion, the point (s, s2) moves either in a rectangular area or in a semi-
infinite strip. In this area, the sy, s, are related to time through the ultra-elliptic inte-
grals. For such motions, the general behaviour of the angles of precession and proper
rotation was briefly investigated by Kozlov [240]. However, as the expressions of
the dynamical variables given by Kowalevski and Kotter are too complicated to help
drawing more qualitative conclusions about the motion, it acquires great importance
to point out some special classes of motions for which the ultra-elliptic quadratures
degenerate into elliptic or even into simpler ones. Those classes correspond to cases
when the polynomial @ (s) has multiple roots. They were first studied by Appelrot
[11] and investigated later in [67, 158] (See also [183] or [108]). An account of those
cases will be presented in Appendix B.

4.4 The Goryachev—-Chaplygin Case: A Conditional
Integrable Case

Here, we are going to deal with a new type of integrable cases in rigid body dynamics
that we shall meet frequently later in this book, a conditional case. That is a case
when the complementary fourth integral exists only under one condition: the initial
motion (wo, 7,) satisfies the restriction

wol-vy =0,

and hence, from the integral of areas, we shall have at all subsequent times
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wly=f=0.

The angular momentum vector is horizontal at the initial moment and will stay so
all the time.

4.4.1 The Fourth Integral

When the distribution of mass in the body satisfies the conditions
A=B=4C,y) =120 =0, (4.63)
the equations of motion (3.29) take the form

4p = 3qr,
4 = —3pr +avs,
F=—amy,
N+gru—rn=0 2+ —p1=0,3+prn—gn=0
(4.64)

where a = Mgx(. As was shown first by Goryacheyv, it can be easily verified that

d 2, 2 aq
— — f, 4.65
P ta) —apyl= o (4.65)
where f is the constant of areas. Now, we note, as was first done by Chaplygin, that

when
f=G~=0, (4.66)

i.e. when the vertical component f of the kinetic moment of the body vanishes, the
quantity in the square bracket becomes an integral of motion

r(p*+q*) —apys =G (4.67)

where G is an arbitrary constant. Note that, as in the three general cases of inte-
grability, this integral is a polynomial, cubic in the Euler—Poisson variables. The
integral (4.67) was obtained by Chaplygin and will be named Chaplygin’s integral.
The particular case found slightly earlier by Goryachev is subject to the additional
restriction G = 0 and an invariant relation /p~y; = br, b is an arbitrary constant.

In the three general cases of integrability, the problem of motion was integrable
for all initial conditions, which is not the case here. The integral (4.67) is valid only
for motions satisfying the condition (4.66), i.e.
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dpy) +4qg7, +ry3 =0. (4.68)

Of course, it suffices to have this condition satisfied at the beginning of motion, and
it will be satisfied at all times since the quantity in hand is an integral of motion. This
condition means that the kinetic moment of the body should lie at the initial moment
of motion in a horizontal plane passing through the fixed point, and it will continue
to be in the same plane at all times.

4.4.2 Separation of Variables. Solution of the Equations of
Motion

As we have mentioned earlier, the mere presence of the four integrals of motion
does not always mean that a known procedure can be utilized to reduce equations
of motion to a separation of variables and, consequently, to complete the process
of explicit expression of all the phase variables of the problem in terms of certain
functions of time. In most cases, one has to design for a new case a new method,
almost independent of methods applied in the solution of other cases.

Here, we present for Goryachev—Chaplygin case the method which Chaplygin was
able to devise for separation of variables. We first write all the integrals of motion

1
S0 4D +ril+an =
dpyi +4gv2 +ry; = f/C =0,
r(p* +4q* —apy; = G,
n+n+%=1 (4.69)

Following Chaplygin, we introduce new variables u and v by the relations

r=u-—v,
4(p* + g% = uv. (4.70)

Substituting in (4.69) and solving the first three equations, which are linear in
Y1, Y2, 73, and inserting the solution in the fourth equation, we determine p and
q. After some manipulations we write down the solution of the algebraic system
(4.69)—(4.70) is

UiV = UV

8a

4= U Vi + UV,

r=u-—v,

3
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_ u+v
m= 2a(u+v)’
U,U, — ViV,
"= 2a(u + v)
e Sl

where

U=u’>-2Eu—4G, V =v’—-2Ev+4G,
U} = U —2au, V=V —2av,
Us = —U — 2au, V)= -V —2av. (4.72)

Thus, we have expressed the six Euler—Poisson variables in terms of the two
variables u and v. It remains to determine the dependence of u, v on time. Using the
first equation of (4.70), the third of (4.64) and (4.71), we get

du dv U0, -,

P P (4.73)

dt dt:

Also, using the second equation of (4.70), the first and second of (4.64) and (4.71),
we find

du n dv 8(pp + q4)
V— tu— =
di di PP T4qq
= 2aqvy3
ulvi+ UV, UiV, + ViU
_ 1Vi+ 0V, 12+12, (4.74)
8a (u +v)
so that we finally obtain two differential equations in # and v
20 vt 2wt v (4.75)
Uu+v)— = s u+v)— = . .
a7 1U2 s 1V2
The last equations can be put in the form
du dv udu vdv dt
— =0, + = —. (4.76)
uu, viv, uu, v, 2

Integrating from the initial position ug, vy at fy, we can now write

u du v dv —0
uo \/4a2u2 — (3 —2Eu —4G)? v \/4(121)2 — (V3 —2Ev +4G)?
u udu v vdv

1
+ =5 —1p).
uo V4a2u2 — W3 —2Eu —4G)2  Juy V4a2v2 — (w3 —2Ev+4G)2 2

4.77)
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With this step, we have completed the process of separation of variables as was
proposed by Chaplygin. Integrals in (4.77) are in the standard form of hyper-elliptic
integrals, where the denominators of terms are square roots of polynomials of the
sixth degree. The inverse functions, i.e. the solution of the system (4.77) in the
variables u, v as functions of time can be expressed in terms of Theta functions of
two variables, each of which is a linear function of time. This step was completed
for the present problem by Marcolongo and Olsson and the reader may be referred to
their original works [272, 298]. The behaviour of the variables u, v depending on the
number and multiplicity of real roots was studied by Dokshevich [67]. The analysis
is much simpler than in Kowalevski’s case, since here we deal with a system with
only two parameters.

It is noteworthy that the separation of variables in Goryachev—Chaplygin’s case
was attained in [240] by an elegant approach, using canonical Andoyer—Deprit vari-
ables. Also, certain qualitative properties of motion were studied, e.g. the long time
behaviour of the angles of precession and proper rotations. Particularly simple solu-
tions of Goryachev—Chaplygin case are discussed in Appendix C.

4.5 Integrability and Nonintegrability Issues

As mentioned above, Kowalevski used the analytical theory of differential equations
to isolate all possible combinations of the physical parameters A, B, C, xo, Yo and zo,
for which the general solution of the Euler-Poisson system of equations of motion,
for arbitrary initial conditions, can be expressed as single-valued functions that have
only poles as their singularities in the complex plane of time ¢. Her approach led to
the third integrable case in the classical problem of motion of a rigid body about a
fixed point. Kowalevski’s result was continued and supplemented by Appelrot [10]
and Lyapunov [266]. Lyapunov’s method is characterized by the introduction of a
small parameter and involves the analysis of the monodromy of variational equations
for some particular solutions of Euler—Poisson’s equations. It showed that, except for
the cases of Euler, Lagrange and Kowalevski, the general solution of those equations
branches in the complex time plane in all cases.

The subject of integrability was a favourite field for several mathematicians over
a large period of time.

As we have noticed, the fourth integral in the three general integrable cases has
polynomial form in the Euler—Poisson variables. Husson investigated the possibility
that there exists an additional general integral algebraic in those variables [154, 155].
It turned out that this happens only in the three known integrable cases. Ziglin [435]
has also shown that a meromorphic complementary first integral of the Euler—Poisson
equations exists only in the cases of Euler, Lagrange and Kowalevski and also in the
conditional (f = 0) Goryachev—Chaplygin case. We note also the recent proof of
the non-existence of meromorphic integrals [268], obtained by means of a technique
based on differential Galois theory.
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One has to mention also the contributions and different approaches of Poincaré,
Kozlov [240, 245] and Ziglin [434, 435] and others. For a more detailed presen-
tation see, e.g. [41]. Detailed analysis of the complete algebraic integrability and
the anaytical structure of the solution in the complex plane for the integrable cases
can be found in [2]. However, we note also that although methods of proving inte-
grability or non-integrability had succeeded in the study of the classical problem,
they become much less effective in more general problems involving the effects of
additional potential and gyroscopic forces on the body.



Chapter 5 ®)
The Motion of a Heavy Gyrostat s

Originally, the gyrostat, as the terminology was coined by Lord Kelvin, is a heavy
rigid body with a rotor or a fly-wheel spinning with a constant angular speed about
its axis of symmetry. The subject gained a great interest at the first two decades of
the twentieth century. Examples are the two books by Crabtree [59] (1909) and Gray
[133] (1918), devoted exclusively to describing gyroscopic phenomena, specially the
stabilizing effects of rotors, and the ways to make use of them in warfare of World
War 1. Today, gyroscopic apparatuses are indispensable in cell phones, in so many
applications in terrestrial and cosmic navigation and in technology. Most useful is
the stabilizing effect of fast rotors on normally unstable motions and equilibria.

In this chapter, different types of mechanical systems having the same equations
of motion as the gyrostat are presented. General and conditional integrable cases
of motion are presented. In fact, these are generalizations of the relevant integrable
cases in the classical problem, and reduce to them when the gyrostatic momentum
vanishes.

At present, several particular solutions to the problem of motion of a gyrostat are
known, namely, 13 solutions. Some of them are generalizations of classical counter-
parts by adding a gyrostatic momentum. Other cases lose their meaning when the
gyrostatic moment vanishes.

5.1 Models of the Gyrostat

5.1.1 The Classical Model

Consider a system S, composed of two joint rigid bodies. The first, Sy, which we
shall call the carrier (or the main) body, is fixed in the inertial space from its point

© Springer Nature Switzerland AG 2022 85
H. M. Yehia, Rigid Body Dynamics, Advances in Mechanics and Mathematics 45,
https://doi.org/10.1007/978-3-030-96336-1_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96336-1_5&domain=pdf
https://doi.org/10.1007/978-3-030-96336-1_5

86 5 The Motion of a Heavy Gyrostat

0. The second body, the rotor S, is an axially symmetric body fixed from its axis
of symmetry in the main body. Its centre of mass, Oy, lies on its axis of symmetry.
Usually, such a symmetric body is called gyroscope. Because of the symmetry of the
rotor, its rotation does not change the distribution of mass in the system. Let I and
ro be the inertia matrix and the position vector of the centre of mass of the system,
referred to the system of axes Oxyz fixed in the main body. Let also J be the inertia
matrix of the rotor with respect to a system of axes O;x;y;z; fixed in it with z;
along its axis of symmetry. From symmetry, it is clear that O;x;y;z; is a system of
principal axes of the rotor and hence we can write J = diag(Jy, J;, J).

Let the rotor be set and kept in motion about its axis with a constant angular
velocity €2, by means of some device. Let r; = w and denote by r the position
vector of a mass element dm of the system with respect to O. The velocity of that
element is w x r if it belongs to Sy and wxr+ Qe x r’ for elements of Sy, where r’
is the position vector of the mass element of the rotor with respect to O;. The angular
momentum of the system can be written as

G= | rx (wxr)dm ~|—/ r x (wxr+Qe x r')dm
S[) Sl

:/ rx(wxr)dm+/ r x (Qe x r')dm
So

Si

= wI—i—/ (r; +r)x(Qe x r')dm
Sy

=wI+r1x(§2ex/

r'dm) ~|—f r' x(Qe x r')dm
Si M

= wl +0+QeJ
= wl+QJe. 5.1

Here we have used | 5, r'dm = 0. The last expression will be written as
G =wl+k, (5.2)

where k = QJe is the gyrostatic momentum, the angular momentum of the rotor
relative to the carrier body. It is directed along the axis of symmetry of the rotor.

Now we write down the equation of motion of the system. The mutual forces
between the main body and the rotor are internal forces in the system and do not
appear in this equation. One has

G+wxG= Mg~y xry.

Since k is kept constant in the body, £ = 0, and the last equation reduces to

wl+ w x (Wl + K) = Mgy xry. (5.3)
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This is the final form of the dynamical equation of motion of the gyrostat. Together
with Poisson’s equation
Y+wxy=0, 5.4

one obtains a closed system which we now write in the following scalar form of six
first-order differential equations:

Ap + (C — B)qr + K3q — kor = Mg(z072 — Y073),
Bg + (A —C)pr + kir — k3p = Mg(xoy3 — 20m1),
Cr+ (B — A)pq + kap — k1g = Mg(yoy1 — X072), (5.5)

N+qu—rn=0%+rm—-pyr=093+pr—gn=0. (5.6)
This system admits the general integrals:

I = Ap* + Bg* + Cr* + Mg(xom + o2 + 2073) = h,
L=y+v4++=1,
I = (Ap + kD)1 + (Bg + K2)72 + (Cr + k3)73 = f. (5.7

The first integral is usually termed Jacobi’s integral for the system, since it is different
from the total energy of the system, which contains terms linear in the components
of w.

When the angular speed €2 of the rotor vanishes, gyrostatic momentum x = 0,
and equations (5.5) and the integrals (5.7) reduce to their counterparts of the classical
problem.

5.1.2 The Free Rotor Model

In the previous model, the angular velocity of the rotor was kept constant relative to
the carrier body. In an interesting alternative, due to Levi-Civita [261], the rotor is
left to move freely around its axis of symmetry fixed in the body, so that the system
will have an additional rotational degree of freedom. Let ) be the angle of rotation of
the rotor relative to the body. Using the same symbols as in the previous subsection,
the kinetic energy of the system is expressed as the sum of two parts

T

1 1
— | (wxr)’dm+ = | (wxr+ye x r')’dm
So 2 N

1 1
— | wxr)’dm+x [ (wxr)-(exr)dm+ =x* | (e xr)’dm
2 Js, §i 27 s,
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1 1
= Ewl-w +x [ (r+r)x(e x rdm-w + EXZ/ r x (e x r)dm-e.
S[ Sl

Noting that
r;x(e x / r'dm) = 0,/ r x (exr)dm =eJ =Je,
s s

we obtain . .
T = Ewlw + J)'(ew—}—EJ)'(z

and hence the Lagrangian of the system may be written as
1 . [
L= zwl-w + Jxe~w+§Jx —a-y (5.8)

where a = Mgry. Obviously, the angle x is a cyclic variable. The corresponding
cyclic integral is
oL .
ox
K 1s an integration constant. Note that this integral means that the component of the
total angular velocity of the rotor along its axis of symmetry remains constant during
motion, i.e.
+ X il
ew =—.
X=7

Now, ignoring the cyclic coordinate, we obtain the Routhian

R=L—kx

Lw— 2 J(we)+ -

= -wlw-—-J(w-e ew—ay— —

2 2 " 777

1 -
= zwl -w+ Kew —a-y (5.10)
where _

Iijzlij - J€i€j (511)

and a constant % has been ignored. In the way described in Chap. 3, the Euler
dynamical equation derived from this Routhian are

wl4+wx (Wl+ k) =~ xa, (5.12)

where kK = ke.
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This equation has the same structure as (5.3), but the matrix I is not simply the
matrix of inertia of the system, but depends on the axial moment of inertia of the rotor
and on the orientation of its axis relative to the main body. The meaning of the vector
K, the gyrostatic momentum is different in the two equations. Moreover, it should
be noted that, in view of (5.11), the matrix I may not satisfy conditions, normal
to ordinary inertia matrix of the simple body, like positivity of diagonal elements,
triangle inequalities, etc.

5.1.3 Joukovsky’s Model

Generalizing previous particular cases considered by Stokes and Neumann,
Joukovsky established that “a fluid mass with an initial velocity in a multiply-
connected cavity in the rigid body performs an action that is similar to the action of
some rotor attached to the rigid body” [163] (see also [41, 286]).

The gyrostatic moment can also be due to internal cyclic degrees of freedom such
as circulation of fluid in tubes inside the body or to forced stationary motions as
motors, whose axes are fixed in the body.

As will be seen in a later chapter, terms in the equations of motion similar to
gyrostatic momentum appear in problems of motion of a perforated rigid body (a
body bounded by a multi-connected surface) in a liquid, as a result of the presence
of circulations through perforations.

5.2 Equations of Motion in Hamiltonian Form

As in the classical problem (Chap. 3), one may use some generalized coordinates
like Euler’s angles, to construct the Hamiltonian function and the canonical equations
of motion, involving those coordinates and momenta conjugate to them. This form
of the equations of motion is rarely used in applications and is left as an exercise.
Non-canonical equations

OR
M= — = wl+k, (5.13)
Oow
so that
w= M—-r)I". (5.14)

Also, the Hamiltonian corresponding to the same Routhian as a function in M and
~ is

1
H = Ewlw +a-y
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%(M—n)r1 -(M—k) +a-y

1
EMI*1 M—kI"'-M+a-,

so that the equations of motion can be written as

oM oy’
OH
V=T oM

or, in the expanded form,
M=MxM-)I"+~xa,
A =~yxM—r)IL

5.3 Tables of Integrable Cases

(5.15)

(5.16)

(5.17)

Equations (5.5 and 5.6) have three known general and one conditional integrable
cases, which generalize the four cases of a simple heavy body. Those are listed in

the following Tables 5.1 and 5.2.

Table 5.1 Unconditional cases

Author Conditions
1 Joukovsky 1885 [163] and Volterra 1899 [366]
Euler k) = kp = k3 = 0. gro=0.
It = (Ap + £1)* + (Bq + £2)> + (Cr + k3)%.
2 Axially symmetric case B=A,
(Generalization of Lagrange’s top) X0 =yo =
0,
Iy = Cr + k3. Kl = Ky =
0.
3 Yehia 1986 [380], [383]* A=B=
2C,
Kowalevski 1889 (k = 0) [238] 20 =0,
Iy = (p* — ¢* —aim + @m)* + 2pg — a1y — aan)? Kl = Ky =
+26 (r — K) (p* + ¢%) — 4wp3(a1p + a2g), 0.

where k = k3/C, a1 = Mgxo/C,ax = Mgyo/C

*The case (3) was rediscovered in 1987 by Komarov [225] and Gavrilov [109]. In the monograph
[41], it is attributed to Yehia, Komarov and Gavrilov, but in the Russian literature it is mostly called

Kowalevski—Yehia’s case
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Table 5.2 Conditional cases f =0
1 Sretensky (1963) [341]. A=B=4C,z0 =0,
Goryachev—Chaplygin K1 =Ky =0, k3 = Ck.
1900-1901 (x = 0).
Iy = (r = R)(P* +¢°) — p3(@1p + arq).
where k = k3/C,a; = Mgxo/C,a; = Mgyy/C

5.4 The Case of Joukovsky and Volterra

The first integrable case, which generalizes Euler’s case, i.e. a balanced gyrostat or
a gyrostat under no external torques, was noted in 1885 by Joukovsky in his study of
the motion by inertia of a body containing liquid-filled cavities [163]. He also devised
a geometric-mechanical interpretation of the motion in that case. Independently, in
a trial to explain the displacement of Earth’s poles by adding a rotor to the model of
rigid Earth, Volterra gave in 1899 the full solution of the equations of motion in terms
of Weierstrass’ elliptic functions o; of time [366]. Those functions are complex in
general. An alternative but real solution in terms of Jacobi’s elliptic functions was
constructed by Wittenburg [369]. Volterra’s solution and stability analysis of the
permanent rotations were reconsidered in [18].

5.5 The Case of Axially Symmetric Gyrostat

The axi-symmetric gyrostat is a trivial generalization of Lagrange’s top and the

solution of the equations of motion for it is practically the same as that of Lagrange’s

case. In a later Chap. 12, we will show a much richer generalization of this case.
We now prove the following

Theorem 5.1 Any integrable case of an axi-symmetric body in a potential field, in
which both ¢ and 1 are cyclic variables, can be generalized by the addition of a
rotor aligned with the axis of symmetry.

Theorem 5.2 Consider the motion of an axi-symmetric gyrostat, with a gyrostatic
momentum k aligned along the axis of symmetry of the carrier body. The motion
of the axis of the gyrostat is identical with the motion of a simple body with the
same moments of inertia of the carrier body and moving in the same potential. The
gyrostatic momentum is compensated by an additional angular speed /C given to
the body about its axis, C being the axial moment of inertia of the body.

Conversely, the motion of the axis of a simple axi-symmetric body, which given
an additional angular speed 2 around that axis is identical to the motion the axis of
a similar body, which carries a rotor with gyrostatic momentum xk = C.
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Those two theorems can be proved by writing the Lagrangian of the simple body
in a field with potential V (#). Let the moments of inertia of the body be C about its
z-axis of symmetry and A about any axis orthogonal to it. For such body, we have
from (3.44)

[A(P® +¢>) +Cr’1— V()

[A(6? + sin” 04%) + C (¥ cos O + $*) — V(0). (5.18)

e S

‘We now study the motion in another reference frame, which is rotating abut the z-axis
with a constant angular rate 2. This can be achieved by a substitution

0 =¢ + Qt,
which preserves the holonomicity of the system. The Lagrangian transforms to

L = —{A(6% + sin® 00?) + C[¢ cos 6 + (¢’ + )]} — V(6)

—_— N =

E{A(é2 + sin® 0¢%) + C (¢ cos 0 + &)%)

. 1
+CQpcosf + ¢') — V() + ECQZ.

Ignoring the last constant term, this can be regarded as describing the motion of the
body referred to fixed axes in it, but with the coordinate ¢’ instead of ¢ and with the
same potential V and additional gyroscopic term CS2(¢) cos 6 + ¢') = CQr’. The
last term is the contribution of a gyrostatic momentum & directed along the z-axis

k= (0,0,C).

This proves Theorem 5.1 and the first part of Theorem 5.2. The second part of
Theorem 5.2 follows naturally.

Those results may be used to express the quadrature resulting from separation of
variables in the case 2 of Table 5.1, i.e. the gyrostatic generalization of Lagrange’s
case from the quadrature (4.42) by replacing ro by ro + &, so that it becomes

t=/ dvs
JA=R(E —a) = E1f = (Cro+ )l

5.6 Yehia’s Case

The history of the third case in Table 5.1 has experienced some confusion and misun-
derstandings. It was direct and easy, guided by the same principle of conservation of
angular momentum, to obtain the integrable case of Joukovsky, as a generalization of
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Euler’s case in the classical problem, by adding a constant gyrostatic momentum. The
generalization of Lagrange’s case of a symmetric body was even easier. Nevertheless,
the search of a gyrostatic generalization of Kowalevski’s case was so futile, that it
was generally believed that, unlike Euler’s and Lagrange’s cases, Kowalevski’s case
does not admit generalization by the addition of a gyrostatic momentum. This trend
may have been augmented by three contradicting results published in the mid-sixties
by Keis:

(D

2

3)

In the first of those works [167] (1963), Keis claimed having obtained general-
izations to the gyrostat problem for four known integrable and particular cases
of the classical problem, namely, Lagrange’s, Hess’, Bobylev—Steklov’s and
Delone’s cases. The first case, the generalization of Lagrange’s top, is trivially
simple and the next two cases will be commented on in the relevant section on
particular solutions. The last case (Delone’s) is a special case of Kowalevski’s,
when Kowalevski’s integral takes a zero value and splits into two invariant rela-
tions (See Sect. 4.3). Keis added to the body a constant gyrostatic momentum,
aligned with the centre of mass in the equatorial plane of the inertia spheroid
and claimed that the resulting system admits two invariant relations generalizing
those of Delone’s case. This claim was cited as being true in the review book
[256].

In the second paper [168] (1964), may be after realizing the flaw in his 1963
paper (cited in [168]), Keis used the method of Husson [154, 155] to give
another theorem asserting that the equations of motion of the heavy gyrostat
with Kowalevski’s configuration A = B = 2C admit an algebraic complemen-
tary integral only when the gyrostatic momentum vanishes (k; = Ky = k3 = 0).
He then formulated it as' “If xg + yé + z% # 0 and I{% + n% + H% # 0 a fourth
algebraic integral is possible only when A = B, xg = y) =0, k1 =k, =07,
i.e. only in the case of Lagrange when both the centre of mass and the gyrostatic
momentum are directed along the axis of dynamical symmetry of the body. This
meant that Kowalevski’s case has no extension to the gyrostat problem.

In the third paper [170] (1965), Keis used Golubev’s method [113] (In fact,
Poincaré’s method of small parameter) to establish a new result. The search for
all cases, when all the solutions of the equations of motion of a heavy gyrostat
are single-valued, reduces to investigation of the solution in three cases:

(a) The torque-free gyrostat, or gyrostat fixed from its centre of mass, (xo =
Yo =20 =0).

(b) The axi-symmetric gyrostat (A = B, xo = yo = 0, k1 = xy = 0).

(c) The “Kowalevski gyrostat” (A = B =2C, yg = z0 = 0, k1 = kp = 0).

In this paper, the presence of the third component of the gyrostatic momentum
does not give rise to multi-valued solutions in any of the three cases, up to
the second degree of a small parameter. However, the conditions for case c
are considered as necessary. The only way to ensure integrability is to find the

! Here we use the notation adopted in the present book.
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complementary fourth integral of motion, a step which was not considered by
Keis. Strangely, in the third paper the author does not refer to any of the other
two papers, each of which announces a conflicting result.

Probably, influenced by the result in the second paper of Keis, published in the
most influential Russian mechanics journal PMM, Kharlamov and coworkers con-
centrated on the search for particular solutions of the equations of motion. In this
respect, they have succeeded in constructing the most part of the cases of that type
known up to date. To this end, they used equations of motion in the form of Euler—
Poisson and various modified forms. Kharlamov [198] obtained a particular solution
of the heavy gyrostat with the Kowalevski configuration A = B = 2C, yg = z0 = 0,
involving a gyrostatic moment along the axis of dynamical symmetry of the body
under certain restrictions on the initial motion. His case characterized by the exis-
tence of an invariant relation quadratic in the angular velocities fits as a special case
of the third general integrable case in Table 5.1.

The full generalization of Kowalevski’s case by the addition of a rotor to the body
came out, in our work [380], in almost a century (exactly 98 years) after the publica-
tion of Kowalevski’s case (See also [383]). Actually, it was not found as a solution of
Euler—Poisson equations or any of their modifications. It was one of the first results
obtained by the completely new method devised by the author of the present book
to construct integrable 2D conservative mechanical systems, which admit a comple-
mentary integral polynomial in the velocities. After constructing a several-parameter
integrable time-irreversible system of the above type, the parameters of the system
are given certain values, such that the metric of the system could be identified with
that of the Routhian reduction of the rigid body dynamics and then potential and
gyroscopic forces could be identified and only then the appropriate Euler—Poisson
equations are verified and the presentation of the new case in [380] was made in the
last context.” The details of the method will not be presented here for space consid-
erations, but the reader can get some acquaintance with it from the early papers [381,
419]. This method has proved fruitful and still gives new integrable cases of much
more complicated problems in particle and rigid body dynamics (see, e.g. [411, 413,
422, 423]). All cases pertaining to rigid body dynamics obtained in this way will
be described later in this book. They form the most part of the list of conditional
integrable cases in Chap. 13.

The question of integrability of Egs. (5.5 and 5.6) did not attract as much interest
as the problem of a simple heavy body. Only one result on this aspect is known.
It generalizes the above-mentioned theorem of Husson to the present problem of
motion of a gyrostat.

Theorem 5.3 (Gavrilov [110, 111]) The equations of motion of heavy gyrostat (5.5
and 5.6) possess an additional algebraic first integral only in the three cases of
Joukowsky, Lagrange and Yehia.

2 This result was announced at the International Conference on Mechanics held in Moscow Uni-
versity, January 1986.
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5.6.1 Separation of Variables

For greater clearness we first write down the equations and integrals of motion in the
present case, after adding a simplifying condition yy, = 0, which can be attained by
a coordinate rotation. The equations have the form

2p—q(r — k) =0,
2 + p(r — k) = avs,

F+ay, =0,
N+qu—rn=0%+rm—-pyu=0,73+pr—q9gn =0, (5.19)
in whicha = ng" , k = Z. The three general integrals of motion may be written as

I, = 2(172 + qz) +r2 4+ 2a~y; = 2h,
L =2(py1+g7)+ 0 +r)1 =1,
L=y+%+%=1,
L=’ —q" —am +an)’ + Q2pq —arm — am)’
+2k (r — k) (p* + ¢%) — dry3(a1p + axq)
-K (5.20)

and here we retained the same names for 4 and f after dividing by C and K is an
arbitrary constant.

Unlike the case of Kowalevski’s top (with x = 0), the explicit solution of the
equations of motion in terms of time in Yehia’s case is still unsuccessful. Separation
coordinates analogous to Kowalevski’s sy, s (Chap. 4 Sect. 4.3) were not found, even
on the zero level of the areas integral. However, there is an indirect indication about
the class of functions needed to describe this solution. An idea of special interest
was presented in [145], which relates Kowalevski’s case to a special version (f = 0)
of an integrable case of the problem of motion of a rigid body in a liquid, known as
Clebsch’s first case (Case 2 of Table 10.1. Chap. 10) A bi-rational complex trans-
formation was found relating the two sets of variables describing the two integrable
problems, so that explicit solution for one of the cases can be obtained from that of
the other. In the meantime, Clebsch’s case is known to be solvable in terms of Theta
functions with two arguments.

As was established by Gavrilov [110]: “The gyrostat of Yehia can be realized in
a similar way as (the full f # 0) Clebsch’s geodesic motion on E3. This leads, in
particular, to formulas for its explicit solution in terms of genus-two hyper-elliptic
Theta functions [233]”. Of course, this construction is not practical as a method of
solution and there must be another direct way to obtain the solution. This way has
not been found yet.

Komarov and Tsiganov [229] (See also [228]) considered the trajectory iso-
morphism of what they call “the Kowalevski gyrostat” and the Clebsch problem.
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Although appeared fifteen years later, the last works do not contain any reference to
Gavrilov’s work.

In a recent work [326], Ryabov shows that the separated equations of the Yehia
(Kowalevski—Yehia) case, on its zero level of area’s integral, can be formally written
in the Abel-Jacobi form analogous to (4.58) with ®(s) as a polynomial of degree
five in the variable s. However, the relation of the original variables of the problem
to separated ones are not obtained, so that the problem of separation of variables
cannot be considered complete yet, even on the level f = 0.

An earlier work relying on the Lax pair representation of the equations of motion
constructs separation variables that are simultaneously suitable, on the zero level
of the areas integral, for what the author names as gyrostatic generalizations of
Kowalevski’s and Goryachev—Chaplygin’s cases [249]. It is claimed there that the
given separation is “much simpler than the Kowalevski separation”. However, the
impact of that situation on the solution of the equations of motion was not considered.

Further (unpublished) results are announced by Fedorov et al. concerning the
case of a gyrostat in two constant uniform fields, which includes the present case as
a special version. This will be commented later in Chap. 14 Sect. 14.2.1.1.

The gyrostatic generalizations of Appelrot’s classes of motions are discussed in
Appendix D.

5.7 The Conditional Case of Sretensky

In [341], Sretensky found the modification of the complementary integral in the gen-
eralization of Goryachev—Chaplygin’s case. He also generalized the procedure due
to Chaplygin for explicit solution (See Chap. 4 Sect. 4.4) by changing the definitions
of the three quantities r, U and V in (4.70)—(4.72) to be

r=u—v-—k,
U=u(u—-r)?—2Eu—4G,
V =v(+k)—2Ev+4G. (5.21)

The ultra-elliptic quadratures remain the same as in (4.77). The investigation of the
critical sets and bifurcation diagrams in Sretensky’s case is performed in [172, 174]
(See also [183]). The results generalize relevant ones for Goryachev—Chaplygin’s
case, but they are much more complicated in view of the presence of three significant
parameters. For more detail about Sretensky’s case see Appendix E.

5.8 Some Applications of the Gyrostat Motion

We have seen that the presence of the gyrostatic momentum leads to appearance of
a gyroscopic moment x X w in the equations of motion.
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5.9 Exercises

1- Show that the Lagrangian
1
L= Ewlw t+K-w—V(®),

describes the motion of a gyrostat with gyrostatic momentum # about a fixed point,
while acted upon by axially symmetric forces with potential V (v) (v is the unit
vector along the axis of symmetry of the forces). Deduce the equations of motion in
the form
wl4+wx (wWI+k) = v x a—V,
oy
Y+wxy=0.

2- In the previous problem, show that all possible axes of stationary motions lie
on the cone, with vertex at the origin and generators passing through the points of
the spherical curve

ov ov

[ - (lea—)]2 —[k(y x¥DIK - (v x =) =0,
Y Oy

v =1,

and the angular velocity of the gyrostat about the axis in the direction of - is given
by any of the expressions

7 OIxFE) sy x )

- V-
ke(yxyD - (VIxFD)

3- An axially symmetric gyrostat, moving about a fixed point under its own weight,
has its centre of mass on its axis of symmetry and the gyrostatic momentum is
collinear with that axis. Show that the upper equilibrium position of the gyrostat,
which is unstable in the absence of gyrostatic moment, can always be stabilized and
find the minimum angular velocity necessary for that effect.

4- Write down the Hamiltonian and Hamiltonian equations of motion of a heavy
gyrostat moving about a fixed point, using Euler’s angles as generalized coordinates.

5- A system composed of a main body S fixed from one point O, while carrying
another body S; whose axis O’P is fixed in Sy by means of a smooth cylindrical
hinge and freely rotates about this axis. Let O O’ = r; and e is the unit vector in the
direction of O’P. Show that the kinetic energy of the system is

1 1
T = Ewl-w + xeJ-w + E)'gzeJ -e+Mxw-[r;x(e x ry)],
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where I is the inertia matrix of the system at the fixed point, J is the inertia matrix
of the second body at O’, M, is the mass of S; and ry, is the position vector of its
centre of mass.



Chapter 6 ®)
Motion of a Rigid Body About a Fixed s
Point in the Field of a Distant Newtonian
Centre and Brun’s Problem

In the preceding chapters, we concentrated on the study of motion of a rigid body
about a fixed point in the uniform gravity field. This field serves also as a good
approximation for the forces acting on the body in most purposes. However, for
certain applications, like precise surveying instruments, the slight variations in the
Earth’s gravitational field from point to another must be taken into consideration.
These variations play a decisive role in the determination of rotational motion of
artificial satellites of Earth, especially those whose tasks demand high precision of
orientation, for terrestrial, cosmic or astronomical purposes.

In the present chapter, we study in detail another approximate model for one rigid
body moving in the gravitational field of a fixed body. In this model, we make two
assumptions:

(a) The fixed body is spherically symmetric. This enables us to treat it as a point
mass concentrated at the centre of the body.

(b) The diameter of the moving body is very small compared to the distance
between the fixed point of the moving body and the centre of the fixed body.

Let a body of mass M be in motion about its fixed point O at a distance R from
a fixed Newtonian attraction centre of mass M’ at O'. Denote by - the unit vector
in the direction 5_5 and by V the potential of the body in the field of the centre. To
calculate the moment of gravitational forces about O, we take a mass element dm
of the body whose position vector referred to O isr :

The potential of this element willbe dV = — I R‘,ff_’frl , the force exerted on it by the
attraction centre is dF = —% and its moment about O is dL = —%,

where p is Gauss’ constant of the centre (1 = M’ xNewton’s gravitational constant).
Integrating over the whole mass of the body, we get

V= fdm 6.1)
=) Ryl '
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rdm
L =—uR _ 6.2
g 7X/|R~y+r|3 ©2

and recalling that | Ry+r| = \/R2 + 2R~ -r+r2, one can write (2) in the form

L= —_—. 6.3
X oy (6.3)

6.1 Approximate Form of the Potential

Itis evident from (6.3) that the knowledge of the potential V is sufficient for complete
determination of the moment L. However, in most cases it is difficult to calculate V
from (6.1) due to the complexity of the shape of the body, its mass density or because
the mass distribution in the body is unknown. In those cases, an efficient solution is
to expand the potential in powers of % and keeping terms up to the third degree in
this parameter. First we write the expansion of the function

1 1 2y-r o
= —[ +_+_2] 2
VR?+2Ryr+r2 R R R
1 1 2yr r? 32yr ot
—R[ —2( R +R2)+8( R +R2) +0(R3)]
1 ~r r?

Inserting this expression into (6.1), and neglecting terms of degrees higher than the
third, we obtain

3

1 1 1 ) )
Vv —M[E/dm—ﬁ'r/rdm—m r dm+m/(’y~r) dm]

M M 1 1
= _M[E — g YTo + m@Z%w /xixjdm - EIF(I))]
M M 1 - 1
= _M[E YTt W(}YI"Y - EW(I))]
M M 1 1 1
= _M[E — R YTt W(}Y(Etr(l)é —Dvy - E”’(I))]
M M 1
= _M[E YTt m(tr(l) =37yl (6.4)

In expanded form that is

uM M
V= =+ Tr @om 0% + 20m)
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_ﬁt rd )+W(A'Y1 +B’72+C'Y3) (6.5)
As from (6.3) only derivatives of V' with respect to components of ~y, the constant
terms may be discarded and thus the potential can be written as

1
V = Mg(xon + yoy2 + z0m3) + EA(Avf + By; + C3)
1
= Mgry v+ EMI Y, (6.6)

where g is the gravity field intensity of the centre at the fixed point O of the body and
A= %g. Formula (6.6) gives the approximate form of the potential of the body by the
knowledge of its centre of mass and moments of inertia, without need to completely
specify the distribution of mass in the body.

Remark: Note that for a Newtonian centre of attraction both parameters g and
A are positive. In certain physical problems, the Newtonian attraction is replaced by
Coulomb’s electric interaction (e.g. [58]). In that case g and A can be either positive
or negative and I, M gry are replaced, respectively, by the inertia matrix of the electric
charges and the moment of those charges multiplied by the intensity of the electric
field of the central charge at O.

6.2 Brun’s Problem

Brun considered the motion of the following model [47]:

Letarigid body be in motion about a fixed point O, while each of its mass elements
is influenced by a force proportional to its mass and its distance from a fixed plane at
O in the direction perpendicular to that plane. In the usual notation, the axes Oxyz
are taken as the system of principal axes of the body at the fixed point and O XY Z as
the inertial frame, with the Z-axis orthogonal to the fixed plane and the unit vector
~ along the Z direction.

The potential of the body

14

N/ 2dm——N/(r ~)2dm

= EN'yI"y = —EN’)/I’)'—i—const (6.7)
where N is proportionality constant. This potential is just the quadratic part of the
potential (6.6), with X replaced by —N.

Thus, Brun’s problem is a special version of the general problem of motion of a
rigid body in an approximate Newtonian field, namely, the case when the body is
fixed from its centre of mass.



102 6 Motion of a Rigid Body About a Fixed Point in the Field ...

6.3 Equations of Motion and Integrals of Motion

Taking (6.6) into account, one can write the equations of motion of the body in the
approximate field of a Newtonian centre of attraction in the form

wl+wxwl =~ x (Mgry + AyD),
FY+wxy=0. (6.8)

Or in expanded form

Ap + (C = B)(qr — Mm3) = Mg(z072 — Y013),
Bg + (A —C) (pr — M) = Mg(xoy3 — 20m1),
Cr+ (B — A)(pg — M172) = Mg(yoy1 — Xo072)s

N+q—rn=0,%+ry—py3=0,9+pyr—gn =0. (6.9)

This is a closed system of six first-order differential equations. For this system,
we have three obvious general integrals of motion. They are the energy, areas and
geometric integrals

1 1
I = Ewlw—i—Mgro v+ EA'yI -y=h,

L =wly=f

6.4 Integrable Cases

As will be seen later in this book, the problem under consideration is in fact a special
version of the much more general problem considered in Chap. 10, dealing with the
motion of a body in a liquid or a magnetized and electrically charged body about
a fixed point. However, in virtue of the importance of this version in applications,
we present here its integrable cases. For the system (6.9) to be integrable, just as in
the problem of motion in the uniform gravity field, we have to find a fourth integral
independent of those three. It turned out that this can be achieved in two cases.

6.4.1 Brun’s Case [47] (Analog of Euler’s Case)

In this case ro = 0, i.e. the body is fixed from its centre of mass. To obtain the
complementary integral, we write the Euler—Poisson equation
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wlHw x wl = Ay x 41
multiplying scalarly by wI to get
wl-wl4+wl - (wxwl) = Awl - (v x ~I).

That is

d 1
— S lwl?

— Ay (wIx~1
) 7 (WIxAD)

—MBCAT ! (wx). (6.11)

The last relation can be verified very easily by writing the triple scalar product in
the form of a determinant and using the determinant’s properties. Using Poisson’s
equation in this relation, we write

d1
— —|wI|> = MABCAT™! . 3
d;2|°"| Y Y

_d 1)\ABC !
T dr2 v v

and hence finally we get
|WI> = AMABCAI ' .y =, (6.12)
or in expanded form

2 2
B %

B C) =c. (6.13)

2

Iy = A’p* + B2¢> + C4? — )\ABC(% +
This integral is an obvious generalization of the fourth integral in Euler’s case (the
square of the modulus of the angular momentum). Nevertheless, complete solution
of the equations of motion (6.9) for Brun’s case with the integrals (6.10) and (6.13) is
much more complicated than in Euler’s case. Kobb [223] expressed the Hamiltonian
of the problem using Euler’s angles as generalized coordinates and the momenta
conjugate to them. By writing Hamilton—Jacobi equation and constructing a com-
plete solution for it, he reduced the solution to certain quadratures, but he has not
tried to solve those quadratures explicitly for the coordinates in terms of time. A
similar approach was adopted by Kharlamova in [204] using different coordinates,
the sphero-conic coordinates on the Poisson sphere (See Chap. 9).
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6.4.2 The Generalization of Lagrange’s Case

Let A = B and xo = yg = 0, i.e. the body admits axial dynamical symmetry about
the z-axis passing through the fixed point and the centre of mass of the body lies on
the axis of dynamical symmetry. Under those conditions, it is easy to write the third
equation of (6.9) in the form

Cr=0

and thus the integral is the same as in Lagrange’s case
Iy =r =ry. (6.14)
To obtain the solution of the equations of motion, one can proceed exactly as in

Lagrange’s case in Chap.4 (Sect.4.2). The relation between 3 and time ¢ has the
same form as in (4.42)

ds
t = _— (6.15)
VF(3)
but with
F(13) = (1 = )(E —avs —a13) — (b — crom3)?, (6.16)

i.e. F(73) is here a polynomial of the fourth degree. Thus, 3 is expressible in terms
of elliptic functions of time. This procedure was pointed out in [250], where the
Eulerian angles are given expressions in terms of Weierstrass’ elliptic functions.

Arkhangelsky [14] proved that the equations of motion (6.8) do not admit a com-
plementary single-valued integral in any more cases than the above two. Note also
that the case of axially symmetric body can be readily generalized by adding a gyro-
static moment, i.e. a rotor along the axis of symmetry of the body. The integral I4
becomes Cr + k3, i.e. I, = r is still a constant of the motion.

6.4.3 The Place of Brun’s Potential

At present we know very little about the answer to an important question: for which
potentials are the Euler—Poisson equations

ov
ci;I—i—wwa:'yxa—,"y—i—wX’y:O (6.17)
8

integrable? Even for the simplest case of a quadratic integral we know a single
partial result, obtained in [381] using reduced equations in isometric coordinates
on the inertia ellipsoid. We deduce it here in a direct way from Euler—Poisson’s
equations. We formulate it as
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Theorem 6.1 Equation(6.17)is integrable with a quadratic complementary integral
for arbitrary A, B, C, and for all initial conditions only for the potential

1
V= 5)\(14712 + B'y% + C%z), A arbitrary constant (6.18)
and their integral is
Iy = A’p” + B2¢* 4 C*r? — \(BCy} + CA~} + AB3). (6.19)

Proof Let for a general potential V () and p = 0 the equations of motion have an
integral quadratic in the angular velocities. This integral must have the form

I = A’p* + B¢ + C*r + F(11, 72, 7). (6.20)
so that F = 0 when V = 0. Differentiating this integral we get
OF
2wl wl+— -4 =0,
oy
and using (6.17) this becomes
ov OF
2w (Y X — — wxwh)+— : (—wx7y) =0,
2 o
and finally we obtain the relation
aov oF
2wl (YX—)—w - (yx—=—) =0, (6.21)
oy oy

which is satisfied for arbitrary vector w.
Now we replace w by ~y in Eq.(6.21), to obtain an equation for the potential V

ov
29I (yx—) =0,
oy

whose solution is readily
V=VEHIy, ).

Since we have 42 = 1, the last expression can be written as
V =V(HIL). (6.22)
In a similar way, we replace w by vI~! in Eq. (6.21), to obtain the equation for F

8F): 0.

Iil. X ——
8l (v Oy
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It follows that
F = F(yI ly). (6.23)

Now, inserting (6.22) and (6.23) into (6.21), one gets
4V (L) wI-(y x AI) = 2F (AT L y)w - (v x A7 = 0. (6.24)

Comparing the structures of the two terms in the last equation and noting that I - ~
and vI~! - 4 are independent functions for a tri-axial body (A # B # C), The two
derivatives V' and F’ must be constants. Neglecting an insignificant constant in each
of V and F, we write

V= SNAR + B+ ), F = NiGI/A+3/B4A/C). (625
Again, inserting the last expressions into (6.24), we obtain
My (@I x AL 4+ NAT L (w x ) = 0.
Applying the identity (A.2) in Appendix A, we rewrite the last relation as
AABC+N)AI ' (wxv)=0

and thus we obtain
N; = —)\ABC.

This completes the determination of the integral as in (6.13). (]

6.5 Exercises

1- In the classical problem of motion of a rigid body about a fixed point in the
constant uniform gravity field two equilibrium positions are possible. In the problem
of motion in approximate Newtonian field, show that in any equilibrium position one
of the generators of Ampere’s cone (Staude’s cone) must be vertical (passes through
the fixed point and the centre of attraction).

2- Noting that ) is positive in (6.8) for a centre of attraction, show that the vertical
generator of Staude’s cone in an equilibrium position must be one of the axes inad-
missible for Staude’s rotation in the uniform gravity field. [Compare the equations
of equilibrium to equations of Staude’s rotation and note that w? in Staude’s rotation
is replaced by —A\]

3- For a body fixed from its centre of mass in a uniform gravity field, any position
is a possible equilibrium position. Show that for a body fixed from its centre of
mass in the approximate field of a Newtonian centre there are only six equilibrium
positions and find them.
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4- For abody fixed from its centre of mass, show that a uniform rotation is possible
only in two cases:

(a) The rotation about a principal axis with arbitrary angular velocity.
(b) The rotation with angular velocity ++/X about an arbitrary axis.

5- Show that all the axes of uniform rotation of the body in approximate field of a
Newtonian centre are generators in Ampere’s cone and that possible axes of Staude’s
rotation constitute a subset of possible axes of uniform rotation in the Newtonian
field.

6- Using the terminology of the present chapter, F is the exact resultant force
exerted on the body by the centre of attraction. Show that

@F= _Mf I(Ifﬂ/-!-—krrl)3 dm,

(b) The component of this force in the direction of ~y is F-v = —g—x, V being the
exact potential (V = —p [ I R”,’y'irl).
(c) The resultant force F can be written in terms of the potential in the form

ov 1 v
F=——2v+ 7 x(yx a_)'
Y

OR R
Note that F - L = 0, which agrees with the fact that the resultant attraction must be
a single force passing through the centre of attraction whatever be the position of the
body.
(d) The magnitude of the resultant force F is

_Jove, 1 av
IF| —\/(8—R) +ah x5 P

(e) The reaction of the fixed point on the body at any equilibrium position must
be vertical.

7- A rigid body is fixed from a point and its centre of mass lies on a principal plane
for that point, say, the x y-plane. The body is acted upon by the gravitational force due
to a distant Newtonian attraction. Show that the body can perform a plane pendulum-
like motion about a horizontal axis, described by the conditions p =g = y3 =0,
and determine the variables r, 1, 7, as functions of time.

8- Brun’s model problem is modified, so that each mass element of the body is
influenced by a force proportional to its mass and its distance from an arbitrary fixed
plane and in the direction perpendicular to that plane. Show that the potential is
equivalent to the general potential (6.6).

9- Investigate the stability of the uniform rotation of a body fixed from its centre
of mass O in the approximate Newtonian field of a far centre at O’, determined in
Exercise4-a. Show that the rotation with angular speed ry about the z-axis, which is
directed to pass through the centre of attraction and the fixed point of the body, is

(a) unstable when the z-axis is the middle principal axis of inertia of the body at
0,
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(b) stable for all values of ry, when C is the least principal moment of inertia, and
(c) when C is the largest principal moment of inertia, the rotation is unstable if

3g Ja+ /b
o <.\ —w—F+—>»
R 1+ +/ab

and stable if

3g Ja+ /b
ro > 4 —~———— |
R 1+ +/ab

C-B c—4 - . . A
where a = =, b= ===, 8 1s the acceleration of gravity at O and R = |O'O|.

[Beletsky [20]. See also [256], Sect. 18.4]



Chapter 7 ®)
The Motion of a Body with No Fixed s
Point

7.1 General Considerations

In previous chapters, we studied problems of motion of a rigid body with one point
fixed in space, i.e. in an inertial reference frame. In the present chapter, we study
certain problems of motion when the body is not fixed from any point. For the
moment, we shall not begin with constructing a Lagrangian for the motion. To keep
the applicability of the equations of motion as wide as possible, we assume that the
body is subject to a set of forces, which are not necessarily time independent and
which may not have a potential.

As in Chap. 3, we write the equation of motion of an element dm of the body mass

d*r
dm— = dF + dF’ 7.1
mo + (7.1

summing over the mass of the body one gets

d2r0

The centre of mass of the body moves as a particle acted upon by a force equal to
the resultant of all external forces acting on the body.
On the other hand, let p be the position vector of the mass element dm with respect
to the centre of mass, so that
r=ro+p. (7.3)

Multiplying (7.1) vectorially by p and integrating over the body, we obtain the
equation for the rotational motion in the form

G,
dr

L., (7.4)
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where G. = [ px ‘é—fdm and L, = [ p x dF are, respectively, the angular momen-
tum and the resultant moment of external forces about the centre of mass. The law
of rotational motion about the centre of mass of the body resembles that of motion
relative to the inertial frame.

Example 1 A rigid body is free to move in vacuo under the action of a uniform
gravity field. Describe the motion.

The centre of mass of the body moves as a projectile, while the body performs a
torque-free motion about the centre of mass as in Euler’s case.

In particular, if the body begins with zero angular velocity, it will continue trans-
lational motion of its centre of mass without change in its orientation. If the body
begins with arotation about one of its principal axes of inertia, it will continue rotation
with the same angular velocity about the same axis, which keeps fixed orientation in
space.

Kinetic energy of the rigid body: To construct the Lagrangian of the motion,
one needs to have an expression for the kinetic energy. That is

T

1 dp .,

1 1 dp
—MV*+ = [ (=)%dm. 7.5
2 VC+2/(dt) " (7.5)

The kinetic energy of the body in a general translational and rotational motion is the
sum of two terms: the kinetic energy of a mass M, equal to the mass of the body and
moving with its centre of mass, and the kinetic energy of the rotation of the body
about its centre of mass. The last formula gives a simple expression of the kinetic
energy, very useful in application to many problems of rigid body dynamics. In the
next section, we study an example of such application.

Example 2 A heavy magnetized rigid body is free to move in vacuo under the action
of two skew uniform gravity and magnetic fields. Describe the motion.

Let (X, Y, Z) be the coordinates of the centre of mass P of the body relative to
an inertial frame O XY Z with axis Z directed vertically upwards and let H = He
be the magnetic field of fixed magnitude and fixed direction in space determined by
the unit vector e. The Lagrangian of the problem can be written as

1 2 72 72
L= M+ +2°) - MgZ
1 2 2 2
+§(A(‘p +ch +Ccr)_m'H1

where M, m are the mass of the body and its magnetic moment, respectively, and
A., B., C, are the central principal moments of inertia. One can see at once that the
translational motion of the centre of mass and the rotational motion are completely
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independent. The centre of mass P moves as a projectile on a parabola with its axis
vertical and vertex upwards. The equations of the rotational motion are obtained
from the Lagrangian

L’—l(A 2+ Bg*+Cr*—H 7.6
=3 eP”+ Beg” + Cer?) m-e. (7.6)

This Lagrangian is form-identical with (3.43) of the classical problem of motion
of a heavy body about a fixed point and the problem can be put in Lagrangian,
Hamiltonian or in the Euler—Poisson form. It follows immediately that the present
problem is generally integrable only in the following three cases:

(1) The analog of Euler’s case. The case of no magnetic effect H = 0 (no magnetic
field) or m = 0 (no magnetization in the body)

(2) The analog of Lagrange’s case. The central inertia ellipsoid is a spheroid and the
magnetic moment is parallel to the symmetry axis.

(3) The analog of Kowalevski’s case. A, = B, = 2C, and the magnetic moment lies
in the equatorial plane (m3 = 0).

The conditional integrable case of Goryachev and Chaplygin has its analog valid
onthelevel f = 0, f being the component of the angular momentum in the direction
of the magnetic field (wl, - € = f). The same applies to all particular solutions of
the classical problem, a complete list of which will be provided in Chap. 8.

7.2 Poisson’s Top. A Top on a Smooth Horizontal Plane

In our previous study of Lagrange’s top (the axi-symmetric top), the assumption was
made that the pin of the top serves as a fixed point in the inertial space. A related
model was first considered by Poisson [309], but much rarely mentioned in textbooks
on the subject. For a somewhat detailed treatment see [221, 222].

In this model, a symmetrical top moves with its apex Q constrained to move
without friction on a horizontal plane, so that the reaction R of the plane on the
body remains in the vertical direction. Denote by P the centre of mass of the top.
From symmetry, P lies at a point on its axis of the top at a distance a (say) from Q.
Let (x, y, z) be the coordinates of P relative to an inertial frame Oxyz with axis z
directed vertically upwards and the xy-plane is the plane of motion of the apex. In
this system, the apex Q has coordinates (X, Y, 0). The rotational motion of the top
will be described by the Eulerian angles: i between the vertical plane containing
QP and the xz-plane, 6 between QP and the vertical upwards and finally ¢ the
angle of proper rotation of the top about its axis (See Fig.7.1).

To derive equations of motion, one may use (7.5) to write down the Lagrangian
of the motion as
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x |

Fig. 7.1 Poisson’s top

1
L= zM(x2 + 32+

1 . . .
+§[A(02 + sin® 6% + C (¥ cos 0 + @)
—Mgz
where M is the mass of the top, C is its axial moment of inertia, A is the moment
of inertia about any axis passing through P and orthogonal to QP and g is the

acceleration of gravity. Recalling that z = a cos 8, we can rewrite the Lagrangian in
the form

1 .
L= EM()'CZ + y% + a*sin” 06?)

L2 w22 ; .2
+§[A(9 +sin“ 0y°) + C(¥ cos b + ¢)~]
—Mgz. .7

The mechanical system under consideration has five degrees of freedom. It also
admits five integrals of motion: the energy integral and four integrals corresponding
to the four cyclic coordinates x, y, ¥ and ¢, so that there is no need to write any of
the Lagrange’s equations of motion, but only to write the integrals

i=U,
y=1V,
Yrcosb + ¢ = rg,
Asin? 0y + Crocos® = n,
1 . 1, .
EM(U2 + V% +a%sin®06%) + E[A(@2 +5in?092) + Crd1 + Mgz = h,  (7.8)
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where U, V, ry, n, h are arbitrary constants of motion.

From the first two integrals, it turns out that the centre of mass of the top moves
with uniform horizontal velocity. This agrees with the fact that the body moves under
the action of only two vertical forces: its weight and the reaction of the plane. From
the last three integrals, one gets

n— Crgcosf

V= Asin® 0
. cosf(n — Crycos9)
=ry— 7.9
v="ro Asin? 0 79
and the final equation for the angle 6
. -C 0)*
(A + Ma? sin? 0)0% = 2(E — Mga cos§) — = Cr0080)" (7.10)

Asin? 6

where E =h — iMU? + V?) — 1Crd.
From the analytical point of view, setting cos @ = u, we transform (7.10) to the
form

[A+ Ma*(1 — uP)Ni® = 2(E — Mgau)(1 — u?) — %(n — Crou)?,  (7.11)

which leads through separation of variables to the relation

. / A+ Ma%(1 —u?) J
— u
2(E — Mgau)(1 — u?) — £ (n — Crou)?

:\/Z/ _du (7.12)
2g VF (1)

F(u)z\/(u—ul)(uz—u)(ua—u)’

where

2 _ 42
uy—u

and0 <u; <up <1 §M3,M4=,/l+ﬁ> 1.

Now, we note that Eq. (7.9) is identical with the ones considered for Lagrange’s top
in Chap. 3. Also, (7.11) is similar to its corresponding Eq. (4.41) in Lagrange’s case,
and differs from it only by presence of the term Ma?(1 — u?) in the coefficient of 1>
on its left-hand side. However, this term does not change the sign of the coefficient.
Thus, the general qualitative character of the motion of the Poisson top is almost the
same as in Lagrange’s top and it will not be repeated here.

In general, the last integral is hyper-elliptic, compared to the elliptic integral (4.42)
for Lagrange’s top. Inverting this relation we express u = cos 6 in terms of time, and
then integrating (7.9) with respect to time we obtain ¥ and ¢. In Klein’s work [221],



114 7 The Motion of a Body with No Fixed Point

where the top under consideration is termed the “toy top”, explicit expressions of
the Cayley—Klein parameters describing the motion as hyper-elliptic integrals in u
were given, so that together with (7.12) this gives a parametric representation of the
solution. Those results were detailed and refined in [339], where also degenerate
cases when hyper-elliptic integral reduce to elliptic were singled out.

To find the equation of the trajectory of the tip of the top on the plane, we write

X =x—asinfcosy = x9+ Ut —asin6 cos ¢,
Y=y—asinfsiny = yy+ Vt —asinf sin . (7.13)

The reaction of the plane on the apex can be found from the equation of motion of
the centre of mass in the z direction

M7 =R - Mg,
so that
R=M(g+732)
= M(g + aii). (7.14)

Remark: Without any effect on the rotational motion of the top, it can be assumed
that U =V = xp = yp = 0, so that x = y = 0. This fixes the choice of the inertial
frame as the one whose Z-axis passes through the initial position of the centre of
mass P of the top. In this frame, P moves only vertically up and down the Z-axis.

7.2.1 Regular Precession of Poisson’s Top

As it was in the case of Lagrange’s top, regular precession corresponds to the nutation
angle 6 taking a constant value 6* (say), and then from (7.9) we find that the other
two Eulerian angles ¢, ¥ change with time in constant rates. This occurs in two
qualitatively different ways:

1- When u; = up = u*, 0 < u* < 1. This can happen at arbitrary inclination of
the body axis to the vertical, including the standing gyroscope positions (u = 1).
Regular precessions of this type correspond to Fig. 7.2a for the function F. They are
all stable, since a slight perturbation of the motion causes splitting of the two roots
in a small neighbourhood of u*. This leads to a small periodic change in the nutation
angle 6 and consequently small wobbling in the rates v/ and ¢.

2- When u; < 1, u3 = uy = 1. This gives a different standing position, corre-
sponding to Fig. 7.2b. On perturbation, the equal roots splitinto u3 > 1, u, < 1. The
figure axis begins a finite periodic motion, in which it goes to position u; before it
returns to u,. This standing position is unstable.
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u=y=u" u, A
21 + uy 32
u -

; PR e

a- Stable regular precessions b- Unstable standing position

Fig. 7.2 Stability of regular precession for Poisson’s top

7.3 Exercises

1. Show that the resulting problem of example 2 in Sect. 7.1 above can be generalized
to the case of a body-gyrostat.

2. The Poisson top is given the upper equilibrium position. Show that this position,
which is unstable when ry = 0, can be stabilized by giving the top an angular speed
ro about its axis of symmetry provided

vMgaA

rol > 2
ol C

3. A rigid body moves freely in a gravitational field with homogeneous quadratic
potential

1
V, = z(aéz + an + c;z)

in the inertial frame. Show that the equations of translational motion of the centre
of mass and the rotational motion about the centre of mass are completely separate.
For more details see Chap. 14 Sect. 14.3.1.
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Chapter 8 ®)
Particular Solutions of the Classical g
Problem and Its Generalizations

8.1 The Notion of a Particular Solution

By particular solutions, we mean cases that are solvable under conditions on the
initial state of motion, which cannot be stated as a condition only on the value f
of the areas integral. After the great success of Sofia Kowalevski (Kovalevskaya)
in isolating a new general integrable case, several Russian authors, including such
celebrated names as Joukovsky, Lyapunov, Steklov and Chaplygin, concentrated on
research on various aspects of rigid body dynamics. Their contributions have built
up a large part of the information available today about various problems in the
dynamics of rigid body.

In this chapter, we present known particular solutions of the Euler—Poisson equa-
tions describing motion in the classical problem. These are twelve solutions, valid
under various conditions on the initial motion and on the distribution of mass in
the body. This number does not include other particular solutions, which are special
cases of general and conditional cases. For example, four particular solutions of the
classical problem considered by Appelrot, who coined for them the name “Classes
of the simplest motions”, fit under the integrable case of Kowalevski [11].

In our presentation, we adhere to chronological order and also to referring each
case to the author who was first to publish it, in case of repetition. After providing
conditions and detailed solution in each particular case, we draw the orbit (or family
of orbits) of motion on the Poisson sphere fixed in the body. That is the trajectory
traced by the apex of the vertical unit vector ~y(¢) on that sphere as the body moves.
This simulates the motion of the body relative to the vertical and in fact determines
the motion of the body in the inertial space up to the angle of precession.

Section 8.14 of the present chapter is devoted to a brief discussion of certain
particular solutions, which were announced and turned out later to be either in error
or repeating known solutions. At the end of this chapter, we have also inserted a brief
survey of all the known up-to-date particular solutions of the problem of motion of
a heavy gyrostat. In most cases, we aimed at giving minimal information that would
help the interested reader to track any of the cases in original works.
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In constructing particular solutions of the classical problem, we deal with six
first-order differential equations with three first integrals of motion, namely energy,
areas and geometric integrals. A question arises, to what extent one can rely on using
integrals of motion and ignore some of the six differential equations? This question

is first answered in the following theorem:

Theorem 8.1 Let w(f) and ~y(¢) be two vectors satisfying Euler’s dynamical equa-

tion )
G+wxG=MgvyXxry,

and the integrals of motion

1
IIE§G~w+MgrO-'y:h,
L=G-v=f,
135’)/221,

where G = wl. Then, these vectors satisfy Poisson’s equation
Y+wxy=0,

provided the equation
G-(roxv)=0

is not satisfied identically for all ¢.

Proof Differentiating /; with respect to time and using (8.1), we obtain
rop- (Y +wx~y)=0.

In a similar way, differentiating /,, we get
G Y+wxv) =0,

while differentiating /5 yields
v-v=0.

The general solution of (8.7) is
Y=-Rx7,
where € is a vector to be determined. Inserting this into (8.5) gives
(R —w)-(rg x7v) =0,

so that one can write, since a component of € parallel to =y is insignificant,

(8.1)

8.2)

(8.3)

(8.4)

(8.5)

(8.6)

(8.7)

(8.8)



8.1 The Notion of a Particular Solution 121
R = w + Ary,

where ) is a still undetermined multiplier.

Now, only Eq. (8.6) remains to be satisfied. Inserting the last expression into (8.8)
and then ~ into (8.6), we obtain

G [-(w+Ar) xy+wxvy]=0,

and this finally becomes
AG - (rg x v)] =0.

If the triple scalar product is not identically zero during motion, then A = 0, = w
and (8.8) becomes identical with Poisson’s equation.

Thus, in constructing particular solutions of the Euler—Poisson system, it is suf-
ficient in most cases to take into account Euler’s dynamical equation, along with
the three first integrals of motion. The resulting solution will also satisfy Poisson’s
equation, unless it comes out that the three vectors G, ro,~ remain coplanar all the
time.

We now note the following: Multiplying the dynamical Eq.(8.1) scalarly by G,
we get

G-G=MgG - (v x 1),

so that if condition (8.4) is satisfied, then
G’ = Gﬁ(const ).

The converse is also true. Thus, the last theorem can be reformulated as follows:

Theorem 8.2 If w(r) and ~(¢) satisfy Euler’s dynamical equation and the three
relations I} = h, I, = f and I3 = 1 for some pair {k, f}, and if the magnitude of
the angular momentum of the body is not identically a constant, then w(#) and y(¢)
satisfy also Poisson’s equation and constitute a solution of the classical problem.

This result will be used frequently in the present chapter. In most cases, it is
comfortable to use the ansatz in the three integrals and to satisfy Euler’s dynamical
equations, with no need to verify Poisson’s equations.

It should be noted that a solution satisfying (8.1)—(8.2) can be erroneous as a
solution of the Euler—Poisson equations. An example is the recently published result
of Ershkov [76] claiming a new particular solution in which the centre of mass lies
either on a principal axis of inertia or in a principal plane. To this end, the author uses
only the dynamical equation and the three integrals. As in these solutions G = Cy~y,
i.e. G? = const., three Poisson’s equations should have been checked, which was
not done by the author of [76]. For more details, see Sect. 8.14 of the present chapter.
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8.2 Planar Motion (Motion of the Body as a Physical
Pendulum)

This is the motion of the body about the fixed point as a physical pendulum, i.e.
motion about a horizontal axis which should be fixed in the body and space. This
motion is also called planar motion, as all body elements move parallel to a fixed
vertical plane. Let us take the axis of rotation to be the z-axis. The conditions for
such a motion are

p=q=7=0. (8.9)

Substituting into the equations of motion (3.29), one obtains

0= Mgz,
0=—-Mgzom,
Cr = Mg(yon1 — X072),
N—=r2=0%+rn=0. (8.10)

This means zg = 0, i.e. the centre of mass of the body lies in the principal xy-plane.
Measuring Euler’s angle ¢ from the downward vertical, one sees that conditions (8.9)
reduce to the conditions

9:%,¢=O,r=—¢,m=—cos<p,'yz=—sin<p, (8.11)

so that only one equation remains. Instead of integrating this equation, we use the
energy integral to write

1
56r2 + Mg(xovi + yoy2) = h, (8.12)

where & is the total energy of the motion. Denoting by « the angle between the
position vector of the centre of mass and the y-axis and by s the distance from the
fixed point to the centre of mass, so that

Xg = §COs @, Yo = § sin «, (8.13)

and completing substitution from (8.11), we get

1
ECgbz—Mgs(cosacosgo—l—sinasingo) =h, (8.14)

or, equivalently,

1
§q¥=h+amq¢—m, (8.15)
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where a = Mgs. Now, separating variables in the last equation, we find

2 d
+,/ =dt = id .
C Jh+acos(p — )

Introducing a new angle ® by the relation ¢ = a4 2® and integrating the last

relation yield
£,/ ! (t — 1) /<cl> e (8.16)
= —1) = ) .
2C o vVh+a-—2asin*®

where £ is the time at which ® = 0, i.e. when the centre of mass passes at the vertical
position below the fixed point (the stable equilibrium position). The minimum energy
for possible motions is # = —a occurs at this position. Three qualitatively different
types of motions are possible:

8.2.1 Rotational Motion

When /& > a we can write (8.16) in the form

h ® do
+ ﬂ(;—%):/ = (8.17)
2C 0 /1 —k2sin’ ®
where 5
a
K = 1.
h+a =
The angle @ is readily expressed as
® Wk u = 20 )
=am(u, k), u = — 1p),
2C 0
sin® =snu,cos® =cnu, (8.18)

and hence

v = —cosp = —cos(a + 2P)
= —cosa(l — 2sin® ®) + 2 sin asin ® cos
= —cosa(l —2sn2u) + 2sinasnucnu,
¥y = —sin(a + 2P)
= —sina(l —2sn®u) —2cosasnucnu, (8.19)
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and the angular velocity is given by

dnu. (8.20)

The body rotates with periodic angular velocity and makes complete revolution in
one and the same direction all the time. The three variables ~;, ,, r are periodic
functions in ¢ with period

2C

T=2K0),\ ;5 8.21)

As the energy of rotation 4 increases to infinity, k — 0, K (k) — Z,dnu — 1 and

r— ./ % and the periodic time for fast rotations becomes Zr—”

8.2.2 Vibrational Motion

When —a < h < a, the energy of motion is not sufficient to let the centre of mass
of the body go all the way to the highest point vertically above the fixed point. The
motion is a vibration such that ¢ — « varies between +9, § = cos™! _Th The modulus
k of the elliptic functions becomes >1 and using elliptic functions with modulus

1 5 [n
y= s —sino = /212 (8.22)
k 2 2a

the solution (8.19), (8.20) is replaced by

v1 = —cosa(l — 202 sn? w) + 2v sin awsn w dn w,
¥, = —sina(l — 2% sn’ w) — 2vcos avsn w dn w,
h
r=2 "%, (8.23)
2C

where

w = :i:\/g(t —1y). (8.24)
T = 4K(u)\/§. (8.25)

For small vibrations about the lower equilibrium position, T = 2,/ %

The periodic time of motion is
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8.2.3 The Limiting Motion

Now we turn to the critical case between the above two classes of motions. When
h — a, both k and v — 1 and the period becomes infinitely large. The solutions
(8.19), (8.20) and (8.23) both reduce to

1 = —cos ol — 2 tanh >w) + 2v sin o tanh w sech w,

Y2 = —sina(l — 2 tanh? w) — 2v cos « tanh w sech w,

r= 2\/z sech w. (8.26)
C

As w — £o00, (71, 72) = (cosa, sin ) and r — 0. The motion becomes asymp-
totic to or from the unstable (upper) equilibrium position.

8.2.4 Orbital Stability

The trajectory traced by the plane motion on the Poisson sphere is a great circle
3 = 0 for the case of rotations and an arc of such circle in the case of vibration. By
the orbital stability of the motion, we mean the stability of the solution 3 = 0 with
respect to lateral perturbations preserving the values of the total energy & and the
areas integral f = 0. The study of orbital stability of pendulum motions in the linear
setting was initiated in [379], continued in [375, 376, 388] and generalized for the
gyrostat in [388, 420].

8.3 Permanent Rotation of a Heavy Rigid Body About a
Fixed Point [343] (1894)

8.3.1 Possible Axes of Permanent Rotation

Following Staude [343], we now look for possible rotations of the body with a
uniform angular velocity about an axis, which remains immovable both in space and
in the body. Setting w = 0,4 = 0, in (3.15), we get

wxwl=Mgy xrg,wx~y=0. (8.27)

The second equation has the solution w = wy~y, wy is a constant, so that the motion
is possible only about a vertical axis. Substituting w in the dynamical equation gives

v X (WiI — Mgry) = 0. (8.28)
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Multiplying this equation scalarly by ry, we obtain the equation of the locus of the
axes of permanent rotations
rp- (v x~I) =0. (8.29)

In the system of principal axes of the body, this equation can be written in the
determinantal form

Xo Yo <0
m o2 7w | =0 (8.30)
Ay By, Cs
or, in the expanded form,
xXo(B — C)y2v3 + y0(C — A)y3y1 + 20(A — B)y172 = 0. (8.31)

This is a homogeneous quadratic equation. It represents a cone, fixed in the body and
whose vertex is at the fixed point. This cone is called Staude’s cone. It is identical
with Ampére’s cone mentioned in Chap. 1 in a completely different context as the
cone formed by lines passing through the fixed point, each of which is a principal
axis with respect to one of its points. The last property of Staude’s cone seems to be
first proved by Lecornu [255], but is usually ascribed to van der Woude [370].
There are three cases when Staude’s cone becomes undetermined. Those are when

(1) the body is fixed from its mass centre (xog = yo = zo = 0). That is Euler’s case;

(2) the body has spherical dynamical symmetry at the fixed point (A = B = C);

(3) the body is dynamically axi-symmetric and the centre of mass lies on the sym-
metry axis. This is Lagrange’s case.

Staude’s cone degenerates into two planes in three cases:

(1) When the body is dynamically axi-symmetric.

(2) When the centre of mass lies in a principal plane or on a principal axis of inertia.

(3) Tothose cases one has to add the case when a triangle inequality holds (B + C =
A,C+ A=B,A+ B = (), in which Staude’s cone formally persists to be
non-degenerate, but loses its meaning because the body renders to a plane disc
with centre of mass lying outside the plane. According to the theorem of Sect. 1.4,
we have zp = 0.

8.3.2 Description of the Motion

We now try a more detailed description of the permanent rotations. Let a given vector
~ determine a direction in the main body of an axis of permanent rotations, i.e. a
generator of Staude’s cone. This generator is directed vertically upwards and the
body moves about it with a constant angular speed wy. During this motion the centre
of mass (and also any other mass element) of the body uniformly traces a circular
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path in a horizontal plane. In the given motion not only the total energy of motion is
conserved, but also both kinetic and potential energies remain constant.

The square of the angular velocity about this axis may be determined from any
of the equations

Wi (B — C)yays = Mg (o3 — 2072)s
wy(C — Ay = Mg(zom1 — x073),
Wy (A = B)yyi72 = Mg(xo72 — yovi), (8.32)

obtained by writing (8.28) in components. Note that those equations are compatible
in virtue of (8.29). This means that if a permanent rotation is possible (w% positive)
about an axis with one of its ends directed vertically upwards, then this motion

can have one of the two angular velocities +,/w?, i.e. equal and opposite angular

velocities. From the last equations, we notice that w(z) changes sign when the direction
of ~ is reversed, so that the other end of the axis of permanent rotation cannot be
itself directed upwards for another possible permanent rotation. In other words, every
generator of Staude’s cone is a possible axis of permanent rotation with one and only
one end of it directed vertically upwards. Obvious exception is the generator that
passes through the centre of mass. This generator can be directed vertically up or
down, rendering the body to its two equilibrium positions (since wé = 0) with the
centre of mass above or below the fixed point.

We now proceed to clarify the picture of Staude’s cone and the distribution of the
axes of permanent rotations on that cone. We assume that the centre of mass lies at a
point in the positive octant. This can be always achieved, excluding for the moment
some degenerate cases, when the centre of mass of the body lies on one of its principal
axes of inertia. From the determinant Eq. (8.30), we notice that Staude’s cone passes
through the three principal axes of inertia of the body and also through the centre of
mass ry and its diametrically opposite point with respect to the origin (—rg). Denote
by P and Q, the points of intersection of the generator passing through ry and (—r),
respectively, with the Poisson sphere.

Staude’s cone has vertex at the origin, and it intersects the Poisson sphere fixed in
the body in two closed spherical curves, one of which passes through P, the positive
ends of x, z-axes and the negative end of y. The other spherical curve is the reverse
of the first with respect to the origin, i.e. passes through Q, —x, —z, y (See Fig. 8.1).

For further determinacy, we shall assume that A > B > C. From Egs. (8.32), it
follows that wy is real only on the axes intersecting the unit sphere in the four arcs
(P, 2), (x,—y),(Q, —x) and (y, —z), shown as thick lines in Fig.8.2. Each axis
should be directed vertically upwards and the body must be given the appropriate
(positive or negative) angular velocity about that axis. Note that the angular velocity
corresponding to the permanent rotation about O P is wy = 0, i.e. this is the upper
equilibrium position of the body. Similarly, the axis O Q corresponds to the lower
equilibrium position. Note also that wy tends to infinity whenever the axis of rotation
approaches one of the six ends of the principal axes of inertia.
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Fig. 8.1 Staude’s cone and
its intersection with the
sphere

Fig. 8.2 Admissible arcs for
Staude’s permanent rotations
are represented by thick (red)
lines (Hidden lines are
dashed)

Fig. 8.3 The centre of mass
lies in a principal plane
(xy-plane)

Figure 8.3 depicts the admissible arcs on the sphere, corresponding to a centre of
mass lying in the principal plane xy. For more detailed presentation of degenerate

cases, see [321] (and also [256]).
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8.3.3 Further Studies

Permanent rotations have attracted researchers for a long time and from different
points of view. Linear stability analysis was performed for some special cases in
[131], (See also [132]), [43] and others. More systematic results were obtained by
Rumiantsev [321], who relied on wide use of linearized equations in the variations
and construction of Lyapunov functions.

Staude’s rotation is characterized by the constancy of the vectors v and w in
the body system (as well as in space). In such motion, only the Eulerian angle of
precession ¢ varies with time, while 6 and ¢ take constant values. Noting that v is
a cyclic coordinate, it becomes evident that Staude’s rotations can be characterized
as the equilibrium positions of the reduced system. This means permanent rotations
are located at the extremal points of the reduced potential V; of the problem on the
Poisson sphere (See (3.56)):

fZ

Vi=Mgry-~v+ .
2(A7t + By; + C73)

(8.33)

Let P be one of those points. The permanent rotation about O P is stable if V; attains
a minimum at P, unstable if it has a saddle point. If V| has a maximum at P, then
one cannot draw any conclusion about the stability of the permanent rotation based
on V; alone. In that case gyroscopic stabilization is possible and the equations of
perturbed motion should be considered in the nonlinear setting. For more details
and results in this direction, see [105, 351] and references therein. Detailed stability
analysis of permanent rotations with special emphasis on those corresponding to the
three integrable cases can be found in [330].

8.3.4 Excercises

(1) Show that the reaction of the fixed point on the body in the state of permanent
rotation is given by the formula

R=Mgy - Mw(%p,

where wy is determined from (8.32) and p is the current radius vector of the centre
of mass of the body relative to the axis of rotation.

(2) Determine all possible uniform rotations of a rigid body about a fixed point
O of it, when acted upon by a single constant force applied to a point distinct from
both the fixed point and the centre of mass [Alfieri [6]].



130 8 Particular Solutions of the Classical Problem and Its Generalizations

8.4 Hess’ Case (1890)

One of the earliest particular solutions in the dynamics of a rigid body was discovered
by Hess in 1890 [150] and actually rediscovered by some other authors, e.g. Appelrot
[10] and Shiff [331]. It differs from all other particular cases in an essential aspect,
its solution is not completely reduced to quadratures. One may say it is a case of
partial solution of the Euler—Poisson equations.

8.4.1 Equations of Motion

Let the principal axes of inertia of the body be arranged so that A > B > C, and
assume that the centre of mass Cy lies in the xz-plane containing the major and minor
axes of the inertia ellipsoid yy = 0. Equations (3.29) take the form

Ap+ (C — B)gr = Mgzo»,
Bg + (A = C) pr = Mg(xoy3 — 20m),
Cr+ (B—A)pg = —Mgxoy,
Ntqun—rn=0%+trm—py=0,%3+pr—gn=0.
(8.34)

Eliminating -, between the first and third equations, we get
Axop + Czor = q[(B — C)xor + (A — B)zopl. (8.35)

Thus, if the distribution of mass in the body satisfies the condition

(A—B)zg (B—C)xo
= = s (say),
Axg Czo

ie.if

xo0vVA(B — C) = £290/C(A — B), (8.36)

then Eq. (8.35) can be written as
d
E(Axop + Czor) = sq(Axgp + Czor). (8.37)

If the motion at a certain time moment satisfies the condition that

Axop + Czor =0, (8.38)
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the time derivative of this expression will also vanish, and hence it will be a constant
of motion that vanishes at all times. This gives what we call an invariant relation.
Note that the invariant relation (8.38) has a dynamical meaning. It signifies that the
component of the angular momentum of the body vanishes in the direction from the
fixed point to the centre of mass of the body.

Remark: Condition (8.36) together with yy = O mean that the centre of mass
C, lies on the line drawn from the origin perpendicular to one of the two circular
cross-sections of the gyration ellipsoid (See Exercise 4 of Chap. 1).

Taking this remark into account, one can see that the angular momentum of the
body in Hess’ case lies always in one of the circular cross-sections of the gyration
ellipsoid.

8.4.2 Solution

Let 6 be the angle between OC, and the z-axis. Regarding (8.36), we have

cosd= |AB-0) sy (€A (8.39)
VB(A-0) \ B(A-0)

Denote by I'y and I'3 the projections of the vector v on OC, and the orthogonal to
it. Then one can write

'3 = cos 1 + sin §s,
'y = —sin d7; + cos 3. (8.40)

Those variables satisfy the relation
M+ri=1+yi=1-7% (8.41)

We now show that the variable I'3 can be determined by a quadrature. In fact,
using the integrals of motion

Ap* + Bg*> + Cr* +2MgsTs = 2h,
Apn + Bgy+ Crvys = f,

together with (8.38), one can find

A(l =THp = —sin6(V/Sv, + fT),
B(1-T3gq = —v/ST1 + f,
C( —T2)r =cosd(v/Sv, + fT), (8.42)
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where S = S(I'3) is the cubic polynomial
S =2B(1—T3(h —sT3) — £~ (8.43)
From Poisson’s equations and using the last expressions (8.42), we readily obtain
for I'; the equation
BI'y = /S(I3). (8.44)
Thus, I'; can be expressed as an elliptic function of time by inverting the relation

F3 d
t = - (8.45)

V2B —u?)(h — su) — f*

The last formula can be compared to formulas (4.42) of Sect. 4.2, concerning
Lagrange’s top. Equation (8.45) has the same structure as in Sect.4.2 provided in
the last we put c = C/A = 0, i.e. the Lagrange top has all its mass concentrated on
the I'3-axis. This means that the centre of mass of the body moves with respect to
the vertical as a spherical pendulum. This property was noted by Joukovsky [165].

8.4.3 The Use of Special Axes

Hess’ case takes a simpler form if we choose the body axes to be associated with the
gyration ellipsoid. The equations of motion take the form (3.41). Let the x, y-axes
be in the plane of one of the circular cross-sections of that ellipsoid and the z-axis
orthogonal to it. As the middle principal axis of inertia of the body is the intersection
of the two circular cross-sections, this axis can always be chosen as the y-axis, so
that A3 = 0. The gyration matrix becomes

Aip 0 Az
A= 0 4, 0o |. (8.46)
Az 0 Az

In those axes, the centre of mass lies on the z-axis at the point (0, 0, zo) (say), and
Hess’ integral becomes R = 0. The equations of motion (3.41) become

P — A13PQ = C72,
O+ AsP? = —cv, (8.47)
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Y1 — PynAi+ A0y =0,
Y2+ PyiApz — A1 Py =0,
Y3+ A (Py2— 0m) =0, (8.48)

where ¢ = Mgz, and the integrals of motion

Lanrr + @2 =h
3 1n(P°+ Q) +cy; =h,

Py+0vn ="/
712 —|—fy§ + fy32 = 1. (8.49)

It will be more convenient to introduce new variables by the relations
P =pcosy, Q = psiny. (8.50)

Those variables are related to the Eulerian angles 6, . Recalling the expression of
~, one can use the integrals (8.49) to obtain the relations

| 1
v =cosf = —(h— =Ayp>),
c 2

psin@sin(y + ¢) = f. (8.51)

In the same special axes, the angular velocity of the body can be expressed, using
(8.46), as

w=(p,q,r)=AnuP,A1Q,AP)
= (Ajpcosx, Ajppsiny, Ajzpcosx). (8.52)

Now, comparing this expression with the formula (2.39) and using the areas integral
in (8.49), one can find the rates of change of the Eulerian angles

cAnf
V= sin? 6’
0 = Appcos(x + »).
. Aq1 fcost
p = Apzpcosx — — (8.53)
sin” 6
Using (8.50) and (8.47), we find for p and x the equations
d
£0 — _eVF, (8.54)

Par =
where |
F=Anp'll = (h = S Anp /e = f,
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and y
. c
X = —[A13pcosx+?]. (8.55)

The first equation determines p? as an elliptic function of time ¢ (the equivalent of
(8.45)). Inserting this function into (8.55) we obtain for x a nonlinear first-order dif-
ferential equation with elliptic coefficients. Substituting tan § = 1), the last equation
can be put in the form of Riccati equation and if further one uses the substitution
n= C /¢, itcan be reduced to a linear second-order equation with elliptic coefficients
[293]. An equivalent form was obtained by Golubev using a somewhat different
method in [113]. A detailed analysis of Hess’ case was performed by Kovalev in
[236, 237], aiming mainly at constructing the angular velocity hodograph for Hess’
case. A linear equation for ((p), equivalent to Nekrassov’s equation, was derived
[237] (See also [108]). However, none of those forms helped to complete the solu-
tion in the general case.

8.4.4 Solution of the Case [ =0

The simplest case and the only one when the solution of the equations of motion is
completed is that when the areas constant f vanishes and then Eq. (8.55) becomes
separable. In that case, the second equation in (8.51) determines the angle x in the
form

X =, (8.56)
and, hence, Eqs. (8.53) become
) =0,
0= Anp,
p = Aj3pcos . (8.57)

The first equation means that the Eulerian angle ¢) during motion preserves a constant
value. Without loss of generality, this value can be taken as ¢/ = 0. The motion of
the body can be interpreted as follows:

The body rotates with angular velocity ¢ about its barycentric axis (the z-axis,
carrying the centre of mass), while that axis performs a periodic pendulum-like
motion in a fixed vertical plane passing through the fixed point. That is a type of
precession with a variable angular speed 6 about a horizontal axis, namely the type
pointed out by Bressan [46] (1957) for the rigid body in the case of Hess.

Explicit expressions of the variables in terms of time differ for the three cases
of pendulum motions: rotational, vibrational and asymptotic. We write down here
the full expressions for the case of complete pendulum rotations, characterized by
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the condition 2 > c. Detailed qualitative analysis of possible types of motion can be
found in [108].
In that case from the above formulas we can find

cosf = —1+2sn’u, (8.58)
2(h
p= 2B go (8.59)
Ay
where
h
u=Aj +Cf,
2

and the modulus of Jacobi’s elliptic functions

2c
h+c

On the other hand, dividing the last two equations in (8.57) and separating vari-

ables, we get
d A
2 =B,
cos ¢ Al

And on integration, this gives

A
0= tan*l(sinh(A—”e))), (8.60)

11

where an insignificant integration constant is taken zero. The trajectory (8.60) on the
Poisson sphere is the locus of the end of the vertical unit vector -~

A A
v = (sin0tanh(—l3t9), sin @ sech(—BH), cos 6)
Aq An

on that sphere. As 6 increases indefinitely with the pendulum rotation of the z-axis
in the fixed vertical plane, the angle of proper rotation ¢ about that axis tends to the
value /2, as depicted in Fig. 8.4. The larger the quantity 2—:?, the faster ¢ approaches
7 /2. We conclude that the motion of the body asymptotically approaches the motion
as a physical pendulum about the medium principal axis of inertia, which takes a

permanent horizontal position.
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Fig. 8.4 Orbit of apex of v
on the Poisson sphere

8.5 The Case of Bobylev and Steklov (1896)

Almost simultaneously, in 1896, two communications of Bobylev [27] and Steklov
[346] appeared announcing one and the same solvable case of the equations of motion
of a heavy rigid body fixed from one point.

The key condition in this case is that one of the components of the angular velocity
permanently vanishes, say, g = 0, i.e. the angular velocity lies permanently in the
principal xz-plane. A great simplification occurs in the equations of motion (3.29)
if one adds the assumption that the centre of mass of the body lies on the z-axis, i.e.
xo = yo = 0. Then, under the compatibility condition C = 2A, we will have

Ap =am,
—Apr = —am,
Cr=0,
N—rn=0,%+rm—pr=09+pn=0, (8.61)

where a = Mgzy. From those equations, we immediately get

r = rg = const,

a
= -7 09
P=am ro #
"2 = l (8.62)
ro

Now, using the areas integral, we obtain

L (P (8.63)
73_2141‘() I‘Q’Yl ’ ’
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so that all variables are expressed in term of 7, and it remains to determine ; using
the geometric integral, which leads to the first-order separable equation

. 1 a 2
A = iro\/ 1—~7 — pye (f - %”2> : (8.64)

Note that one can verify that all the Euler—Poisson equations (8.61) are all satisfied,
in virtue of (8.62)—(8.64).

To simplify the classification of the possible motions, we introduce the new dimen-
sionless parameters p, j by the relations

roz\/gp ., [ =+aAj. (8.65)

Thus, the vectors w and = will be expressed as follows:

a mn
= - 701 )
w ,/A(p p)

Ay
= A ——, — — —). 8.66
=M ,/a ALY 2p2> (8.66)

Note that a simultaneous change of the signs of parameters ry, f (p, j) results in a
change of signs of p, 7, and leaves unchanged the vector ~ as function of time. On
the other hand, formulas (8.66) are not valid for p = 0. Thus, it suffices to consider
motions with parameters p, j in the open right half-plane p > 0. Motions in the other
half-plane are the same but traversed in the reverse direction.

Now, integrating Eq. (8.64) gives

a (t —1t) dm
+ /= = , 8.67
Va2, JFOD (8.67)

where F(y)) = \/(4p4 — j2p*) + (2jp —4p*) 77 — 71 and 1, is an arbitrary con-

stant. The integral in the right-hand side is an elliptic integral of the first kind. Invert-
ing this integral, we express -; as an elliptic function in the time 7. Depending on the
two parameters p and j, the fourth-degree polynomial F () may have either two or
four real roots, so that in the pj-plane we have two different regions corresponding
to two qualitatively distinct classes of motions.

A clear geometrical picture of the two classes is obtained by examining the tra-
jectories drawn during the motion of the body by the tip of the vector < on the
Poisson sphere. That is the curve of intersection of the sphere 77 + 3 + 73 = 1 and
the parabolic cylinder 3 = 2]7) - % It can be readily seen that when —1 < 2i <1
the intersection is a single simple closed curve symmetric with respect to the yz-
plane, beginning at j = —2p with the single point (0, 0, —1). Example of this type
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a) A single spherical curve. b) Two spherical curves.

Fig. 8.5 Path of the vector «y on the unit sphere

is illustrated in Fig.8.5a. For j > 2pif j < p* + /1;, the intersection consists of two
similar closed curves symmetrically situated with respect to the yz-plane (Fig. 8.5b).
On the boundary j = p? + fl), the two curves shrink to two points. We now describe
the analytical solution of the equations of motion in the two regions.

8.5.1 Region I: The First Class of Motions

In the region I, —2p < j < 2p, (see Fig. 5.1) the polynomial F'(7;) has only two
real roots. Equation (8.67) will have a cn solution and the Euler—Poisson variables
take the form

M M2
= (Men(u, k) , ——/d sn(u, k) dn(u, k), 2- — Z— cn(u, k),
P 2p  2p?

a M
w = /—(—cn(u, k),0,p), (8.68)
A p

M = mj — 203 +2pdl.d =/p* — jp+1,
J—2p3)
d 9

u = ,/ (t—to) (8.69)

@20+
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Fig. 8.6 Contour lines of
k,v

The expressions (8.68) are periodic functions in time with period V‘ZK—(L‘)I %.
p=jpt

Contours of k in the pj-plane are illustrated in Fig. 8.6. The motion is composed of
a uniform rotation about the z-axis and a vibration about the x-axis.

Zones I and II

On the two rays j = —2p and j = 2p > 2, the modulus k = O (see Fig.8.7) and
the motion reduces to Staude’s rotation with the uniform angular velocity ro = \/§ p
around the z-axis, whose positive half bearing the centre of mass is directed vertically
downwards on the first ray and upwards on the second.

Ontheline j =2p,0 < p < 1, (8.68) reduces to

_(izp./1—p2 2 (1 — p?) sinh(w) L 2(1-p?%)

cosh(w) ’ cosh?(w) ’ cosh?(w)

1 _ 2
w=\/§(wvo’p)’ (8.70)

coshw
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Fig. 8.7 Limiting cases

84
61 Y
uld
o\%
2\7 "
2 2
LA s
N s““éeupv g
I
e
g I
st =0
04t . .
1 2 3
N p
%%’%r
i,
%"-s.,fb%;
-6

where w = /%(1 — p2)(t — ty). Those solutions describe asymptotic motions and

tend to Staude’s rotation with velocity w = /% p around z-axis directed upwards.

8.5.2 Region I1. The Second Class of Motions

In the region /17 (see Fig. 1)

(8.71)
the polynomial F () has four real roots and Eq. (8.67) will take the form
71 = £ Ndn(w, v), (8.72)
where
w = Aip : _223 +2pd(t — ),
N = Vp(j —2p3 +2pd), > = %. (8.73)

Contours of v are shown in Fig. 2. The vectors =, w will have the form

2d j  N?
~ = (N dn(w, v), v sn(w, v) cn(w, V), >

2
P - 2_p2dn (w, v)),
N
w= |2+~ dn(w,1),0, p).
A p

(8.74)
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On the boundary curve j = p3 + %, p < 1, the motion degenerates into Staude’s
regular rotation with angular velocity w = ,/ %1; around one of the directions v =

(/1 — p2,0, p) (see Fig. 3). On the line j =2p ,0 < p < 1, we get the pair of

solutions (8.70) describing motions asymptotic to Staude’s rotations around z-axis.
Remark: The, so-called, orbital stability of the Bobylev—Steklov motion was

recently investigated in [426]. Some results will be presented in due course.

8.6 Steklov’s Case (1899)

8.6.1 Conditions and Solution

Suppose that the centre of mass lies on the first principal axis, i.e. yo = z9 = 0.
Equations of motion (3.29) take the form

Ap+ (C — B)gr =0,

Bg+ (A—C)pr=ans,

Cr+(B—A)pg =—am, (8.75)
Nt+q—rn=0n+ry—py=0,9+pr—qn=0, (8.76)

where we have put Mgxy, = a. Without loss of generality we assume a > 0. The
general first integrals of motion become

1 2 2 2 _
I E(Ap + Bg”+ Cr”) +avy, =h,

L =Apy+ Bgn+Cry = f,
L=v+%+%=1, (8.77)

where h, f are certain parameters, determined by initial state of motion.

When B = C, the equations describe Lagrange’s integrable case discussed in
Chap. 2. Thus, without loss of generality, one can choose the y-axis to be the one
of greater moment of inertia, i.e. assume that B > C. Steklov assumes a solution of
(8.75), (8.76), such that

Y2 = n2pq, Y3 = n3pr, (8.78)

without indicating any line of thought leading to that assumption. It is not hard to
reveal that under this assumption (8.75) can be cast in the form of equations of motion
of a heavy body about its centre of mass, i.e. can be rendered to the integrable case of
Euler and Poinsot, see Sect. 4.1, thus guaranteeing integrability and solution in terms
of elliptic functions of time. Equations (8.76) will serve as compatibility conditions,
may be, leading to some restrictions on the parameters of the problem.
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Now, substituting (8.78) into (8.75)—(8.77) and using again the resulting dynam-
ical equations, we determine the values of the parameters:

f=0,
A2
h =eall — 1,
2(A— B)(A—C)
(A—B)(A-0)
Ny = ——————,
a(A=20C)
(A—B)(A-0)
= "> 8.7
= a(A—2B) (8.79)
where ¢ = +1 and the relations between the variables
2= A [A—C p"‘_ ae (A—20) |
B—-C A-2B (A-B)(A-0C)"
A A—B ? A—2B
r2 [ ac ( ) . (8.80)

TB-c  Aa2c’TAa-BA-0)

It remains to find expression for p in terms of time. To this end, we use (8.80) in
the first of Egs. (8.75). We get

o A—C ? ae (A—20C) A—B ? ae (A—2B)
P=R08? " aha-olaac? Taspa-or
(8.81)

so that p and hence ¢, r are elliptic functions of time. However, we deal here with
real motion, where all variables are real, and this leads only to two classes of motion,
characterized by the two different choices e = =£1. For those classes we have some
conditions on the moments of inertia satisfied in addition to the triangle inequalities:

B> A>2C in the first case (e = 1),
A>B>C,A>2C inthesecond case (¢ = —1).

In his original 1899 paper [347], Steklov considered only the first class of motions,
but formulas derived there cover also the second class, which was noted and consid-
ered in detail by De Angeli [8] in 1934. The latter class was also rediscovered by
Kuzmin in 1952 [248]). It is also noteworthy that the method devised by Steklov to
obtain his solution was used and generalized in later works of other authors as Gory-
achev [114], Chaplygin [54], Kowalewski [239] and Kharlamov [196]. Solutions
obtained in this way will be presented below.

The regions where the conditions on moments of inertia are satisfied are shown in
Fig. 8.8 in the plane of (B/A, C/A). They are represented in Fig. 8.8, respectively,
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by the two triangular regions I (P QR) and 11(QRS). Note that on the line PR in
region /I we have B + C = A and the body becomes a distribution of mass in the
yz-plane, while its centre of mass lies on the x-axis outside that plane. The line PR
is thus excluded from region II.

The energy constant % in the first region takes a value ranging from 3a at S to
infinity on Q R. In the second region it ranges from a at P to infinity on Q R. Contour

lines of & are shown in Fig.8.9a. Figure 8.9b shows contours of k; = % and
ky = ﬁ, the moduli of elliptic functions in regions I and I I, respectively. Note

that k; changes from 0 on QR to 1/+/2 at S, while k, changes from 0 on QR to 1
at P.
We now write the solution of the equations of motion in the final explicit form.
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8.6.2 The First Class

In this case the centre of mass lies on the middle axis of inertia. The components of
the angular velocity are expressed as

\/(23 — A)A—=20C)a
= cn(uy),

(B—A)(A-C)?

B A(A —2C)a .
T=\ B=-AB-C)A—C) ")

\/ @B —AAa . (8.82)

r

(B—A)(A—-C)?

whereu; = Q(t — t9), fpis an arbitrary constantand Q| = ,/ %. The vector
~ is given by

_ Asn?(u;) — C _
M= -c T Tac

_ AQRB — A)
Y2 = m sn(u;) cn(uy),

A(A —-2C
v = —f‘_C) en(uy) dnuy). (8.83)

2
cn (u1),

8.6.3 The Second Class

In this case the centre of mass of the body lies on the axis of largest moment of
inertia.

2B — A)(A —2C)a
p= sn(us),

(A—B)(A—C)?

\/ A(A —2C)a en.

TTVa-BmB-0@A-0
_ (2B — A)Aa
r= \/(A "B B_OA_0C) dn(uy), (8.84)
where u, = Q,(t — ty), 2, = AfB and ~y is given by
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B A sn?(uy)
m=-lr e
B AQ2B — A)
"= G- oa— g M)
B A(A —20C)
" \/ @-oB -0 " a o

8.6.4 Some Properties of the Motion

8.641 1

We have suppressed some different combinations of signs of the square roots in
(8.82)—(8.85) which are equally possible. Those may be obtained by applying the
transformations u — u + 2K or (¢, w,vy) — (—t, —w, 7).

8.64.2 2

Both classes of motion are periodic. The periodic times for them are

4K (k;)

n:
Q;

Ji=1,2. (8.86)

The motions consist of vibrations with period 7 about x- and y-axes and unidirec-
tional rotation with variable angular speed about the z-axis with period 7' /2. The two
periods become zero on the line QR (B = A) corresponding to the limiting case of
infinitely large angular velocities.

8.643 3

One way to understand the geometry of motion, as was done in the Bobylev—Steklov
case, is to examine what we call the “trajectory” or “orbit” of motion. That is the
curve traced during the motion of the body by the tip of the vector < on the Poisson
sphere 77 + 3 + 7% = 1. For the first class of motions this curve can be described
as the intersection of the sphere with the elliptic cylinder

2B—A)(m1—DI(A=C)y +Cl+AB - C)y; =0. (8.87)

Noting that for all values of the parameters the point P; (1, 0, 0) lies on that intersec-
tion, so that this point is common between all orbits of the first class. Moreover, the
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Fig. 8.10 a Three class 1 orbits passing through P;. b Three class 2 orbits passing through P,

projection of the orbit on the yz-plane in the vicinity of the point P; is described by
the equation
A—-2C
2 2
- = 8.88

73 SB_ A 72 ( )
representing two line segments intersecting at that point. The generic orbits of
motions of the first class on the Poisson sphere are Fig. 8-shaped curves, all with node
at P; (See Fig.8.10a). It is easy to show that orbits of the second class of motions
are also Fig. 8 curves, but with their node at P,(—1, 0, 0).

8.644 4

On the border line P S both classes of motion degenerate into plane (pendulum-like)
motions with p = g = 0 about the z-axis, which is taking a horizontal position.
Those are rotations with a variable but unidirectional angular velocity

B-C
r=2 u dn(u,, k) for the first class of motions ,
C(B-20)

a
2C—-B

r=2

dn(u,, kp) for the second class of motions ,

where 21, 2, k1, ky are calculated for A = 2C. The vertical unit vector is given by
Y1 =—142sn°(u2), 72 = —2sn(u) cn(uz), 73 = 0.

The energy constant for the first class of motions varies on Q.S from 3a at S to infinity
at 0, while for the second class of motions it varies on P Q from a at P to infinity
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at Q. Note that on the energy level & = a, the plane motion becomes asymptotic to
the upper (unstable) equilibrium position.

On the line PS in the plane of inertia parameters, the two halves of Fig. 8 orbits
coincide and degenerate into circular orbits 3 = 0, corresponding to pendulum-like
motion. Figure 8.10a, b shows two sequences of three Fig. 8 orbits of classes 1 and
2, respectively, with the last one close to the circular section 3 = 0.

8.6.5 Exercises

1- Substituting ~,, 3 from (8.78) with n;, n3 as given in (8.79) in Egs. (8.75), the
last equations take the form

1
Ap + E(C/ — BYgr =0,
! . 1 /
Bq—{—E(A—C)pr:O,
1
C'i+ 5(B' = A)pq =0, (8.89)

in which B = 2B — A, C’ = 2C — A. Those equations can be written in the vector
form

o
G + 5w x G =0, (8.90)

where G’ = (Ap, B'q, C'r). This form shows clearly that the equations are identical
with the equations of motion about a fixed point by inertia of a hypothetical body
with inertia matrix I’ = diag(A, B’, C’) and angular velocity w referred to a system
of axes moving with angular velocity %w. However, this analogy should be taken
with caution. The constants of motion of the hypothetical body are not arbitrary:

(a) Show that the analog of the energy integral corresponding to Steklov’s solution
has the value zero.

1
5(Ap2 +B¢*+C'rH) =0.

This makes no contradiction, since the hypothetical body has one negative moment
of inertia C' = 2C — A < 0 for both of Steklov’s families of solutions.

(b) The angular momentum vector G’ of the hypothetical body is a constant vector
in the coordinate system moving with angular velocity %w about O. Then its square
modulus G'? is constant in all coordinate systems. Show also that the analog of the
integral of the angular momentum corresponding to Steklov’s solution has the value
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(A —2C)(2B — A)
(A—C)B—A)

G/Z:A2p2+B/2q2+C/2r2:26Aa

The right-hand side is positive for both classes of Steklov’s motions.

8.7 Goryachev’s Case [114] (1899)

8.7.1 Conditions and Solution

Like in the Bobylev—Steklov and Steklov cases, the centre of mass of the body is
assumed on one of the principal axes of inertia at the fixed point. Without loss of
generality we take this axis to be the x-axis, so that the motion is described by the
same equations of the previous section (8.75), (8.76) and the same integrals (8.77).
For a solution, Goryachev tries two relations of the form

Y2 = pq(ny +nyp®), 3 = n3pr (8.91)

and finds that this is possible only when the principal moments of inertia of the body
are subject to the restriction

A(9B — 8C) = 16C(B — C). (8.92)

In the plane of inertia parameters, the condition (8.92) is satisfied on the curve

PONR (Fig.8.11), so that the character of motion of a body is determined by the
point representing the body on that curve. Denoting the ratio C/A by c and solving
(8.92) for B one can write

C=ac. B =D (8.93)
=Ac,B=A————". .
16¢ — 9

Regarding triangle inequalities, the parameter ¢ ranges from % at P to oo at R (the
point at infinity). )

From the equations of motion, it follows also that the areas and energy parameters
of the motion must take the values

f=0,

_ _ 2
b — 9oy 26— DO — 56¢ + 64 )7 (8.94)
(3 —4c)(3 — 8¢)(3 — 4c)

where
e = =1.



8.7 Goryachev’s Case [114] (1899) 149
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Fig. 8.11 Goryachev’s
condition (8.92) is satisfied
on the hyperbolic branch
PNQOR

C/d =g R

1
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Under the above conditions, five of Euler—Poisson’s variables can be expressed
in terms of p as

_ 16c—-9 32¢(2c — 1a p?
T4 c(dc —3)(8c —5)(8c —3)A 2’
1 128s(16¢ — 4¢ — 3)(48¢% — 44
r= o 8e(16¢ 9)a+32(c 3)(48c¢ c+9) ,
8 c(4c —3)A c22c —1)
(8¢ = 5)(8c — 3)(de — (e — 3)’A e
c32c - 12a ’
(4 —3)(16¢2 —15¢ +3)A
n=e 2¢(2c — Da P

_ (8c —3)(8¢c — 5)(4c — 1)(4c — 3)3A? 4
128¢2(2¢ — 1)%a?
_ (4c —3)(8c —3)(Bc —5A (4c — D(4c —3)%A

’

- —1 7,
" 20c — D6e —9a P e T e e P!
(3 —40)A
7= (8.95)
a

while p is determined as a function of time from the relation

P dp —B_Ct
VF(p) A

where F(p) = ¢*>(p)r’(p) is a polynomial of the sixth degree in p.

(8.96)
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It remains to ensure that the two square roots figuring in the expressions for g and
r in (8.95) take only real values, depending on the ratio c of the principal moments
of inertia of the body and the sign of €. Regarding the first expression in (8.95), the
arc PR is divided into three parts:

(1) PQ, on which ceig = [%, %). On this arc, one should choose € = 1 and then
he[Xa, 00).

(2) ON, on which ce(%, %). On this arc, if one chooses € = —1, g can take real
values. However, in that case, all the three coefficients under the square root sign
in the expression for » become negative, so that » takes only imaginary values.

(3) NR, with ce(%, o0) and € = 1. On this arc, it can be shown that 7 < —a, so that
the kinetic energy of the body is negative.

Thus, the motion is possible only for bodies corresponding to points of the arc
P Q with the choice ¢ = 1.
In fact, with the use of the change of variable

\/ 2¢2c — a
p=4 v, (8.97)
(B3—4c)Bc—3)(5—-8c)A

the relation (8.96) is rendered to

\/ (4c — (3 — 4e)a / dv
2 t = , (8.98)
c(8c—3)(5—-8c)A ( —vy)v(v; —v)(1 —v)
where
2 2(9 —64c 4+ 1602 — 128 ¢3
AL | o T 1/4\/ ( ) 599

(4c—1)(3—4c):F 4c—1)/3—4¢)
We first note that, as shown in Fig.8.12, on the interval iy = [%, %), the roots of
the fourth-degree polynomial under the square root sign in (8.98) have the order
v <0<v <.

The polynomial under the quadratic root sign in (8.98) has degree four, and thus,
the integral is elliptic of the first kind. From tables of integrals, e.g. [130], we evaluate
this integral and hence obtain the inversion formula

nsn?(u, k)

= 8.100
1 —msn?(u, k) ( )

where

u = put + uo,
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Fig. 8.12 The order of the 10
roots of the fourth-degree
polynomial in (8.98)

Fig.8.13 kv.c
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V(e —3)(128¢3 — 160c? + 64c — 9)/a
V2c(8c —3)(5—80)A

p= [ud=w
V1 — Vo

_ \/ 1 V2(256¢3 — 3202 + 144¢ — 27)
2 8(4e — 3)¥2/12863 — 1602 + 64c — 9

_ 22 (8¢ —5)8 —3)(16c —9)

" 16 /(dc — 3)(128¢3 — 1602 + 64c — 9)

1 . V2(48¢% — 44c 4 9)

m=—|

2 J(dc —3)(1286 — 1602 + 64c — 9)

3

1, (8.101)

and u is an arbitrary constant. Figure 8.13 shows the graph for k(c) as drawn from

the last expression. It ranges from 0.87064540 at ¢ = % toOatc = %.

Using (8.100), we express the components of the angular velocity as follows:
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_ \/7 sn(u, k)

P = Pi X—m,
_ \/7 dn(u, k)

q9 =4 X—m,

a cen(u, k)
r=ry,/———, (8.102)
VAL —msn2(u,k)

in which

2\/«/§c(2c — 1)(16¢ — 9)
J(4c =3)(128¢3 — 160c2 + 64c — 9)

o (166_9)\/ 22¢ — 1)

P =

c(4c —3)8c —3)(8c —5)’

_[2(16c —9)
= —c(3 “40) (8.103)

The components of the vertical unit vector ~ take the following form:

r

(16¢ — 9)(16¢% — 15¢ + 3) sn2(u, k)
V(B¢ = 3)3(128¢3 — 160c2 + 64c — 9) 1 — m sn?(u, k)
(4e — 1) (8¢ — 3) (5 — 8¢) (16¢ — 9)? sn(u, k)
4(4c — 3)2(128¢3 — 160c2 + 64c — 9) (1 — m sn2(u, k))?’
_ (8¢ =3)(8c —5)(4c —3) sn(u, k) dn(u, k)

T TR = (16 —9)) PN A s (u, k)

7121—2\/5

0 V2 (4c — 1) (16¢c — 9) sn?(u, k) _ 4
e —3) (12863 — 160c + 64c — 9) ! —msni(u k)
vy = 3 —4c sn(u, k) cn(u, k) (8.104)

2 P st k)

8.7.2 Properties of the Motion

8.7.2.1 The Initial Motion

To obtain symmetric views in the graphics, we give the constant u the value 0. This
corresponds to the choice of the initial moment = 0 as the one at which p = 0.
At this same moment, from (8.104), we have v = (1, 0, 0). The x-axis carrying the
centre of mass begins motion from a position vertically above the fixed point. The



8.7 Goryachev’s Case [114] (1899) 153

a
3 b z
/ Initial directions
" (quj f‘J ;,' -~ {
c=3/5
x 11 #
| Iy
! /\\ /
;/ / "’
c=0.6 ,‘*‘ N
0.61 _?,/ /
0 % o
0 1 2 3 4 .'rq 0.62499

Fig. 8.14 a The initial angular velocity (¢’, r’) as ¢ varies. b Directions of angular velocity during
motion as ¢ varies

initial angular velocity that should be given to the body to commence a motion of
the Goryachev type lies in the yz-plane and its direction depends on the parameter c.

Figure 8.14 shows the variation of the dimensionless quantities (¢’ = ./ %q, r'=

\/ %r) as ¢ varies on the interval iy. From this figure, it is obvious that as ¢ tends to

2, ¢ tends to infinity while r tends to a finite limit @ 4 ~25298,/%.

8.7.2.2 Periodicity of the Motion

We now clarify the general character of motion after this initial setting. We readily
note that the second component g of the angular velocity does not change sign. In
a time period %, it ranges from a minimum ¢, to a maximum qiv] and then to
qo again. The motion of the body is composed of a rotation around the y-axis and
vibrations around the x, z-axes. The whole motion is periodic with period

V2c(8c —3)5 —80)A/a
V(3 =4c)(9 — 64c + 160c2 — 128¢3)

4K

T T 4K (k) (8.105)

The period of motion decreases monotonically from its value at ¢ = 3/5 to zero at
¢ = 5/8, corresponding to very fast uniform rotation about the y-axis.

InFig. 8.14b, we show four closed curves representing the traces on the unit sphere
fixed in the body by the unit vector ¥ in the direction of the angular velocity along a
period of the motion. All curves are closed around the y-axis. As ¢ approaches 5/8,
the curve becomes a very small one shrinking to that axis.
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Fig. 8.15 Space view of the trajectory for ¢ = 0.6 on a transparent Poisson sphere
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Fig. 8.16 Motion direction on two halves of an opaque sphere

8.7.2.3 Orbits on the Poisson Sphere

Now, we turn to the picture of the trajectories of the motion, the trace of the vertical
vector -y on the Poisson sphere. As we have seen above, the point P (1, 0, 0) is com-
mon between all orbits. Figure 8.15 shows the space view of the orbit corresponding
to the value ¢ = 3/5, as an example of the generic orbits. It begins from the point
P on the x-axis and goes through the points Py, Q, R, P,, P, P;, O, R, P, and then
closes at P. The orbit has three self-intersection points P, Q and R, so that it makes
three loops, two small and one larger. The direction of motion is shown on all arcs
of the orbit on the two halves of an opaque sphere (Fig.8.16a, b).

Although those orbits are not simple in the space view, they have two planes of
symmetry: xz and xy. The projections of four orbits on the xz-plane are shown in
Fig.8.17 for values of ¢ ranging from the beginning to near the end of the interval
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Fig. 8.17 Projections of trajectories on the xz-plane corresponding to four values of ¢ (View from
the top of y-axis)

0.62499

Fig. 8.18 Projections of trajectories on the xy-plane corresponding to four values of ¢ (View from
the top of z-axis)

[%, %). Each orbit can be seen as the intersection of the Poisson sphere with a cylin-
drical surface, which is parallel to the y-axis and touches the unit sphere at three
points. With increasing c, the projection becomes wider and encloses the orbits with
smaller values of c. Asc — 5/8, the projection of the orbit approaches a circle of unit
radius. In fact, the limiting orbit at this value of c is the circle 7, = 0, corresponding
to very fast rotations about the y-axis, which takes a horizontal position.

Figure 8.18 depicts the projections of the same orbits on the xy-plane. This pro-
jection begins wider at ¢ = 3/5 and becomes narrower with increasing c to coincide
in the limit, as ¢ — 5/8, with the diameter of the sphere on the x-axis. Figure 8.19
shows the same orbits on the front and the rear halves of the sphere.
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Fig. 8.19 Front and rear views of the four trajectories on the Poisson sphere

8.7.3 The History of Goryachev’s Case

(1) Inhis 1899 work [114], Goryachev obtained the condition (8.92) and the expres-
sions (8.95), but he erroneously concluded that the integral (8.96) is hyper-
elliptic.

(2) In 1965, Kharlamov [196] derived a relation equivalent to (8.98) and concluded
that the motion is periodic. He also evaluated the time period of the motion, but
he did not proceed to invert the elliptic integral.

(3) In 1974, Stepanova [349] gave an explicit inversion formula of the integral (8.96)

in the form
_ | 1= ko)
b= P\ T g sn(xt, ko)

and expressed the six Euler—Poisson variables as functions of time. Unfortunately,
the solution given by Stepanova is not adequate for describing the motion, since it
involves odd powers of the auxiliary quantity p, which is not differentiable at all
its zeros and takes the wrong sign on half of each period. As a result, expressions
for p,r and 7, are not analytic functions of time. Moreover, expressions for the
parameters my, ng, x and the modulus & of the Jacobi elliptic functions are extremely
complicated. In fact, we have established that elliptic functions used in (8.102)—
(8.104) and the elliptic functions used in Stepanova’s solution are connected by
second-order transformation of the Landen type (See, e.g. [75]).

The expression for 7, in [349] is written erroneously. A corrected expression for
7, is given in [108] (Sect. 8.3). The authors of [108] remarked also that Stepanova’s
solution is two-valued and that its period is only half the period found earlier by
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Kharlamov based on the analysis of the quadrature in (8.98), but they did not realize
the need to modify the way of inversion of the integral used by Stepanova.

8.8 Chaplygin’s Case (1904)

As in the previous two cases, the centre of mass of the body is assumed on the x-axis,
so that the motion is described by same Eqgs. (8.75), (8.76) and integrals (8.77). In
Chaplygin’s own words in his original paper [54], one reaches the conclusion that
the present case was found by certain extension of the method used in Steklov’s and
Goryachev’s cases. Generalizing (8.78) and (8.91), Chaplygin tries two relations of
the form

ay, = q(ap +Ap"),avs =r(Bp + up"), (8.106)

where n, o, 3, A and p are constants to be determined. Equations (8.75) give

B 24
—(B-0)¢*=(C—-A—-p)p*>— ——p""' + Bk,

A( )qg~ = ( Bp i +

C 2\

~(B - Or’=A-B+a)p*+ mp"“ +Cl, (8.107)

in which k, [ are integration constants. Proceeding to satisfy Egs. (8.76), Chaplygin
reaches the conclusion that three choices are possible:

(1) A = = 0, which leads to the case of Steklov.

(2) A =0, n = 3, which leads to Goryachev’s case.

B)n = —%, k =1 = 0, which gives the new case known now under his name.

To make the nature much clearer, we shall now describe this case in a slightly
modified way than that of Chaplygin [54] and several authors who mostly repeated
Chaplygin’s approach [108, 195].

Substituting expressions (8.106) into the integrals of motion and Euler’s equations,
we obtain the values of the parameters

h =0, f=0,

_(B-AA-C) , (B-A)A-C)

(A =-20) " (A=-2B)
A—2B A-2

Ao A28 , = uBs, (8.108)
20— A 2B — A

s being a constant, determined from the equation

, 2B — A)*(2C — A)?
(3A —2B)(3A — 2C)’

9A3(2B +2C —3A)1° = 4a (8.109)

and the moments of inertia are subject to the restriction
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92B — A)2C — A) =4BC. (8.110)
The last condition determines the curve P Q R inthe plane (B/A, C/A) (Fig. 8.20).
This curve can be parametrized by a parameter ¢ so that C = Ac, B = 92?1(625:91)).

The edge point P, at which the equality B = A + C is satisfied, corresponds to

¢ =T = 0.5965.
On the other hand, to avoid the appearance of cubic roots, we introduce an interme-
diate variable u by the relation p = u>. The Euler—Poisson variables can be written

in the following form:

p=u,

(9—16¢)y/35s (3 —2¢c) — (1 —c)utu
B JcBc—3) 340
/365 (3 —5¢) — (9 — 14c) utu
C JBc=3(B-40Q2c—-1D "
u? (—(14e =9 (c—Du*+9 (12¢* —=22¢ +9) s)

’

m=-1/4 ca2c—1) ’

. _A\/3s B-20)—(A—=c)u* (12cs 3—5¢)—u*(9—14c) (1 — c))
= 2aje/8c =33 —4dc2c— 1) ’

B A (—14c=9 (- Dut +9(2c—1)s(2c—3))
B= T 8¢ =33 —dc2c =1

x1/36 3—5¢)s — (9 — 14¢)u, (8.111)
where s is now given from
3 4a*c?(2c — 1)?

= 27423 — 4023 = 50)(3 — 20) (8.112)

In order that all the variables be real, the parameter ¢ must be restricted to the interval
[co, € *] = 1+f 3

5] corresponding to the arc P Q in Fig. 8.20.
The change of the variable u with time is determined from the equation

/3653 —5¢) — (9 — 14c) u*y/3s 3 — 2¢) — (1 — o) u?
B 6/c(2c — 1) ’

so that the time can be evaluated by the expression

c2c— 1A / du
=6,/ )
a V365 (3 —5¢) — (9 — 14c) u*/3s 3 — 2¢) — (1 — ¢) u*

(8.114)

(8.113)
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Fig. 8.20 Physically 2\ o4
admissible moments of
inertia lie on the arc P Q R
1.5
1
Q
05 P
B/A
0
0 05 1 1.5 2

Remark. An equation equivalent to this equation was obtained by Chaplygin [54],
who proceeded to express the last integral as the sum of two elliptic integrals (see
exercises). He also obtained the equation of the moving hodograph of the angular
velocity as a cone of the second degree and the fixed hodograph as a surface of
revolution. The motion of the body should be represented geometrically as rolling the
first hodograph on the second. This description, however, turns out to be inaccurate,
because, as we shall see below, the actual hodograph is only a part of the movable
cone. The full quadratic cone never makes any complete revolutions.

Remark. Kharlamov [196] introduced instead of u in (8.111) a variable o by the
relation p = o3/2. This led to some complications in his reasoning, but he was able
to show that only a part of the movable hodograph (cone) rolls over an equal arc of
the immovable hodograph in one direction and the body reaches an instant state of
rest and then immediately begins rolling on the same arc in the opposite direction.

Here we shall go the same way as in the last few cases. Let us write (8.114) in the
form

;:l\/ c(2c — DA / du | S115)
sV 3=50)3-20a) [ __;H
where
2233141 (2¢ — 1)(3 — 5¢)]V/°
upy = - 14C)1/4(3 _ 20)1/12(3 _ 40)1/6,
vy — [2¢(2c — )3 — 2¢)]'/0 8.116)

(1 —0)/4(3 = 5¢)1/12(3 — 4¢)1/6”

Note that on the interval of change of ¢, we have u; > u; > 0. The variable u then
takes its values on the interval [—u;, u;]. Thus, we can use the substitution
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u = uy sin ¢, (8.117)
so that (8.115) becomes
3JG —40)A/a /¢> do
= , (8.118)
33 =20)O — M Jo /1 +sin? p/1 — k*sin ¢

where k = u; /u;. We have chosen ¢ = 0 at = 0, so that we suppressed an imma-
terial arbitrary integration constant. Thus, ¢ monotonically increases with ¢ and the
Euler—Poisson variables take their final parametric form in terms of ¢

a 4'33/4ﬁ«/26—1\/3—5C . 3¢
= [— sin” @,
VA@©O-140)*Y3=2c/3—4c

2V3V2c =143 =2c(16¢ — —
\/: 9 —140)"*4c— 3)\/— (¢)m,
4 - 334 Je/3 =5 ¢/ (sin (¢))* 4 1sin (¢) cos (¢)

A V3 —2c(dc—3)Y0—_T14c/8c—3 ’
33sin? ¢[12¢2 —22¢+9—4 3—5¢) (1 — ¢) sin* ¢]

n= J3—2c(B—40) 0= Tdc ’
4\/_«/3—5c[c—3(1—c)51n4¢] 4
Yo = 3 — k% sin” ¢,
B—-4c¢)""/8c—3
B 34342 ¢ — 1 cos ¢\/sm2 o+1
B e —3(c—3)2 JBe=
x[4 (5c—3)(c—1)sm4¢—(20—1)(2c—3)]. (8.119)
2.5 05
2 04
1.5 ’ 0.3
k
1 0
!l’;
0ns 0.1
0597 0598 0.599 061 039 598 0399 Qi
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8.8.1 Properties of the Motion

8.8.1.1 The Periodicity

The motion is periodic in time with period T

3B —4c)Aa 2 do
BB =20)(9 — 140)]'* )y \/1 + sin® ¢y/1 — k*sin* ¢

12/(3 —4c)A/a d¢
7 = (8.120)
T BB —200 — 140)] V1 +sin? ¢y/1 — k4 sin?
8.8.1.2 The Hanging Centre of Mass
From (8.108) we have 4 = 0. The energy integral gives
I 2 2
v = % (Ap”+ Bg~+ Cr~). (8.121)

This means that the x-axis, which carries the centre of mass of the body, never rises
over the horizontal plane passing through the fixed point. When the centre of mass
touches that plane, the angular velocity of the body vanishes.

8.8.1.3 The Initial Motions

From the qualitative point of view, the motion varies slightly as ¢ varies on the
admissible period [cy, c*]. Equations (8.119) tell that at ¢t = 0(¢ = 0) for all values
of ¢ the initial angular velocity vanishes p = ¢ = r = 0. The body begins from a rest
position. At this moment, the x-axis carrying the centre of mass occupies a horizontal
position v; = 0, and the positive y-axis makes with the horizontal an angle

43  APY3=5
5 — arctan Y3 __© < (8.122)

9 (2c— 1323 =2c

8.8.14 A Border Case—The Physical Pendulum Motion

For the border value ¢* we have 6 = 0, i.e. the body begins motion with x, y hori-
zontal and z vertical upwards. On the following motion, we have
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Fig. 8.21 Traces of «y on the
Poisson sphere from the
negative side of the x-axis.
View from top of -ve x-axis

w = (0, —% sin ¢, 0),

~ = (—sin’ ¢, 0, cos ¢4/ 1 + sin” ¢).

The centre of mass begins to drop down, moving on a vertical circle, until it reaches
the horizontal position opposite to its initial position and then reverses the direction
of motion returning again to that position. The whole motion is just a planar vibration
of the body as a pendulum about the y-axis which keeps a horizontal position. In
this case, k = 0. The integral in the relation (8.118) turns into an elliptic integral of
the first kind and, as expected, all variables in (8.119) render to elliptic functions of
time.

8.8.1.5 The Orbits on the Poisson Sphere

Figures 8.21 and 8.22 depict the trajectories of the point of intersection of the vertical
upward with the Poisson sphere for five equidistant values of ¢ on the interval [cg, ¢*].
For ¢ = c*, the trajectory is the semi circle in the xz-plane. As ¢ decreases to cy,
the trajectories become slightly deformed from that trajectory as seen from the two
figures.

8.9 Kowalewski’s Case [239] (1908)

Kowalewski assumed, as in the previous three cases, that the centre of mass of the
body lies on the first principal axis of inertia. Thus, the problem is described, as
in those cases, by the same equations of motion (8.75)—(8.76) and admit the same
integrals (8.77).
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Fig. 8.22 The same
trajectories on a transparent
Poisson sphere

After the success of Goryachev and Chaplygin in finding new solvable cases using
slight variations of Steklov’s method, Kowalewski developed an extension of that
method. With this method, he restored the three previous cases and found one more.
For a detailed presentation of that method, the reader is referred to Kowalewski’s
original paper [239] or Leimanis’ book. We shall directly use his ansatz for the new
solution of the Euler—Poisson system of equations in the same way as in the last three
cases. This expresses four of the variables in the form

Y2 = q(no +nip +nyp?), vs = r(mo + m p),
@’ =q+aq1p+ap
r’ =ro+r1p+r2p2+r3p3, (8.123)

and the fifth is obtained from the energy integral as

1
v = 1/alh — E[Ap2 + Bg%(p) + Cri(p1},

so that five variables are expressed in terms of p. Inserting this choice into the
remaining two integrals of motion and the dynamical equations, we find that the
following condition on the moments of inertia must be satisfied:

B-C

A=18C—F———. 8.124
10B —9C ( )

In the plane of ratios of moments of inertia, this condition is satisfied on the hyperbolic
branch PQR. The point P (32, 19) = P(1.5882,0.58824) is determined by the
triangle inequality B = C 4 A.

It will be more comfortable to use a parametric representation of the ratios of the

moments of inertia (Fig. 8.23)
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Fig. 8.23 Kowalewski’s 2

condition (8.124) satisfied on —
the arc PQOR

1

ns
ob— -
(1] 0ns
ClA=c BIA= e ] (8.125)
=c, = —¢ .
2 9c—-5

This will help writing formulas in a unique way using two parameters A and c. The
point P corresponds to the minimum value of ¢, say, co = 10/17.
For h, f, we get the values

2c —1)(Bc — 1)P;5(c)a
- VB R
V2Aa (3 —4c) P3(c)y/c(2c — 1)3(3c — 1)
[(Bc—2) P3(c)]'/*

f:

, (8.126)

where

Ps(c) = 384 ¢ — 624 ¢? 4+ 305 ¢ — 40,
Py(c) = 1769472 ¢° — 8257536 ¢® + 16831488 ¢” — 19642368 ¢® + 14443596 ¢
—6930624 ¢* + 2167313 ¢ — 425427 ¢ + 47520 ¢ — 2300. (8.127)

The Euler—Poisson variables can be written in terms of an auxiliary non-dimensional
variable v as follows:

p:N\/Ev,

A

. (9c—5N Ry(v)
¢=1/3 (2c—1)\/7\/(3c—1)(2—3c)7

r=1/2 —\/E‘/R3(v),
cVA
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N? —243¢)(72¢% =71 ¢ + 16) v?
=N Ge- (243020 - " 0 (12¢ c+16)v

c 2¢—1

(864 ¢® — 14242 +767c — 134) v
+1/4 .
Qc—1)
4t — 75263 +561¢% — 1 24
14 384 c¢ 52¢ +§6 c 89c¢ + 1. (8.128)
Qc—13@c—1)
N? Ry (v) 2 2
= 3c—1)(=2+3

" c(zc—l)\/(3c—1)(2—3c)[( c—D (24397

(—243¢) (302 = 30c+7)v 384 ¢3 — 624 ¢ +333¢ — 58

- +1/8 5 1,

2c—1 2c—-1)
N(@2—-3c¢)Nv+N
7 =172 E239 ) /R, (8.129)
where
A(=2436)Be—-1)2Q2c—1° "
N = (64 )

Py(c)
R(v)=1—-4@Bc—1)Q2c—1)2=3¢)[(2c — 1) v* — 2],
(3c —2) (168c* — 164c + 37) v*
2c—1

Ri(v) = —16 Bc— 1) Bc —2)*v* + 4

. (384 ¢3 — 624 ¢ +333¢ —58) v
(2c — 1)?
384c* —1112¢% + 1101 ¢* — 453 ¢ + 66
a Gc—1) (3¢ —2) 2c — 1)? '

(8.130)

We note first that the polynomial R, (v) figuring under square root in the expres-
sions for g and 7y, in (8.129) has a negative leading coefficient. If we denote by v1, v2
the roots of R,, we can write

q= —2(903_ ) o= -, (8.131)
C
where
1 . (=36¢ +36¢2 4 7)
T 2=\ T2V Ge=DBe—2 |°
1 1 [(=36¢+36c2417)
2= (T 5\/ Ge—1)(3c—2) ) ' (8.132)
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Fig. 8.24 The roots of P,
and P
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[
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060 061 062 063
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As v2 > vl1, the variable v can take its values only in the interval [vy, v2].

The cubic R; figuring under root in expressions for r, 3 has negative discriminant
on [vy, v2], so that it has one real root, say, v3 and two complex conjugate roots vy
and v4. We can write

— )12 — 2Re(va) + |va]?). (8.133)

. _2(2 —3c)V/3¢c — 1\/(
c &

It follows that v < v3, and thus v changes on the interval [v;, min(v,, v3)]. But
comparing the graphs of vy, v,, v3 in Fig. 8.24, we finally have

vl <v<wv3 <v (8.134)
From the same figure, we see that with growing c the interval [v1, vs] shrinks to
zero at some value c¢*, say, of ¢. This value at which the root v of R3 equals the root

vy of R, is a root of the resultant of R, and R,. This can be easily seen to be a root
of the eighth-degree polynomial

Py = 147456 ¢® — 563712 ¢7 + 920032 ¢® — 836796 ¢ + 463806 ¢*
—160441 ¢* + 33838 ¢> — 3980 ¢ + 200. (8.135)

Numerical solution gives the value
¢* = 0.6469380234. (8.136)

The value c* corresponds to the point Q(1.040241051, 0.6469380234) in Fig. 8.23,
so that the feasible points constitute the arc P Q.
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The relation of the variable v with time is obtained by substituting p, g, r into the
first equation of (8.75). We obtain

. \/X
"T20c—5Va?
- 2(2_303)c = l\/g\/(v—vl)(vz—v)\/(vs—U)|U_U4|2)’ (8.137)

so that, after separating variables and integration, we have ¢ given by a hyper-elliptic
integral

. 3c/A/a dv
T 22303 —1J Ju—v) — 1)V s —v)|v — vl

(8.138)

In this integral if v starts from v, it will increase up to v3, decreases to v; and then
increases again. The motion is periodic.
We now introduce a new variable, the angle ¢, by the relation

v =) + (v3 — v))sin® ¢, (8.139)
so that ¢ = 0 at the initial time r = 0. The expression (8.138) becomes

. 3c/A/a y
 (2-30)3c—1
x/d) ¢
0 s — vy — (v3 — v1) sin® Pl|vy — vy + (v3 — v)) sin® |

. (8.140)

The variable ¢ increases monotonically with time. Components of the angular veloc-
ity become

p= N\/g[vn + (v3 — vy) sin® ¢,

2
g = 3—(90 —5)v3 — vl\/vz —v; — (v3 — vl)sinzr,zbsin o,
c

r= —%(2 — 3C)\/(3C — Dz —v)|vy —vg + (v3 — vl)sin2 @| cos ¢.
(8.141)

The components of v can be written accordingly. The overall period of the motion
is 27 in ¢. The time period T of the motion is given by
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T = —3c\/A_/a X
(2 —3¢c)a/3c—1
2 do
0 [va— v — (v3 — vy)sin® Pl|vy — vs + (v3 — v1) sin’ @]
_ 12¢4/AJa
 (2-30)3c—1 x

X

/W/Z dd)

x .

0 Vv — vi — (v3 — vy) sin® @l|v; — vy 4 (v3 — vy) sin” @]
(8.142)

We note that in the limiting case ¢ = ¢*, from (8.141), we get

p= —1.922773239\/%, g=r=0.

We can also show that for the same value of ¢

Nm=-1,7n=7=0

Thus, at ¢ = ¢*, the motion of the body in the case of Kowalewski renders to a
rotation with uniform angular speed about the first principal axis of inertia, while the
positive half of that axis, carrying the centre of mass points, vertically downward.

Figures 8.25, 8.26, 8.27, 8.28 and 8.29 depict trajectories of the motion on the
Poisson sphere fixed in the body for some values ranging from ¢y to near to c*. The
trajectories have two planes of symmetry xy and xz. Projections on both planes are
shown in the first four cases.

In Fig. 8.25, we note a trajectory with four loops, large enough to intersect pair-
wise.

In Fig. 8.26, the loops become smaller and do not intersect.

In Fig. 8.27, the four loops become very small.

In Fig. 8.28, the loops disappear and the trajectory becomes a simple closed curve.
In Fig. 8.29, we show trajectories for two values of ¢ near to c*. Those trajectories
are closed around the negative end of the x-axis. As ¢ approaches c*, the trajectory
shrinks and the motion tends to uniform rotation about that axis, which then occupies
a vertical position.

8.10 Grioli’s Case (1947): The Regular Precession About a
Tilted Axis

The regular precession is that in which the body rotates uniformly about an axis
fixed in it (the figure axis), while that axis precesses also uniformly about an axis
fixed in space (the precession axis), keeping with it a fixed angle. As we have seen
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2

a: Projection on the zz-plane b: Projection on the zy-plane

y
¢: View on an opaque sphere d: View on a transparent sphere

Fig. 8.25 Views of the trajectory for the minimal value ¢y = 10/17

a: Projection on the zz-plane b: Projection on the zy-plane

/z

¢: View on an opaque sphere d: View on a transparent sphere

Fig. 8.26 Views of the trajectory for the value ¢ = 3/5



170 8 Particular Solutions of the Classical Problem and Its Generalizations

X
a: Projection on the xz-plane b: Projection on the zy-plane
y
X X
c: View on an opaque sphere d: View on a transparent sphere

Fig. 8.27 Views of the trajectory for the value ¢ = 0.614

in Sect. 4.2, a wide class of regular precessional motions can be performed by an
axially symmetric body (Lagrange’s top). In all those motions, the figure axis is the
axis of symmetry and the precession axis is vertical. Initial conditions can even be
chosen so as to give the angle between the two axes any preassigned value.

As was shown long ago by Routh [312], an asymmetric body, in which no two
of the three principal moments of inertia are equal, is not capable of performing a
regular precession, having for the axis of precession the vertical and for the figure
axis one of the three principal axes of inertia.

Grioli established, on a purely dynamical basis, the possibility of a regular pre-
cession of the heavy rigid body about a non-vertical axis under certain conditions
on the parameters of the body [138]. Gulyaev derived the full explicit solution of
this case [141] (see, e.g. [256]). We present the necessary details in Gulyaev’s direct
and transparent derivation, which uses principal axes of inertia as the body system.
Another derivation, using general axes, will be given later in dealing with motion of
the rigid body under the action of two or three skew fields.

Let the axes be arranged such that A > B > C, so that we deal with a body for
which the ratios of inertia are confined to the triangle P QR in Fig. 8.30. Moreover,
assume that the conditions

x0vVB—C =z29/A— B,y =0 (8.143)
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v

a: Projection on the zz-plane b: Projection on the zy-plane

)

X

c: View on an opaque sphere d: View on a transparent sphere

Fig. 8.28 Views of the trajectory for the value ¢ = 0.62

Fig. 8.29 Trajectories shrink as ¢ approaches c¢* = 0.6469380234

hold for the centre of mass and the principal moments of inertia. These conditions
mean that the centre of mass of the body lies on the perpendicular from the fixed
point O to the plane of one of the circular cross-sections of the ellipsoid of inertia.
Note also that on the side PQ, A = B and from (8.143) xo = 0. Similarly, on OR,
we have B = C, zo = 0. On both sides, the body becomes axially symmetric with
the centre of mass lying on the axis of symmetry, i.e. the body turns into Lagrange’s
top. On the third side P R of the triangle, B + C = A and the body becomes a disc



172 8 Particular Solutions of the Classical Problem and Its Generalizations

in the yz-plane and thus xo = 0, which contradicts (8.143). The side P R should be
excluded, and thus an asymmetric body satisfying (8.143) corresponds to points of
the interior of the triangle P Q R in Fig. 8.30.

As was shown by Gulyaev in [141], under conditions (8.143), the system of Eqs.
(3.29) admits the particular solution:

Q Q
p = —(a—ccos(2t)),q = Qsin(Qt), r = —(c + acos(2t)),
s s

QZ
Y = ——[Cccos(Qr) + (B — C)asin®(Q1)],
S

2
7 = S Sin(@N[(Ad® + C) — (A — Cac cos(Q0)],
S

QZ
1= —Z[Aa cos(Q2t) + (A — B)c sinz(Qt)], (8.144)
s
where a = Mgxo, b = Mgyy, s = Va2 + 2, Q* = s This

V/(A=B+C)*+(A-B)(B—C)
solution corresponds to a uniform precession of the body. The angular velocity w
can be written as the sum of two terms

w = Q¢+ Qa, (8.145)

where

¢ = (;—’, 0, g), a=(— ECOS(QI), sin(Q1), gcos(Qt)). (8.146)

The first vector ¢ is fixed in the body along the configuration axis. This axis carries
the centre of mass of the body and is orthogonal to a circular section of the inertia
ellipsoid. The second vector, a, can be easily shown to have the following properties:

(1) aisorthogonal to ¢. Infacta- ¢ = 0.
(2) « is fixed in space. In virtue of (8.146) and (8.145), it satisfies the equation
atwxa=0.

Thus, ¢ is the unit vector along the precession axis. Note that the angular velocities
of the body around the configuration and precession axes are equal (each equals €2).

Now, we determine the angle ¢ of the inclination of the axis of precession to the
upward vertical, which must be a fixed angle. Using the relation cos § = a - v, we
find

A—B+C
& = arccos
VA—-B+C)?2+(A-B)(B-C0C)
\/f
= arctan (A-B)(B C). (8.147)

A—-B+C
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Fig. 8.30 Contours of the 2
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Thus, in the final general picture of the motion, the body rotates with the uniform
velocity €2 around the vector ¢ fixed in it, while that vector rotates with the same
angular velocity Q2 about the direction « orthogonal to ¢ but fixed in space and
making with the vertical upwards a fixed angle §. On the two sides P Q, QR of the
triangle P QR in Fig.8.30, we have § = 0. As we have seen above, on both sides,
the body becomes Lagrange’s top. As in Lagrange’s case, the figure axis is the axis
of symmetry of the body and the axis of precession is the vertical at the fixed point,
but here we have two additional conditions: the configuration and precession axes
are orthogonal and the velocities of rotation and precession are equal. We recall that
for Lagrange’s top precession, one or the two conditions may not be satisfied.

Figure 8.30 shows the contour lines of equal §. As seen from it, in the interior
of the triangle P Q R, the inclination angle ¢ increases downwards and approaches a
limit 5 as the current point approaches P. This means that for asymmetric bodies, for
which A — B and C take very small positive values, the precession axis occupies an
almost horizontal position and the configuration axis precesses around it in a nearly
vertical plane.

8.10.1 Motion of the Centre of Mass

From (8.144) and (8.146), we find the angle, A (say), between the vector ¢ directed
to the centre of mass and the vertical. We get
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Z

1
X
o
Fig. 8.31 Projection of orbits on the xz-plane of symmetry
cosA=¢(- -~
A—-B)B-C
= ( ) ) cos(82t)
(A—B+C)?2+(A-B)(B-0)
= sin d cos(21). (8.148)

Thus, the angle A varies with time from 7/2 — ¢ to w/2 + . The centre of mass
spends equal time intervals above and below the horizontal plane through the fixed
point.

8.10.2 Orbits of Motion on the Poisson Sphere

The picture of the motion can be most clearly interpreted as the motion of a right
circular cone with vertical angle 7/2 rolling without slipping on a similar cone fixed
in space. This will be presented later in this book, based on the use of non-principal
system of axes. But it is of interest here to depict some orbits of the motion on the
Poisson sphere and show how the orbit changes with the change of moments of
inertia.

(1) From (8.144), ~1, v3 are even functions in ¢z, while , is odd. The orbits are
symmetric with respect to the xz-plane.

(2) At 9 =0, the orbit is a great circle y; = 0. For increasing values of § (see
Fig.8.30), the orbit remains simple and smooth. When § reaches 7, a cusp appears
on the orbit on the plane of symmetry xz. The cusp turns into a small second loop,
which grows with increasing 9.

Figures 8.31 and 8.32 show sample orbits corresponding to moments of inertia
represented by six points in Fig. 8.30 lying on the line drawn from P and bisecting
QR. The orbits are numbered from 1 to 6 as § varies from 0 to 79°.
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Fig. 8.32 Orbits of motion on the Poisson sphere a View on opaque sphere b View on transparent
sphere

8.11 Dokshevich’s First Case [63] (1966)

This case bears some resemblance to the case of Hess described in Sect.8.4. The
centre of mass lies on a circular section of the gyration ellipsoid. It is possible
to investigate this case using the principal set of axes at the fixed point, but, as
presented in Sect. 7.9 of [108], expressions of the Euler—Poisson variables in terms
of a regularizing variable become too complicated.

8.11.1 Use of Special System of Axes

We shall use here the special system of axes fixed in the body and associated with
the gyration ellipsoid. In this system expressions are less complicated, but, most
importantly, the process of separation of variables and the explicit expressions of
the variables in terms of time is more straightforward. Our presentation is a slight
modification of those given in [63, 108].

Let, for determinacy, the centre of mass of the body lie on the x-axis. Let also the
gyration matrix at the fixed point in the chosen axes be written as

abO
J=I""=1[|bco], (8.149)
00c¢

so that the equation of the gyration ellipsoid becomes

ax* +2bxy +c(y* + 5 =1, (8.150)
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and the plane x = 0 contains the circular cross-section of the ellipsoid. The compo-

nents of the angular velocity are related to the components of the vector of angular
momentum, which we denote by

G=(P,0,R), (8.151)

by the relations w = GJ or in expanded form

p=aP+bQ,
qg=>bP+cQ,
r =cR. (8152)

Equations of the motion take the form

P = —bPR,
0 =1[(a—c)P+bQOIR + 57,
R=b{P* -0+ (c—a)PQ —sm,
Y+ OGP +cQ)y3 —cRy, =0,
A2+ cRy — (@P +bQ)y; =0,

Y3+ @P +bQ)y, — (bP +cQ)n =0, (8.153)

where s = M gx( and the first integrals of motion become

1
I = S[aP? +2bPQ +c(Q* + R +sm = h,

L=Pnu+0m+Ryu=/f
L=v+v+% =1 (8.154)

Dokshevich [63] used the ansatz

v = go+ g1 P,
0=0P+ Q
5
1
R = F\/Ro + R P2 + R, P4, (8.155)

and 1, y3 are expressed from the first two integrals of motion in (8.154). The third
integral and the equations of motion are used to obtain conditions on the parameters
of the problem. It can be found that
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s((a—7/2c)«/a2—ac+3b2+cz+a2—4ac+6b2+c2)

Qa—4e)vaZ—ac+3b2+ 2 +2a2—5ac+12b2 +5¢2°

f=0,
0= %(C—Za—i—\/az —ac+3b* + ?),
Q _ cS
T b(2bO, +a—c)
_ CcS 2
b= @o ra—a
Rl — s cs (a = c)s(ac — b?)
"TUR T ab0Qy +2a —c¢) | ab?(2b0) +a—c)’
—_02_ a
Re= == 50 720 —¢
et
_ 2 _ _
g1 = _@2bQ1+a—0o)2bQ71 + 2a —c)Q, b]. (8.156)
s2bQ1 + 2a — ¢)
oy BRI CbO a )
s2bQ; 4+ 2a — ¢)
¢ (2bQi4a—0c)2bQ>+ Qa—c)Qi —b]
Y2=—=— P

b s(2bQ, +2a —c) ’
Y3 =,/1—’ylz—’y%. (8.157)

From (8.153) and (8.155), we obtain the relation of P and time

P = —b\/Ry + R P2 + R, P4, (8.158)

so that P can be expressed as an elliptic function of time. In fact, it can be shown
that [63]

P = Pydn(pt, k), (8.159)

where Py, p, k are determined through coefficients Ry, R{, R;.
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8.11.2 Orbits on the Poisson Sphere

Recently, the first solution of Dokshevich was isolated on the basis of a property
of the orbits of motion on the Poisson sphere [427]. To this end, we use the orbital
equation, which will be introduced in a later chapter of this book Chap. 9. This
equation, resulting from eliminating dynamical variables using integrals of motion,
is asecond-order differential equation connecting two of the components of the vector
~.From a known solution of the orbital equation, one can construct the corresponding
full solution of the Euler—Poisson equations.

It was shown in [427] that the only solution of the classical problem when the orbit
of motion on the Poisson sphere is a circular section of that sphere is Dokshevich’s
first solution. This agrees with (8.157), from which we see that eliminating P we
obtain a linear relation between ~; and ;.

8.12 The Case of Konosevich and Pozdnyakovich [230, 231]
(1968)

The solution in this case was found in a trial to express it in the form of truncated
trigonometric series in an intermediate variable o. In the system of principal axes of
inertia at the fixed point, let the centre of mass lies on the x-axis, so that the equations
of motion have the form (8.75) and let a and u denote Mgx, and %, respectively.
The Euler—Poisson variables have the following expressions:

p= /A“—Fu[le c0s(20) + 2 cos(o)

3R S 0y Ou— 4y (11u — 4 1
_2_}’1(”_ ) Ou —4) (11u —4) (u — 1)],

aC sy . .
q=-2 ?—(1 —u)2u — 1)[2R; sin(20) + sin(o)],

Bu
2 au2
r-=-2/3 5 X
CTQu—-1)Bu—27OQu—4) (17u> - 16u +4)
x{P;cos (40)

+6 Qu—1)Bu—2)Ou—4)(11u —6)R,cos (30)
+3 Qu—1)Bu—2)(92u*> —89u +22) cos (2 0)
Qu—1) (1329u* — 2915u* + 2290 u* — 766 u + 92) cos (0)
a Qu—4)R,
Qu—1)P;
3u—1D)@Bu—-2)Ou —4)P1}’

18 (8.160)
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_ 2 1—u P cos(40)
T3 Bu—20Qu—4) 2u—1
+3 Bu—2)9u—4)(15u — 8) R, cos (30)
+3 Bu—2)(35u* —33u +8)cos (20)
(1473 u* — 3235u° +2582u% — 890 u + 112)
Ou—-4)R,

"

cos (o)

~1/2

+1/8 Pz}
P

so 1—u)?Q@u—1) P sin(40)

30 Bu—220u—4) Qu—1)>

+36 Bu—2)9u —4) R,sin (30)

+3 Bu—2)(13u —8)sin (20)

5 (309 u® — 464 u? + 222 u — 34) sin (0)}
Ou—-4 R

T2 =

’

2A(1 —u)
V3= —F—CIr[(Qu —4)R; cos(20) + (Bu — 1) cos(o)

u(l —uw)(11u — 4)

: (8.161)
4(3u — 2)(9u — 4R,

in which

Py =97u* —271u’ +258u® — 101 u + 14,

P, = 729185 u® — 3592714 u” + 7498373 u® — 8683880 u°
+6116476 u* — 2687840 u> 4 720872 u* — 108064 u + 6944,

P3 = 334695915 u'! — 2239025631 u'® + 6709632635 u’
—11904287977 u® + 13908377054 u” — 11245436972 u®
+6425316760 u® — 2596052504 u™* + 727305680 1*

—134634208 4> + 14828480 u — 736512, (8.162)
2 4y
SO = )
(1 —u)(17u? — 16u + 4)
R? = il
U7 3Gu — 2)2(9u — 4)2°
C
=2 (8.163)

r
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and

0 Gu—-2)w—1)> y
144 Bu—2)° Qu —4H% Qu—1)2 (97u* — 27143 +258u2 — 101 u + 14)2 Bu-—1)
x (3828317502420 u'8 — 45928438243128 u'7 + 256746575766313 110
—888956089381273 u!> + 2137100780408016 1! — 3789579706038612 1 '3
+5138532374554515u'? — 5449736202969735 u' ! + 4584313633529960 1 1°
—30825738458132601° + 1661356742951664 u® — 716191818324608 1’
+245195273873024 1° — 65783181186816 4> + 13530394373376 u*
—2059297120512 u> + 218459750400 42 — 14419084288 u + 445763584). (8.164)

Formulas (8.160)—(8.164) are slight modifications of the presentation in [108].
Using the first of dynamical Egs. (8.75), the following equation is obtained for
the intermediate variable

(8.165)

. 1\/(1—14)(17142—1614 +4)
o= = r.
2 u

The moments of inertia of the body are subject to two conditions: a simple one

20— A
B=4A— " (8.166)
17C — 8A

and the second is that # must be a root of the seventh-degree polynomial equation

P; = 437511u” — 1822945u° + 3227896u° — 3146990u*
+1823596u° — 627920u> + 118960u — 9568
=0. (8.167)

Although this equation has three real roots, only two roots lead to real expressions for
r and I, and hence for all (8.160)—(8.161), provided that the variable o is restricted
for each root to certain interval [0y, 03 ].

However, we cannot go further with the exact solution and must use approximate
values of the roots | = 0.4119045665, u, = 0.7081863612, and hence replace the
whole solution by a one with approximate numerical coefficients. From now on, the
case under consideration splits into two different subcases, which differ not only in
the value of u, but also in the description of motion accordingly.

It is notable here that only the factor /% figures in the components of w, while
~ contains no parameters. This means we are dealing with a single orbit of the apex
on the Poisson sphere corresponding to each of the roots u, u;. Orbits are shown
for the two subcases, together with the necessary values of the parameters.
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8.12.1 The First Subcase

u = u; = 0.4119045665,

A 1 B:C::1:0.7064431289 : 0.4119045665,

I' = 0.029056173,

o1 = 2.7431083805,

oy, = 27w — oy. (8.168)

At the ends of this interval, r and 3 change their signs and hence the motion is

t

periodic time.

The orbit

The orbit is symmetric with respect to the xz-plane and intersects it at o = 7.
The projection shows clearly that the motion is a vibration, in which the apex of the
vertical draws the orbit from one end to the other and then ¢ changes its sign, and
the orbit is described in the reverse direction. The motion is periodic in time. The
periodic time 7 is obtained from (8.165) as

u 2 do
T =4 —
(I —wy(ATu?> —16u+4) J, r
u Tdo
=38 —. 8.169
\/(1 —u)(17u? — 16u +4) J,, r ( )

8.12.2 The Second Subcase

u = up =0.7081863612,
A : B:C:1:0.4123351224 :0.7081863612,
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I' = 14.9952481138,
op = 1.0117323905,

oy = 27w — 03.

02 0.4

2 -1
The orbit of motion on the P. sphere. Orbit projected on the yz-pl.

The orbit is symmetric with respect to the xz-plane and intersects it at 0 = 7. The
projection shows clearly that the motion is also a vibration, in which the apex of the
vertical draws the orbit from one end to the other and then & changes its sign, and
the orbit is described in the reverse direction. The motion is periodic and the period
is given by the same formula as (8.169).

8.13 Dokshevich’s Second Case [64] (1970)

This is the last case discovered until now in the classical problem of motion of a
heavy rigid body about a fixed point. As all the cases discovered are not obtained
on an exhaustive basis, it is not known whether some new cases of solvability of the
Euler-Poisson equations for the classical problem in the near (or even distant) future
to be found.

Under the condition assumed in most of the particular cases treated above, the
centre of mass of the body is assumed to lie on one of the principal axes of inertia
of the body at the fixed body. The equations of motion are the same as (8.75)—(8.76)
and their first integrals have the form (8.77).

To obtain this solution, assume the components of the angular velocity in the form

p = aw?—uy),

q = by (u? + byu + by),

r=u\/ci(u —us). (8.170)
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The first component of the vector « is determined from the energy integral in (8.77)

1 1
= —[h— E(Ap2 + Bg® + Cr?)l, (8.171)
a

and the other two from third and second dynamical Egs. (8.75)

1
Y2 —;[Cr‘ + (B — A)pql,
1
7= E[Bq + (A -=0C)prl. (8.172)

The first dynamical equation is used to express u as

. (B=0)
u—= — r
Aazu pq
B-C
= ( Ao ) arbrcy(W? — u)(u? + byu + bo) (u — u3). (8.173)
2

Substituting the above expressions into the second and third integrals of motion

I, = Apyi + Bgy, + Crys = f,
L=v+v+%=1, (8.174)

we obtain two polynomials in # whose coefficients must be all zeros. From those
equations, it turns out that the moments of inertia are related by the same relation as
in the case of Kowalewski

A(10B —9C) = 18C(B — (),

and one more relation c c
192(=)% — 184— 4+ 41 = 0.
( A) Yo

Together, those relations give

4 1Y/
_ MO+ TIVIT 1.2746A4,
848
23 4+ /37
C = —Z—SA = 0.60589A. (8.175)

Without loss of generality, we can normalize the moments of inertia so that A = 1,
and no free parameters remain in the solution. We also find the parameters
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74+ 114/37
f=0a= +—7
256
\/(2816\/3 —4411)(67801 + 11975+/37)
h = = 2.955473898. (8.176)
5366592

The final expressions for the Euler—Poisson variables can be written as follows:

N\/ (9327212 + 1782163 \/37)

\/<9u2— 17—8@)

P= 13068231
N\/ (9327212 + 1782163 \/37)
_ l/l2 _ u2’
4356+/231 !
N\/ (1635292 — 474787 «/37)
= 36u2 —3 (25+7~37)u — 352 — 64/37
1 13068+/231 \/ ( )
N\/ (1635292 — 474787 /37
= VW —uy)(u—us),
2178231 (o~ ua)lu —us)
N\/ (1853 — 4463 «/37)
r= uy/du —7— 37
1452421
N\/ (1853 — 4463 «/37)
= U u — usz, 8.177
1452421 : ®-177)
and

9024w — 12(5 + V/3T)u* — 3(17 + 5v/37)u + 4(127 + 194/37)]

M ,
(14 /37)v/2816+/37 — 4411
_176(12u — 31 — /37)
T T ot e1va T
2(53v/37 — 235)(4u + 7+ /37) r
1= P, (8.178)
1107 u
where

N = (/11(256@— 401),

1/
up = 3 174+ 8v37=2.7011,
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Fig. 8.33 Graphs of q
u,p,q,r

0.5

0

uz

1
—5\/17 +8v37 = -2.7011,

1
Uz = Z(7+\/37) =3.2707,

1
ug =525+ 73/37 4 /8070 + 1374+/37) = 8. 1562,
1
us = 52 (25 +74/37 — /8070 + 1374+/37) = —2.5246.  (8.179)

From Eq. (8.173), the time can be expressed as a hyper-elliptic integral. Comparing
numerical values of the roots u;, we easily see that they have the order

Ug > U3 > U1 > U5 > U). (8180)

Graphical check (Fig. 8.33) shows that p, g, r, i are all real only on the interval
u; < u < us. Moreover, the ¢ component of the angular velocity does not change
its sign on the whole motion.
To complete the description of motion, we introduce an auxiliary angle ¢ by the
substitution
u =uy + (u3 — uy) sin ¢. (8.181)

Now, the angular velocities p, g, r are expressed as analytical functions of ¢.
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113/4/214/2+/9327212 + 1782163 v/37v/256 /37 — 401
p= 12074832 x

X\/zsl — /37 = [523 + 127+/37 — 12(7 + /37)\/ 8/37 + 17] cos? ¢ sin ¢,

21 -22(474787 /37 — 1635292)
1 :\/ 6037416 \/51 cost ¢ + 02 cos? ¢ + 176 +/37 + 968,

N7V —1853 + 4463 /3721 + 3 /37 — 4+/8 /37 + 17)32 5
r =
639966096

x[2763 4 450 v/37 + (43+/37 + 299)1/84/37 + 17 — 1749 cos® ¢] co(&.182)

where

81 = (12+/37 + 84)y/8+/37 + 17 — 523 — 127 /37,
8 =2 (37— 17)\/8~37 4+ 17+ 123 + 15+/37,

and the components of -« are changed accordingly.

8.13.1 Periodicity of the Motion

From (8.173), we see that the time can be expressed as a hyper-elliptic integral in the
auxiliary variable u. However, it turns out that the angle ¢ is more suited to complete
the description of motion. In fact, using (8.173) and (8.181), one can find

¢ =K/ PPy,
where
\/(25549 V37 + 116399) V83T + 17 + 84(23 /37 + 21514)
k= 14256./8162 ’
Py = 251 — /37 — [523 + 1273/37 — 12(7 + V/37)y/ 837 + 17] cos? ¢,
Py = 6y cos* ¢ + 6, cos® ¢ + 176 /37 + 968. (8.183)

It is evident that P, and P, have no real zeros. Thus, d) is positive for all ¢, so that ¢
monotonically increases with time. The motion of the body is periodic with period
27 in ¢. The time elapsed in motion from the initial point P (¢ = 0) to a general
position ¢ is
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N\« :

N
S

a) Projection of orbit on zy-pl. b) Projection of orbit on zz-pl.

Fig. 8.34 Planes of symmetry

-y ¥ ) -
|
¢) The two small loops. b) The larger loop.
Fig. 8.35 Two sides of the sphere
. /¢> do
K Jo VPP;

and the time period is

8.13.2 Orbits on the Poisson Sphere

The present case bears some similarity to Goryachev’s case above. Graphics reveal
that the orbit of motion on the Poisson sphere is three-loop curve with the two planes
xy and xz as planes of symmetry. Two smaller loops have a common vertex P at
the point (1, 0, 0) attained periodically at ¢ = 0, , 27 and so on. At ¢ = 27, after
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z

N
/ \
/
1 y
|
\ /
N] »

Fig. 8.36 The whole orbit. Hidden lines dashed

—

making two complete rotations in the same direction about the y-axis, the point
returns to P and the orbit closes (Figs. 8.34, 8.35 and 8.36).

8.14 Unsuccessful Cases and Incorrect Claims

Most of the particular solutions of the problem of motion of a heavy rigid body
about a fixed point were constructed in the last decade of the nineteenth century and
the first decade of the twentieth century. The first successful trial to build the next
particular solution was that made by Grioli in 1947. Along the period between those
times, several publications appeared announcing new solutions. However, it turned
out later that those publications carried wrong claims. Some of them are repeated or
were special cases of known results discovered earlier by other authors. Other ones
were erroneous and contained no solution at all. Erroneous solutions continued to
appear in some publications until the present time, e.g. the very recent publications
[76, 98].

In view of the fact that some of those solutions were presented in books on the
subject as valid solutions, e.g. [256, 270], we shall give here a brief account of
the ones that were published in English or used and cited in works in English. We
comment on their shortcomings and give the references, where the reader can find
more details about them. Some more incorrect results appeared in Russian, but had
no further implications. Those are not listed here. An example is Arjanikh’s claim
that the classical problem of heavy rigid body dynamics in all its generality admits
an integral of motion linear in velocities different from the areas integral [13].
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8.14.1 Shiff’s Work [331] (1903)

Shiff’s short article [331] first introduces a transformation of the equations of motion
of a heavy rigid body about a fixed point to a certain form, which can be easily
identified with that obtained much earlier by Hess [150]. Based on those equations,
he introduces a particular solution of those equations, claiming it to be a new solution.
Hamel [147] noted that the investigations of Shiff, Stidckel and Hess, who used
equations of Hess’ type, are defective. They ignored Poisson’s equations, while the
question about equivalence of the equations they used and the original Euler—Poisson
equations was not addressed.

On the other hand, the solution introduced by Shiff satisfies the equality G*> =
const, and, in the light of Sect. 8, the check of Poisson’s equations reveals that two
of them are not satisfied.

8.14.2 Field’s Works [85, 86] (1934)

The main results of those two articles are not erroneous, but the case pointed out in
them is a special case of Steklov’s case presented in Sect. 8.6, under the additional
restriction on the moments of inertia A> = 2BC. On the other hand, Field pointed
out an interesting property of that special version, namely the equality of the angles
of precession and proper rotation.

8.14.3 Corliss’ Works [56, 57] (1932-1934)

In the first article, Corliss announces two particular solutions of the classical problem.
The first reproduces one version of Steklov’s solution, although Steklov’s paper [347]
is cited in it. The second is a special case of Kowalevski’s general integrable case.
This also is not a new result, as it describes the class of motions of Kowalevski’s
gyroscope described much earlier by Appelrot under the name of “The second class of
the simplest motions of Kowalevski’s gyroscope” [11]. In his second article, Corliss
introduces one more particular solution, this time repeating Goryachev’s result [114].

8.14.4 Fabbri’s Works [80, 81] (1934)

Fabbri’s result in [80] also repeats Steklov’s. In the case introduced in [81], some of
the variables are not real-valued [120].
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8.14.5 Concerning Mertsalov’s Work [283] (1946)

A case is included in Leimanis’ book [256] (Sect. 8.7) and listed in the table of
exactly solvable cases in Magnus’ book [270] (Sect. 3.3.1), under the name “Case
of Mertsalov”. This is a particular solution that could generalize in some sense the
conditional integrable case of Goryachev and Chaplygin A = B = 4C (Sect. 4.4)
by removing the restriction on the areas integral and imposing another condition on
the initial velocity. An integral supposed to generalize (4.68) is provided. However,
no exact solution is included in Mertsalov’s paper, which is devoted to building an
approximate solution. In fact, Mertsalov did not claim obtaining an exact solution in
his work.

8.14.6 Gao’s Work [98] (2003)

The purpose of this paper is to present two results that extend the famous integrable
case due to Kowalevski of motion of a heavy rigid body about a fixed point. Unfor-
tunately, one of these results is correct but not new. The other one is new but not
correct [282].

Case 1. As per her original work, Kowalevski’s case is characterized by the con-
ditions A = B = 2C, zyp = 0, i.e. the centre of mass lies in the equatorial plane of
the inertia ellipsoid of revolution. As pointed out by Kowalevski, one can rotate the
x, y-axes in this plane, and they will remain as principal axes, so as to have the centre
of mass of the body on the x-axis and, equivalently, make yy, = 0. This is done in
most works on the subject, including Kowalevski’s original work [238] of 1888 and
classical textbooks like the ones by Whittaker and Leimanis. In the case introduced
here yjy is not necessarily zero. It is in no way an “extension” or “generalization” of
Kowalevski’s result. In fact, It is just an unneeded complication of the choice of the
body reference system.

Case 2. This case, characterized by the conditions A = B = 2C, yo = 0, x0z0 #
0, is in conflict with the necessary conditions obtained by Husson [154] in 1906 for
the Euler—Poisson equations to have a fourth algebraic integral and cannot be true in
principle. Moreover, it is easy to find that the expression H4 given by the author can
be an integral in only two cases:

(a) zo = 0, and this gives Kowalevski’s case;

(b) xo = 0, and this case can be easily identified as a special case of Lagrange’s
top.

It is noteworthy that the same incorrect generalization as Case 2 is met much
earlier in the classical monograph of Hagihara on celestial mechanics [144].
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8.14.7 The Work of Yanxia and Keying [371] (2005)

Here is another claim to a generalization of Kowalevski’s case by assuming yy # 0,
which is merely referring the centre of mass to another coordinate system, rotated
about the z-axis by some fixed angle. That is the same as Case 1 of Gao’s work.

8.14.8 Ershkov’s Work [76] (2014)

In his article, Ershkov announced a new exact solution of the classical problem,
which, as the author states, generalizes the famous case of motion by inertia, found
originally by Euler. Some details were further treated in [77]. In their comment
[329], Sanduleanu and Petrov showed inconsistency of this result. To satisfy all the
equations of motion, it reduces to a subcase of Euler’s case.

The source of error in Ershkov’s work is that he relied on the dynamical equations
with the three integrals of motion and completely ignored Poisson’s equations. He
also assumed that G*> = G} (const). As shown in Sect. 8.1, under this condition, the
three integrals of motion cannot replace Poisson’s equation. It is necessary to check
directly Poisson’s equation on the given solution. Doing that, we find that on the
Ershkov solution, only one of three Poisson’s equations is satisfied.

8.15 Particular Solutions in the Problem of Motion of a
Heavy Gyrostat

Atpresent, fourteen particular solutions of the equations of motion of a heavy gyrostat
are known, nine of which are generalizations of their counterparts in the classical
problem of motion of a heavy simple rigid body. The other five have no analog as the
gyrostatic momentum vanishes. However, the presence of the gyrostatic terms brings
significant complications to the solution, especially to the process of separation of
variables. Therefore, cases that were expressed in terms of elliptic functions are not
brought to the same final state of the solution, due to complicated quadratures.
Here we give a brief note about each of the known cases. For clarity of information
and for the sake of comparing the original and generalized cases, we preserve the
order of those cases as in the classical problem. For each case, we give authors’ names,
references and the conditions on the gyrostatic momentum «. For full information
about those cases, the reader is referred to the original works or one of the books,
which bear review character, devoted to the motion of the gyrostat [121, 125].
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8.15.1 Generalizations of Particular Cases Known in the
Classical Problem

8.15.1.1 Generalization of Planar (Pendulum) Motion

The generalization is quite simple by adding a gyrostatic moment along the z-axis,
the axis of rotation of the pendulum. Conditions on the system parameters are

K1 = Ry =20 = 0. (8184)

The solution is not affected by the presence of the gyrostatic moment. It is still
given by formulas of Sect.8.2. The motion is described and its orbital stability is
investigated in [388, 420]. It turns out that the gyrostatic momentum plays a decisive
effect on the stability of the motion.

8.15.1.2 Stationary Motion (Permanent Rotations) of the Gyrostat

(A) Permanent rotations of the gyrostat in Joukovsky—Volterra’s case (The balanced
gyrostat). In the case of absence of the gravity field (or in case of a gyrostat fixed
from its centre of mass), permanent rotations satisfy the equations

wXx (wWl+k)=0, (8.185)
A+wxvy=0. (8.186)

The first equation is completely independent of -y and determines possible values of
the vector w, constant in the body and in the space systems. Having obtained w, the
second equation can be solved for ~.

Let us first multiply (8.185) scalarly by x. We get

K- (wxwl=0. (8.187)

This means that in all possible permanent rotations, the angular velocity lies along a
generator of a quadratic cone

K1(C — B)qr + k(A — C)pr + k3(B — A)pg = 0. (8.188)

This cone passes through the points x, kI~! and the three principal axes of inertia of
the gyrostat. It is analogous to Staude’s cone (8.31) for the permanent rotations of a
simple heavy body with the gyrostatic momentum & playing the role of the position
vector of the centre of mass and w the role of the vertical unit vector ~y.

Dynamical Eq. (8.185) can be put in the parametric form
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Ap + Ky Bqg + k; Cr+ k3
= = =s, (say)
p q r

so that one can write

K1 R R3
_ M- r= , 8.189
p s—Aq s—Br s—C ( )

This parametrization plays important role in the explicit time solution of the equations
of motion of the balanced gyrostat [369].

We note also that, as in case of Staude’s rotation, the angular velocity about an
axis of permanent rotation grows indefinitely as this axis approaches any one of the
principal axes of the gyrostat. Stability analysis of permanent rotations of the free
gyrostat can be found in [369].

(B) Permanent rotations of the heavy gyrostat. This motion is characterized by
the constancy of the two vectors w, v in the body axes. Setting w =0,y =0, in
(5.3), (5.4), we get

wx (Wl+K)= Mgy xrp,w xv=0. (8.190)

From the second equation, we can write, as in the case of Staude’s motion (See Sect.
8.3), w = wy, so that the dynamical equation gives

v x (WAL + wok — Mgry) = 0. (8.191)

This is the condition that the line along the vector ~ intersects at right angle the
ellipsoid
1
b = Ewg’yl - 4 (wok — Mgry) - v = const. (8.192)

For generic values of the parameters, the centre of this ellipsoid is displaced from
the origin and only two solutions of (8.191) are guaranteed for arbitrary wy.

Leta given vector -~y determine a direction in the main body of an axis of permanent
rotations. Multiplying (8.191) scalarly by & and by ry, we obtain two expressions
for wy:

rg-(yxvyD - (rg x K)

wy=M = . (8.193)
’ k-(yxal) 1o (v x~D
Those expressions are compatible only on the fourth-degree surface
Mglro - (v x YD = [v - (rg x K)][K - (v x D] =0, (8.194)

This surface intersects the Poisson sphere 4> = 1 in a curve. The generators of the
cone formed by the axes of permanent rotations are drawn by connecting the origin
to the points of that curve.
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A notable degeneration of (8.193) and (8.194) occurs when & is collinear with ry.
In that case, if we choose the uniform angular velocity wg such that I'

wok = Mgry, (8.195)

then (8.191) reduces to
¥ x~vI=0. (8.196)

Stationary rotation is possible about any of the three principal axes of inertia, which
would be directed vertically upwards. The angular velocity wy has positive or negative
sign, according to whether k and r¢ are parallel or anti-parallel, so that only three
different motions of this type are possible.

8.15.1.3 Generalization of Hess’ Case (Sretensky [340, 341] 1963)
When yg = 0, k, = 0, under Hess’ condition (8.36)

X0V A(B — C) = xz9/C(A — B),
equations of motion (5.5)—(5.6) admit the invariant relation

[(A—=B)p + kilxo + [(B — C)r — k3lzo =0

which generalizes that of Hess by the presence of the components of the gyrostatic
momentum. It is possible in that case to use the variables I'y, I'; from (8.40) and
obtain instead of (8.45) the relation

. /'F-‘ du
J2BA =) — su) — [f + (5257 — el

so that the centre of mass of the body performs with respect to vertical a motion
like a spherical pendulum. A separable case analogous to the one of Hess’ case and
detailed analysis of the motion are given in [121] using the special axes attached to
the gyration ellipsoid.

8.15.1.4 Generalization of the Bobylev—Steklov Case (Kharlamov [193]
1964)

This case is characterized by the conditions

Kk = (K1, k2, K3),
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(2C — A)kzxo = (2C — B)K1y0, 20 = 0, (8.197)

and the invariant relations
P = Ax0, g = AYo. (8.198)

As in the Bobylev—Steklov case, the solution is expressible in elliptic functions of
time.

In a slightly earlier paper [167], Keis found a gyrostat generalization of the
Bobylev—Steklov case. His result may be obtained from (8.197) by putting x; =
yo=0.

8.15.1.5 Generalization of Steklov’s and Kowalewski’s Cases
(Kharlamov [196] 1965)

In [196], Kharlamov investigated the possibility to generalize the invariant relations
(8.80) and (8.123), which express ¢ and r in terms of p, under the simplifying
restriction that the gyrostatic moment is directed along the first coordinate axis x
carrying the centre of mass of the body. In that case, one can write

k= (k,0,0). (8.199)

It turned out that both cases accommodate such gyrostatic moment. From formu-
las provided in [195, 196], it follows that the Euler—Poisson variables can still be
expressed in elliptic functions of time in the generalization of Steklov’s solution.
However, this step was not performed due to the complication due to the presence
of terms linear in p in the two quadratic factors generalizing (8.81).

In the generalization of Kowalewski’s case, the relation of p and time is still
determined by a hyper-elliptic quadrature [195] (See also [125]).

8.15.1.6 Generalizations of Grioli’s Case (Keis 1965, Kharlamova 1969)

Keis (1963) [167] (see also [169]) discussed the existence of regular precession in
the motion of a gyrostat about a fixed point under the action of gravity. It turned
out that Grioli’s case admits generalization, in which the gyrostatic momentum is
directed parallel to the line from the fixed point to the centre of mass of the body.
Kharlamova obtained the same generalization of Grioli’s case in non-principal axes
[208] in a search for linear invariant relation. Detailed explicit analysis of the regular
precessional motion of a heavy gyrostat was again performed by Gulyaev using
principal axes of inertia in [142].
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8.15.1.7 Generalization of Dokshevich’s Second Case (Kharlamova
1971)

In [209], Kharlamova constructed a new exact particular solution under the same
condition on the distribution of mass that characterizes the body in Hess’ case,
i.e. the centre of mass lies on the orthogonal to the circular cross-section of the
gyration ellipsoid. This case differs from that of Sretensky in that the gyrostatic
momentum lies in the principal plane of inertia containing the major and minor axes.
The Euler—Poisson variables were expressed in terms of an auxiliary variable, which
may be expressed as an elliptic function of time. Formulas provided in [209] are quite
complicated. The same case was later reconsidered by Kharlamov, who made some
simplification of the conditions on the parameters and established that the solution
has four different versions [199].

8.15.1.8 Generalization of Konosevich-Pozdnyakovich’s Case
(Kharlamova and Mozalevskaya [212] 1986)

In the book [212], Kharlamova and Mozalevskaya give three particular solutions
constructed using invariant relations of the type used in the case of Konosevich—
Pozdnyakovich. One of those cases contains Konosevich—Pozdnyakovich’s case as
a special case and the other two are different and have no analog in the classical
problem. However, those cases are quite complicated and as presented in [212] are
not given in the complete and verifiable form. The same content is copied in the two
recent books [121, 125] without further clarification. The reader may consult the
mentioned books for more information.

8.15.2 Solvable Cases of the Gyrostat, Having No Classical
Analog

8.15.2.1 Case of Kharlamov and Kovalev [202] (1970) and of
Kharlamova and Kharlamov [210] (1969)

This case is valid under the restriction on the principal moments of inertia

A=18c2=C (8.200)
o 10B —9C’ '

i.e. under the same condition as Kowalewski’s case in the classical problem and its
generalization Sect. 8.15.1.4. The centre of mass lies on the x-axis and the gyrostatic
momentum is directed along the y-axis, i.e.

ro = (x0,0,0), K = (0, &, 0). (8.201)
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The invariant relations are taken in the form p2 = P (q), r2=Ps (g), where P; is
a polynomial of degree i. The variables of the problem are expressed in terms of ¢,
while ¢ is related to time by an elliptic quadrature. A somewhat simpler parametriza-
tion is given but explicit inversion of this quadrature is not performed. More detailed
presentation is given in [202].

It is notable that in the present solution the gyrostatic momentum x figures in
denominators in most formulas, so that the solution loses its meaning as x tends to
Zero.

A generalized version of this solution due to Kharlamov and Kharlamova was
published in [210] (See also [212]). In that case, one more component of the gyrostatic
moment is added to the body along the z-direction.

8.15.2.2 Case of Mozalevskaya [291] (1970)

This case is valid for a body whose moments of inertia do not satisfy one of the
triangle inequality. Thus, it is of no physical significance neither for the problem of
motion of a gyrostat nor for the classical problem. It is noted that such a case has
its physical interpretation in the frame of the problem of motion of a rigid body in a
liquid, in which the triangle inequalities are not necessary.

8.15.2.3 Case of Dokshevich [65] (1970)

This case is valid under the conditions

B = C,
Yo = 20 =0,
K = (K1, K2, 0), (8.202)

where x, # 0. Invariant relations are sought in the form g = P», r2= Py, Pis a
polynomial of degree i. It was shown in [65] that the solution can be expressed
in elliptic functions of time. The parameter x, occurs in denominators in several
formulas, so that the solution loses its meaning when x, = 0.

8.15.2.4 Two Cases of Kharlamova and Mozalevskaya [212] 1986

Together with the generalization of Konosevich—Pozdnyakovich’s case (item No. 8
in the previous subsection), the authors found two similar other cases. The solution is
given by relations of a higher level of complexity. Moreover, they lose their meaning
when the gyrostatic moment vanishes.
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8.15.3 Known Cases of the Classical Problem, Which Are not
Presently Generalized to the Gyrostat Problem

Three cases are left at present without generalization by adding a gyrostatic moment.
Those are cases due to Goryachev, Chaplygin and Dokshevich’s first case.



Chapter 9 ®
The Rigid Body in a Potential Field i

In this chapter, we present some results which can not only be applied to the classical
problem of motion of a heavy rigid body about a fixed point, but can also be easily
extended to cases of motion of a rigid body acted upon by general forces which admit
symmetry about an axis fixed in space and passing through the fixed point. For such
fields, the potential is a function of the Eulerian angles 6, , and the precession angle
is a cyclic coordinate. The areas integral is preserved. The study of the Routhian
reduction of the problem opens some possibilities for deeper analysis of properties
of motion.

9.1 The Routhian in ~1, 72, 3 as Redundant Variables

Reduced equations of motion in their form Chap. 3 (3.57) are not usually convenient
in use because of lacking symmetry. It is possible to give the Routhian a more
symmetric form that allows to go further in applications, by using the components
of the vector ~. To this end, one can use a direct substitution

amn
"2

6 =cos™' 73, p = tan 9.1)

in the formulas Chap. 3 (3.55 and 3.56) and making use of the constraint

M+ + 1Y =0,

resulting from the differentiation of the geometric integral. However, we shall use a
less direct, but more effective procedure as follows.
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9.1.1 Expression of w in Terms of vy and ~

Multiplying Poisson’s equation (3.14) vectorially by I and using the areas integral
(3.22), one gets )
oo ST XAt

- , 9.2)

where D is given by, the same as in (3.48),
D =~l-y=A~{ + By3 + CH;. (9.3)

Kinetic energy in the redundant coordinates:
Using (9.2), one can write

T =-wl w
2
1
= EWI'[JC’Y +4 x A1
1
= 55+ (T x WD),

and using an identity (A) from appendix, we rewrite the last expression as

1 o
T = 5[f2+v<adj @M)-(v x H]

1 R . .
ﬁ[f2+7(adj @)A1

1
L FPHABCAIT A (9.4)

The Routhian in the redundant coordinates v, 7>, 73
Writing from (3.55) and using (9.4) and (9.1), one obtains

R=L~—fv
=T — Mgry-vy — fv
PR ol
= — ABCAI Al —M .
1 .
—f.B[f—(A—B)sin&singpcosgp&—Ccos@gb]

ABC .
=35 YI71-4 4+ f[(A — B)sin 6 sin ¢ cos pf + C cos ]
f2

V4251

and we finally have, in the principal axes of inertia of the body at the fixed point,
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R_ABC o 7_§+7_32

=20 atBTC
— M — ) — (A — B)yiyas
+D(l — 732)[ (71— 7172) — ( )717273]
-V, (9.5)

where V| = [V—}—%] and D is given by (9.3).

Equations of motion can now be deduced in the form of three second-order equa-
tions involving a Lagrangian multiplier A(#)—say, resulting from the holonomic
constraint

~*—1=0, (9.6)

which should be added to the Routhian R. Solving the resulting equations is equiv-
alent to the determination of the Eulerian angles 6, ¢, and then one can substitute
this solution into (9.2) to get an expression for the angular velocity w. One can also
substitute the solution into (3.54) and integrate it with respect to time to complete
the determination of the precession angle ).

However, we shall not write these equations down, since they will not play an
important role in the sequel. The real significance of the Routhian (9.5) (or, in other
words, the Lagrangian of the reduced system) will be elucidated in the following
sections, where it will be transformed into various more flexible forms that lead to
significant consequences.

Remark: It should be noted that after solving the Routhian equations of motion,
one can obtain the cyclic angle ¥ by integrating the formula

: OR
Y=——
of
= ! {r+ 1 [Cy3(? 1) + (A — B)yimysl)
- A%2+BV§+C732 1_73 Y3172 — 2 Y1727315-

.7

9.1.2 The Case of Complete Dynamical Symmetry of the Body
When B = C = A, the Routhian (9.5) takes the form

L yon a2
R=ZAGT+43 +49)

fAvs ) f?
— - V- 9.8
-I—1 ) (7 —n172) A (9.8)

The last term in this Routhian is now a constant and can be discarded from the
potential. But one has to remember that 1) is still determined by (9.7), which for the
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case of spherical dynamical symmetry takes the form

L An
b=+ _”% (i —win) — £ 9.9)

The Routhian (9.8) may be interpreted as describing the problem of motion of a
particle on the Poisson sphere

N+7n+7=1

under the action of forces with potential V and certain gyroscopic forces. This anal-
ogy will be used more than once later in this book.

9.2 Maximal Reduction of Order of the Differential
Equations of Motion of a Rigid Body About a Fixed
Point

9.2.1 Reduction

The six Euler—Poisson first-order differential equations describing the classical prob-
lem of motion of a rigid body about a fixed point admit three first integrals. All the
equations and integrals are time-independent. This situation lead several authors,
along nearly a whole century since 1890, to consider using the three integrals to
eliminate three of the Euler—Poisson variables and thus reduce the system to three
first-order autonomic equations. Eliminating time (differential) between those equa-
tions, we are then left with a system of two equations of the first order.

The history of the reduction of order began with Hess’ work [150] (1890), in which
he used the integrals of motion to express -y in terms of w and eliminated -y from the
dynamical equations of motion of a heavy rigid body. A system of three autonomous
first-order equations is obtained. The question of equivalence of those equations to
the original problem has led Hess to the known solvable case under his name (see
Sect. 8.4). However, the reduced equations were not used in any application. Relying
also on algebraic elimination of the vector ~y, Shiff [331] and Stéickel [342] practically
repeated Hess” main result in their works. Kharlamov [195] made the most use of this
direction for the motion of a heavy gyrostat, referring the components of the angular
velocity to the special axes of the gyration ellipsoid. He wrote the three autonomous
equations in a more compact form, which was later used by the Donetsk School of
Mechanics in the search for particular solvable cases. The ultimate reduction to a
single second-order equation was tried by Kharlamova in [206], but the equation was
so complicated that it was not written explicitly in final form and was not used in
any application.
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Bilimovich [23] went another way. He used Euler’s angles as generalized coor-
dinates to write equations of motion in Hamiltonian form and the integrals of areas
and energy to eliminate the variables 1), ¢. Bilimovich suggested the use of variables
X = tan g, y = tan £ and pointed out a sequence of operations which could lead to

a single second-order equation of the structure
Y'=Pi+ ViP5, (9.10)

where y' = %, V, V| are rational functions of x, y and P,, P5 are polynomials of
degrees 2 and 3 in y’ with coefficients rational in x, y. Equation (9.10) was not
explicitly written down in final form.

A similar situation was reached by Kharlamova in [207], using Poincaré—Cartan
integral invariant. The variables 1), t are eliminated and a procedure is pointed out
to obtain an equation of second order, equivalent to (9.10), with the structure

d*¢ d¢
ae = PO )

but the final explicit form was not given. Such complicated equation was not used in
any application.

The ultimate solution of the reduction problem in the geometric direction initiated
by Bilimovich turned out to be using the components of the vector « as coordinates
describing the motion of the reduced system, after eliminating the cyclic coordinate
1) by Routh’s procedure. The final form of the equation produced by this method is
relatively simple and has certain symmetry properties. It turned out to be useful in
deriving simple solutions and in the study of the stability of certain known solutions.
Examples of its uses are given in the relevant chapters. A notable advantage of the
method is that it is equally applicable to obtain a reduction to a second-order equation
in the most general problem of motion of arigid body under the action of conservative
position-dependent potential and gyroscopic forces.

The result we are going to establish here was reached by elementary, but more
lengthy steps in our 1983 and 1986 works. Here, we shall first apply Hamilton’s
principle in the form of Jacobi (see, for example, [305]) to the time-irreversible
system with the Routhian (9.5). Equations of motion are deduced from the variational
problem

5/Rdt =0, ©.11)

and applying Maupertuis’ principle to eliminate the time differential from the vari-
ation, we arrive at the final variational problem
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2ABC(h —Vy) dvi  dv; d’y32
) bl oy Gl S Tl A T}
[ [Hmch=m b, i o,

f
+—
D(1—~3)
=0, (9.12)

[Cyv3(v2dy1 — Mdy2) — (A — B)y172d73]

where V| = V+% and variations of trajectories are made among the ones with total
energy h of the original system or Jacobi’s constant / of the Routhian system, the
areas integral f as well as the condition that the point ~y lies on the Poisson unit
sphere.

Now we use the last condition to eliminate ~,. Moreover, we choose v, (say) to
be the independent variable and ~y3 as the dependent one. We reduce the (9.12) to the
variational problem

5/&171 =0, (9.13)
where
2ABC(h — V) , ”
S= [ (A4 2uv, + D)
/Dﬂ—ﬁ—%) PR
; 2_ _ _ 2_ 2 ’
+ {Cvs +7lCv; — (A= B)(1 — 7 — )13},
DJ1—~i -~}
(9.14)
D =B+ (A—- B+ (C— B,
A= C[AY? + B(1 — 4% — 4],
n=ACvs,
v = A[CY + B(1 =} — )I. (9.15)

The prime denotes differentiation with respect to ; and in V| the variable 7, is
eliminated by the geometric constraint.

The function S is a Lagrangian function which describes a one-degree-of-freedom
system. The equation of motion of that system can be written as

After some tedious calculations, we finally obtain the equation
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D(1 =~ — )7 + Cya(1 —43)
—7[A = (A +20)%3 1% + 1IC — (C+24)7 1%
— Ay (1 =493

—AﬁmKWMA—mm+3—®ﬁ+3w—®a—ﬁn
+A7i[(B — C)(B+C — A)y; + B(A — B)(1 — D)1}
T —L AL 13) = %(u +v73)]
2ABC(h — Vy) 973 9y 3

fo'?
ABC\/2D3(h — V})
x[(A—B)YA+B—C)yi —B(A—B+C)+(C— B)(B+C — A)3]
=0, (9.16)

where

p=\+2us + vy,
A=C[B( =)+ (A= Bl
p=ACY73

v =A[B(l —}) + (C — B)73l.

This equation is satisfied by some orbits on the Poisson sphere, drawn by the apex
of the vector ~ on the surface during motion of the body, and hence we shall call it
“the orbital equation”. It involves the two parameters / (the total energy) and f (the
areas constant of the motion). If one has a solution of this equation in the form

v =),

then one can establish the relation of variables with time. From the energy integral,
eliminating v,, we write

2 AdY? + 2udyidys + l/dv%’
2D(1 =~ =) (h = V1)

so that the relation between ~y; and time is given by

)\ 2 / 2
t:/\/ R kT W 9.17)

2D(1 =~ =) (h — V)

Inverting this integral, we obtain v; (t) and immediately we also have v3 = ~3(71(2)).
The component -y, is obtained from the geometric constraint. This completes the
determination of -y as a function of 7. Returning to the formula (9.2), we substitute ~y
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and its derivative - to construct an expression for the angular velocity w in terms of
time. We have thus completed the reduction of the problem of motion of a rigid body
about a fixed point in a potential field, in all its generality, to the single second-order
ODE (9.16).

9.2.2 Applications

Although the orbital equation (9.16) is not a simple one, it is compact and, to some
extent, symmetric. It turned out to be so effective for some purposes.

9.2.2.1 Orbital Stability of Known Exact Solutions

For example, under some conditions on the potential V and under the condition
f =0, Eq. (9.16) admits the simplest solution

-} (9.18)

This solution corresponds in the original problem the planar motion of the body
(pendulum motion) about the third principal axis of inertia, which takes a constant
horizontal position during motion.

These motions are either oscillation or rotation, according to the total energy of
the body, and they are periodic in time. The equations in the variations of periodic
motions are linear equations with periodic coefficients. Thus, for the study of the
stability of a periodic motion of the rigid body, we deal with six equations with
periodic coefficients, which admit three integrals. The study of such system is quite
difficult and can be performed mainly numerically. The study of the stability of such
motion seemed intractable and was never considered in the literature. The orbital
equation opened up a way to tackle this problem. The study was initiated in [374]
using the reduced second-order equation of the orbit, and thus called orbital stability.
It means that after the perturbations preserving the energy % and the areas integral
f = 0, the orbit of motion on the Poisson sphere remains near to the circle (9.18). The
equation in the variation for this periodic motion reduces in general to Hill’s linear
differential equation with a periodic coefficient, which depends on the parameters of
the body and on A.

The simplest case occurs when the body is dynamically symmetric and the centre
of mass lies on a principal axis x. The equation of the variation is transformed into
Lame’s equation:

dz%

1
=+ [o(ar? + 5) —afa+ D2 sn?uly; =0, (9.19)
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for vibrational motions, where o = 2C/A, v =,/ }% < 1 (the modulus of elliptic

functions), a = M gx, and u is the independent variable, linearly depending on time.
In virtue of the triangle inequalities for the moments of inertia A, A, C, it follows
that « is restricted to the interval 0 < o < 4.
For rotational pendulum motions, the equation in the variation takes the form
d*v
dv?

1
+ [o(a + 51&) — a(a+ Dk*sn®v]y; = 0, (9.20)

k= \/% < 1 (the modulus of elliptic functions) and v linearly depends on ¢.

The zones of stability and instability of the orbit of motion in the plane of the
parameters «, v are separated by curves in that plane, which carry primary periodic
solutions. Explicit analytical expressions for those curves were given in [374], mainly
with the help of some results of Ince [156, 157] concerning periodic solutions of the
Laméequation. The study was extended to include pendulum motions of a rigid body
in an approximate Newtonian field of a far centre of attraction [376], the rigid body
carrying a rotor (gyrostat) [377] and the case of general (not dynamically symmetric)
body [388].

Plane motions and their stability were considered in some later papers on the
basis of Euler—Poisson equations. Tkhai and Schvigin analysed numerically the case
of vibration for three values of energy parameter [355]. Dovbysh investigated some
qualitative properties of rotational motions [68]. Markeev and coworkers studied
the stability of pendulum motions not only in the linear approximation but also in
the nonlinear setting, using reduction of the Hamiltonian to the Birkhoff normal
form [274]. However, this was done mainly for bodies, whose distribution of mass
satisfies conditions of integrable cases, for example, Kowalevski’s case [275] and the
Goryachev—Chaplygin case [15, 279]. Unfortunately, the rather recent works [15-17,
279] do not mention the results of quite earlier works [375-377, 388], concerning
the stability of pendulum motions in the linear setting, although some comparison
of the results could have been useful. Note that the assertion in [17], that a countable
number of stability and instability zones appear in the plane of parameters, is dubious,
since it is incompatible with our earlier results.

Stability analysis was performed also for some other known periodic solutions of
the Euler—Poisson equations of motion. Grioli’s regular precessional motion is one
of the most famous periodic solutions Chap. 8 (8.10). Its stability was considered in
Grioli’s original 1947 paper [138]. Tkhai studied the full problem numerically and
obtained partial results [356]. The most exhaustive analysis of the stability of Grioli’s
motion was performed by Markeev in two papers [276, 277]. Zones of stability and
instability were presented in the plane of the two parameters that determine the
state of the system. Markeev also studied the stability of the periodic solution of
Euler-Poisson equations known after Steklov [33]. The problem also involves two
parameters, and results are presented in their plane.

In [420], the stability of pendulum motion of a heavy body carrying a rotor is a
generalization to the classical problem. The orbital equation was also successfully
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used to investigate the stability of the particular solution of the classical problem
known after the names of Bobylev and Steklov (see Chap. 8 (8.5)). Zones of stability
were drawn in 3D space [426]. Results obtained by the use of the orbital equation
were not obtained earlier by any other method.

9.2.2.2 Search for New Exact Solutions of the Equations of Motion

In a recent paper [427], the orbital equation was used in a quite different application.
An exact solution of (9.16) is sought in the form 73 = Ag + A;7;. The forces acting
on the body are assumed to be a combination of the uniform gravity field and Newto-
nian field of attraction of a centre, which is sufficiently far from the body to be taken
in the approximate form Mgry - v + %)\71 - ~. A particular solution is constructed,
which turned out to be a generalization of the first case of Dokshevich (see Chap. 8
(8.11)) and turns into it as A = 0.

9.3 Reduction to the Motion of a Particle on an Ellipsoid

The form of the Routhian (9.5) suggests using the transformation of the coordinates
1, Y2, 773 by the relations

= VAS,
= VB,
= ¢, 9.21)
so that the geometric integral becomes
A + B +CC=1. (9.22)

Clearly, &, n, ¢ are Cartesian coordinates of a point on the inertia ellipsoid. The
Routhian transforms to

R=é5%§+n+@
AB .
+f 2 EGICC0E ~ i) — (A~ Bygnd)
—Vl, (9.23)

where
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D = A%? + BX? + C2¢2, (9.24)
f2
i=V+io. (9.25)

The last Routhian may be given the interpretation as describing the problem of motion
of a particle on the smooth surface of ellipsoid (9.22), but instead of the standard
Euclidean metric this ellipsoid is endowed by a Riemannian metric conformal to it
that has the form
5 = de? +dn> 4+ d¢?
ST Ae Bt

(9.26)

This alternative description of the quadratic part of the Routhian of the reduced
problem of rigid body dynamics appeared first in a paper of Minkowsky [284] in
1888, devoted to another problem, namely that of the motion of a rigid body in a
fluid.

A usual procedure, frequently used to get out from such situation, is to make a
change of the time variable ¢ and use a new independent variable 7, related to it by
the differential relation

_ABC
- D

dt dr. (9.27)

This procedure is applicable only to iso-energetic motions, i.e. motions on which the
energy constant of the original system with Lagrangian Chap. 3 (3.44) and Jacobi’s
constant for the Routhian (9.23) keep a constant value /. The transformation renders
the Routhian to a new one given by

R* = %(5/2 + ,r]/2 + C/Z)
JABC b /
+1_—C<2[CC(77§ —&n) — (A= B)¢n(’]
-V, (9.28)

where V* = igC(Vl — h). For a detailed account of the time transformation, see,
for example, the book of Pars [305]. Note that Jacobi’s integral for the new Routhian
R* must be taken to be zero,

1
5(82 +n?+(H+ V=0, (9.29)

while Jacobi’s constant i for the pre-transformation Routhian R now enters as a
parameter in the reduced potential.

The advantage of the new Routhian R* is that it describes the motion of a particle
of unit mass on the ellipsoid of inertia (9.22) of the body with the standard Euclidean
metric. The motion is driven by two types of conservative forces: potential forces
with the potential function V* and gyroscopic forces characterized by terms linear
in velocities in (9.28).
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9.4 The Use of Elliptic Coordinates on the Inertia Ellipsoid
[224]

The idea to use Jacobi’s coordinates on the inertia ellipsoid as generalized coordinates
in the description of rigid body dynamics appeared in Minkowsky’s work [284],
devoted to the study of the problem of motion of a rigid body in a liquid in the
integrable case due to Clebsch. In that work, Minkowsky suggested using the same
idea in the general problem of motion of a rigid body about a fixed point. Building on
Minkowsky’s result, Kolossov [224] realized this idea and used Routh’s procedure
to ignore the cyclic coordinate, the angle of precession, and thus simplifying the
calculations.

Suppose that A # B # C. The point on the ellipsoid of inertia (9.22) is
parametrized in elliptic coordinates by the following relations:

1 u=3w=3

2
CTAGTShES D
nzzl(g—uw—%)
B(B__)(C B)
,_ 1 GE-wE -
=77 9.30
CTCRThGD o

This parametrization is valid, provided B is the middle moment of inertia. For deter-
minacy, we assume that C < B < A and% <u< % <v< % In those coordinates
D = ABCuv.

Substituting (9.30) in the Routhian (3.57), we obtain

*_lv—u[ u A\ v 2]
2 4 w-Pu—pu—3) W=D —(E—v)
+u' 4+ mv — V¥, (9.31)
where
_ B 2 iy
I = C§2[ Corgr —&5,) — (A= B)én -,
_ fABC % . On 3 %
m = 1—C62[ C(n rf ) (A B)rfnav],
v 1 f2
Vie —(V4+ ————h). (9.32)

uv 2ABCuv
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Practically, this form of the Routhian was used by Kolossov [224], but only giving
zero value to the areas constant f and thus reducing the Routhian to a time-reversible
one.

Kolossov proceeded to consider certain potentials which lead to cases of sepa-
ration of variables in the Hamilton—Jacobi equation for the transformed problem at
f =0, finally reaching cases solved earlier in terms of time in the works of Weber
[367], Kobb [223] and others.

9.5 The Use of Isometric Coordinates on the Inertia
Ellipsoid

A formal, but important, step was taken by Arjanykh [13], without referring to
Minkowsky or Kolossov. He replaced Jacobi’s coordinates with isometric coordi-
nates on the inertia ellipsoid. In those coordinates, the equations of motion of a
heavy rigid body about a fixed point are transformed into a problem of motion of a
particle in the plane under the action of certain potential and gyroscopic forces.

Let us define two new coordinates

du

/ N )<§ —u)(g —u)

(9.33)

- Jo- %)w— gxé —v)

In those coordinates, the quadratic part of the Routhian becomes %%(X 24Y"?).
If, further, we modify the change of the time variable (9.27) to be

ABC (v—
ar = ABC bW,
D 4

_ (“4;:‘)517, (9.34)

T

the Routhian is transformed to
* 1 22 72
R* = E(X +Y7)
+LX +mY -V, (9.35)

in which
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du dv
ll :l—,m1 =m-—_—,
dX dy
(v—u) f?
V= |% —h). 9.36
4uv v+ 2ABCuv ) ( )

The equations of motion now take the form

X'+ QY =— VY —QX = ———, 9.37
+ ox oY ©-37)
where
811 8m1
Q= — — — .
oY 0X ©-38)
_du dv ol am)
T dXdY Ov  Ou
(v —u) u—+v
=— — (A+B+C-2 . 9.39
4ABCuv«/uv( tE uv ) ( )

Those equations describe the motion of a particle in the plane XY, while acted upon
by forces with potential V** and a gyroscopic force

Q(_Y/’ X/)’

which may be interpreted as due to Lorentz’s force exerted on a unit electric charge
by a magnetic field 2 orthogonal to the XY plane.

The equations of motion in the form (9.37) were written in 1954 by Arjanykh
[13] but with the function 2 as in (9.38), unevaluated. The final form (9.39) was
published first by M. Kharlamov [171] in 1976.

9.6 Reduction to the Simplest Form of Orbital Differential
Equation

In case any two of the principal moments of inertia are equal, the transformation
of coordinates (9.30) used on the ellipsoid of inertia by Kolossov becomes singular
and the equations of motion based on that transformation become invalid. The idea
to modify this transformation to make it applicable for an arbitrary body appeared
in [378]. An examination of the integrals in (9.33) reveals that they both are elliptic
integrals of the third kind. The two variables, which we denote by ¢ and p, are chosen
so that those third-type elliptic integrals defining the isometric coordinates take their
normal (Legendre) form.
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9.6.1 Sphero-Conic Coordinates on the Poisson Sphere [378]

For determinacy, we arrange the principal axes of inertia so that the inequalities
A>2B=>C (9.40)

are satisfied. We use new sphero-elliptic coordinates o, p on the Poisson sphere and
the new isometric coordinates x, y defined by the formulas

B \/E o1 —k2p?
NN AT - oA mpd)
JAT=aD1 =)

~ S =D tmpd)
B V1 — k202
’)’3=\/;\/ P i (9.41)

(1 —no?)(1 +mp?)’

V2

and
/C /“7 do
X = —_— ’
AJo (1—-no®)/(1 -2 —k202)
A ([P d
yz/_/ P , (9.42)
CJo (1 4mpt) /(1= p) (1 —k2p?)
where
ﬁ_A—BjQ_B—g
A-C A-C
A-B B-C
n= ,m= .
A c

Notethat0 <k <1,0<k’ <1,0<n <1,0 <m < 1, and the intermediate vari-
ables satisfy the inequalities

—-1<o=<1,-1=<p=1 (9.43)

Note that the transformation (9.41), unlike Kolossov’s transformation (9.30), remains
valid when B = A or B = C. This privilege is much helpful in several applications

and we shall return to this point later on.
Substituting (9.41), (9.42) into (9.5), we obtain

R=iBv@+ i+ r s Ly v, (9.44)
2 M M ’ ’
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where

X — B(l _ k20_2 _ k/2p2)

P = o= AU+ R2AY A+ m 1 —nod(1 -~ 2=
0 = noy/(1 = o)1 = K202V (1 +mp) (1 —no) (1 = ——
M=1-no*—-p*+ (4- i)(l(L\A——}_Clj —O ap?,
and V| now takes the form
VF:V+Izﬂ—nﬁX1+mﬂ)
2B
Now, we change the time variable 7 by the relation
dt = Bxdr.
The Routhian (9.44) becomes
R = S04 O~ 2y pu,

in which

U=Bxth-V)

2
=BU—H&—H%%M—V—géa—m%a+mﬁn

and primes denote derivatives with respect to 7.

k*o?),

A+B-C

’

(9.45)

(9.46)

(9.47)

(9.48)

(9.49)

The equations of motion of the rigid body in the potential V on the level {h, f} of
the total energy and area’s integrals are reduced in the xy-plane and in the fictitious

time 7, to the form

ou ou
" OV = — V' _Qy = 2=
x4+ Sy ax,y X By’
in which
o P 0 Q
Q= fl—(—)+ —(=
G0+ 3G
- f%/(l — 1) (1 +mp?)

x[A— B+ C —2(A — B)o*> 4+ 2(B — C)p*].

(9.50)

9.51)
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Equations (9.50), obtained in [372], serve as equations of motion of a mechanical
system, comprised of a particle moving under the influence of certain potential and
gyroscopic forces in the xy-plane. Note that the motion of this system is subject to
the condition that the Jacobi integral is zero,

1 12 ”
E(x +y9)+V, =0. (9.52)

The energy constant 4 of the original motion of the rigid body enters as a parameter
in the potential term V) of the reduced problem (9.50).

Equations of motion in the form (9.50) turned out to be most relevant in working
with the method developed by the author in [381] and are used in numerous works for
the construction of integrable 2D natural and generalized natural mechanical systems
that admit an integral polynomial in velocities.

Because of their symmetric form, Eq. (9.50) was easily applied in [373] to con-
struct periodic solutions of the problem of the motion of a rigid body about a fixed
point in a potential field, near to equilibrium points of (9.50), which correspond to
stationary solutions of Euler—Poisson equations, usually called “uniform” or “per-
manent” rotations. In the classical problem, i.e. when the body moves under the
action of the uniform gravity field, this is the Staude motion (see Chap. 8, Sect. 8.3).
Equations similar to (9.50) but in a less finished form were used in [364, 365].

The variables x, y are uniformizing variables on the Poisson sphere. One can
easily show that the function €2 is an analytical function in the whole xy-plane. If
V is analytic in the components of -, then it is also analytic in the xy-plane. On
the other hand, from (9.42) one can deduce that o and p are periodic in x and y,
respectively. In fact, substituting o = sin(¢), the expression for x in (9.42) gives

x_ﬁ [ d¢
"V AJy (1 =nsin2(@)V/( = K2sink(e))

Thus, x is monotone increasing in ¢ on R. Also, a change 27 in ¢ adds to x a constant

\/E/”/z do
X =4,/—
AJo (1 —nsin®(¢)v/ (1 — k?sin’(4))

—4\/§fl do (9.53)
VAl (1-no?)/0 =) - k202) '

The inverse function ¢(x) is thus defined and single-valued (in the real sense) on R.
It is also quasi-periodic. It increases by 27 when x is increased by X. Finally, we see
that o is an analytic and periodic function in x. The same can be said about p as a
function in y. It is an analytic and periodic function in y with period
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A (! dp
y—a/A / . (9.54)
Clo (1+mp)y/(1 —p)(1 —k2p?)

Thus, a real algebraic function of o, p is periodic in both directions on the xy-plane
with periods X and Y.

However, it can be shown that the configuration space of the reduced problem
{p €10,2m),0 € [-F, 5]} is covered twice by a rectangle of periods in the xy-
plane. The variables x, y can be considered as new angular coordinates, which enter
in the equations of motion in a more symmetric way than the Eulerian angles. In
fact, it suffices to study motion in half of the square of periods, i.e. on one of the

rectangles S; S,, where

S — X X Y Y

1 ={xe [_E’ E)’y € [—Z, Z)},

S, = x X vy 9.55
2—{xe[—z,z),y€[—5,5)}~ (9.55)

9.6.2 Reduction to a Single Differential Equation [378]

Now, we proceed to obtain the orbital equation of the system described by the
Routhian (9.48), i.e. the equation satisfied by the trajectories of that system on the
Poisson sphere. From (9.52), we get

L+ (3 /?

= — _ _ 4 _ 2 2
dr = S dx. U= Bxlh =V = (1 —no) (1 + mp))]. (9.56)

Eliminating d7 from the second equation of motion, we arrive at the second-order
differential equation

d?y Q dy 5 1 oU 9Udy dy
S L+ ()P (- = N+ ()2 .
2 TU[ +(dx) 7+ 2U(8y g dx)[ +(dx) 1, 9.57)

in which ©, U are given in (9.51) and (9.49).

Equation (9.56) is formally the simplest possible form of the orbital equation
(9.16) under transformations of coordinates. This form was obtained in [378], prior
to Eq. (9.16), which is more transparent, but of a much more complicated structure.

It was used in [374] to obtain the equation in the variation to study the stability of
the orbit y = 0, corresponding to pendulum (plane parallel) motion.
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9.6.3 Special Cases

In the above equations, two limiting cases are easily separated:

(1) The first case when B = A > C. Thenwehavek =n =0,k' =1, m = % —

1, X = 27r\/§, o= sin(\/gx), Y = oo and the relevant rectangle S; becomes an
infinite strip. The transformation (9.41) becomes

sin(,/ Ax)y/T = p?

ol oo
cos( x)m

N T

[A p
=,/ =—, 9.58
73 CTatmd (9.58)

while p satisfies

_ \/Z [
YEVC o UrmpdI =)
c I+p [A o, A
\/7[ l—+ C — 1tan ~( c 1p)]. (9.59)

(2) The second case A > B = C. In that case, the transformation (9.41) becomes

C o
= \/;ﬁ
\/mcosq/gy)
L T
sin(/$)VT—o?
V3= \/m

where o is determined from

_\/?/” do
TTVA) - g a o)

I—C
- \/7 {HU v yWi-gy, 9.61)
1—0
1+,/1-¢

(9.60)
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i.e. from
1—-J/1-%o
I+o A WI-E = 2V (9.62)

¢
71+ J1-S0o

It is quite interesting that in some cases, when ,/1 — % is a rational number %

such that N, N'(N < N’) are relatively prime numbers, the last equation becomes

l+o0 p» N —No N=e2«/Wx. (9.63)
1—0 N+ No

This is a polynomial equation in ¢ and can be solved for low N, N' (N + N’ < 4).
We have three cases:

(a) N = 0. That is the case of complete dynamical symmetry A = B = C. Then

o =tanhx, p = sin y. (9.64)

b)N=1,N =2(B=C=24)

o =2cos %[71' + cos~!(tanh(v/3x)], p = sin(?y). (9.65)

(©N=1,N=3.(B=C=3A)

.. _2.16
a:—‘/1~|—,u+\/2—,u+2 1 — p+ p2, p = sinh §(3\/§x),
(9.66)

. 2V2
p= SIH(TY)-

In those three cases, the functions V;, €2 and then the equations of motion (9.50) can
be expressed explicitly in terms of x, y, and the problem can be studied as a proper
problem of motion of a particle in the plane. However, this only illustrates the relative
degree of complication in the dynamics of a rigid body compared to the dynamics
of a particle.

9.7 Separable Potentials in Rigid Body Dynamics
(Conditional Integrable Problems)

The general reduced problem of the motion of the rigid body about a fixed point
in a potential field was transformed in some of the past sections to other problems
of motion on the surface of a sphere, ellipsoid or other surfaces. When the areas
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constant f = 0, the equations of motion become time-reversible and it becomes
possible to use certain methods of separation of variables known in the analogous
problem. Usually, those cases of separation are obtained by applying the Hamilton—
Jacobi equation. They will be presented here in the form already used in the above
sections, after using a time transformation to attain the Liouville separation.

9.7.1 Potentials Separable for Axi-Symmetric Body

Let the body with axial dynamical symmetry B = A be in motion about the fixed
point O, under the action of forces whose potential is a given function V (6, ¢). Let
also the areas constant f = 0. Equations of motion are obtained from (3.58), which
here becomes

A Csin® 6 .
R== 5> +6%) — V(0. ). 9.67
2(Asin20+Cc0529(p ) ©.¢) ©-67)
Using the time transformation
Csin® ¢
di s (9.68)

= T
Asin? 6 + Ccos? 6
on the total energy level i, we get

1 Asin? 0 + C cos? 6 Csin®0
R* = —A(¢? + 0'%) + h—V@, )]
2 (& Csin? 6 ) Asin® 0 + C cos? 0[ . 9)]
(9.69)

This system described by a Lagrangian of the last form becomes separable when

_ Asin® 0 + C cos? 6

Vib.9) = (@) + 0a(6). (9.70)

Then the Lagrangian R* splits into two independent Lagrangians, each of one degree
of freedom:

1 Asin? 6 + C cos?

0
= A0 + h) — vy(6)].
7 ol o ( +h) —va(0)]

1
R* = [EAso/z —vi(@]+1

Each Lagrangian also has its own energy integral, but with the whole system’s energy
equal to zero, i.e. we have

1 2
EAQO +vi(p) = hy,

1 Asin? 6 + C cos?
2 Csin’ 9

ng—m+m@=—m, 9.71)
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where h; is the separation constant. After solving the separated equations and
expressing ¢ and 6 in terms of 7, the relation with the original time variable is
obtained by integrating (9.68).

Potentials of the structure (9.70), or in the more transparent form:

Asin® 0 + C cos? 6

V.o = Csin%9

vi(p) + O(0), 9.72)

suffer a serious drawback. They are always singular at the two poles § = 0, 7. This
singularity cannot be removed by any choice of v;(y). It is not probable that this
class of separable potential can play some role in physical applications, but, as we
shall see later, they appear in some integrable cases obtained as generalizations of
Kowalevski’s classical case. In those integrable cases, the complementary integral
has degree four in the components of the angular velocity, but it can be rewritten as
the sum of two parts, one of which is the square of a quadratic integral resulting from
separation.

In order to write the quadratic complementary integral for this separable case in
the Euler—Poisson variables, we first note from (9.72) that

A—(A-O)

VO, 9) =V = ca—0
3

Fi(2) + Fy(ys). (9.73)
Y2

and F), F, are functions of their arguments. It can be verified that I, can be written
as

1
Li=-Cr*+ F(2Y). (9.74)
2 V2

9.7.2 Potentials Separable for an Asymmetric Body

Instead of the Jacobian elliptic coordinates on the ellipsoid of inertia, one may use
their reciprocals A, u in the substitution

_ [Bcia—nwU—p
TV @—B@A— O

/CAQ—BXB—M
Y2 =

(A—B)(B— Oy’

ABA-C)(u—-C
%:/ A= O)(p—C) ©75)

(A—C)(B— Oy’

and define isometric coordinates on the ellipsoid by the relations



9.7 Separable Potentials in Rigid Body Dynamics (Conditional Integrable Problems) 221

X = \/ABC/ dA ,
AW(A=NA-B)\-C)
dp
Y = «/ABC/ : 9.76
p/ (A =N (B — p)(u— C) 70

and the change of the independent variable
1
dt = Z()\ — wydr, (9.77)

then one can reduce the equations of motion on the common level {4, f} of the first
integrals to the form

X//+QY/ _ _% Y// _ QX/ _ _%
-ox’ oy
X?+Y?*+V, =0, (9.78)
equivalent to (9.37), where
A—p Y
Vi = Vv —h), 9.79
I ) (V+ SABC ) 9.79)
V being the original potential of the rigid body, and
JA—mw
Q="——"VAMA+B+C -2\ . 9.80
1ABC WA+ B+ A+ ] (9.80)
Note that in virtue of (9.75),
2 2 , ABC
Ap
a=ABC[tr(I™") — AT . 4] = DO\ + p), 9.81)
so that A, i are the two roots of the equation
DN —a)\+ ABC =0, (9.82)
and Y
A— ==, 9.83
=7 (9.83)
where
B=a*—4ABCD. (9-84)

On the level f = 0, the equations of motion become separable if
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Vi=F\)+ (),

i.e. the original potential has the form

Fi(\) + Fa(p)
A—p
AV} + B3 + C¥3

= 73 (o + v/ B) + v — V). (9.85)

It can be checked that the fourth integral (on the level f = 0) is

ﬁ[(a — V=B + @+ vBula+ VBl
(9.86)

The general form of the potentials was first given by Kolossov in terms of elliptic
coordinates on the ellipsoid of inertia [224]. He also considered the two cases

I = A2p> + B2 + C2 +

(1) u(x) = —v(x) = ax + bx?, leading to the potential

V =~L~(d +b~yI7 ), (9.87)
where a, b, a’, b’ are arbitrary constants. The first term of this potential is Brun’s
potential.

2) ulx)=—-vx)=a /xz, leading to the rational potential

tr(d~ — A1
\% :a’g — a/w' (9.88)
D YLy

Potentials polynomial (or entire functions when N = o0) in o and D of the form

N
V= % > ana =By =@+ VA" (9.89)

were considered by Bogoyavlensky [31], and families of rational potentials were
given in [381].

Remark: It is interesting to note that of all potentials (9.85) allowing separation
of variables on the level f = 0, only one potential

V = const xyI-~y
preserves integrability on arbitrary level f # 0 (see Chap. 6 Sect. 6.4.3). Of course,

there are many other potentials which allow integrability for arbitrary f, but all with
gyroscopic forces in addition to potential forces.
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9.7.3 Potentials Separable for a Body of Spherical Dynamical
Symmetry

In the case of a body of complete dynamical symmetry (A = B = C) and when
f =0, the Lagrangian (9.8) takes the form

_l 2 a2 a2
R=SAGT+4 +43) — V. (9.90)

That is a problem of motion of a particle on a sphere. In elliptic coordinates u, v, the

sphere is parametrized as
_ [la—u)a—v)
TNa-ba—o
N )
TTNa-ho-o
_Ju—=0)w—c)
= m (991)

This transforms the Lagrangian to

R 1A( ) i + v 1—-V. (9.92)
=-Au—v -V. 9.
8 (a—u)u—>bw—c) (@—v)b—v)(v—rc)
Noting that
ayi+byi+cyi=a+b+c— (u+v),
2 2 2
abe(1L 42 4 By gy, (9.93)
a b c
i.e. u, v are roots of the quadratic equation
222
u*—la+b+c— (cwlz—i—bv%—i—c*y%)]u—i—abc(;1 + 72 + ?3) =0.

The separable potentials in elliptic coordinates on the Poisson sphere attached to
the body have the form
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_ @ = VB) +uwaa + VB

\%
VB
) ) 22
o =a+b+c—(ayi+by;+cn), B :a2—4abc(;l+?2+?3).
(9.94)
The corresponding quadratic integral is
Iy = A(ap* + bg* + cr?)
l ’ ; ’ " ’ 7 ’ ;
tgle + VB @ = VB) + (@ = VBuaa + VB
(9.95)
One of the simple choices
2
X
ur(x) = —u1(x) = —
8
leads to the potential
1
V=@ +by; + %), (9.96)
and the integral
2 2 2
Iy = A(ap2 + qu +er?) — abc(’y—1 + 1—2 + ﬁ). 9.97)
a ¢

This example corresponds, on the one hand, to Neumann’s problem of motion of a
particle on a sphere acted upon by a quadratic potential in the Euclidian coordinates
[294]." On the other hand, in rigid body dynamics it is the separable special case
on the level f = 0, of an integrable problem of motion of a body in a liquid due to
Clebsch, namely case number 3 in Table 10.1 of integrable cases in Chap. 10.

9.8 Exercises

1 - Permanent rotations of the rigid body correspond to stationary (time-independent)
solutions of the Euler—Poisson equations. They correspond to equilibrium positions
of the system described by the Routhian (9.5) and the condition (9.6). Show that the
locus of those equilibrium positions satisfies the equation

! In that work, Neumann reduced the problem to hyper-elliptic quadratures and solved them in terms
of Rosenhein Theta functions in two variables.
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Wy x4 = 0. (9.98)
v

For the classical problem, this equation becomes
ro- (y x D =0,

which gives Staude’s cone (compare with Chap. 8 (8.29)).
[Hint: Extremals of V| on the unit sphere are obtained from the vector equation

ovy
L\,
oy v

where Vi =V + 5 f and A is an undetermined multiplier. That is

v f

Eliminating f, X, (9.98) follows.]
2 - A dynamically axi-symmetric body (with B = A) is in motion about a fixed
point in the field of a distant Newtonian centre. It has potential (see Chap. 6)

V=ay + [A(% + 'Yz) + C'Y3]

Show that Eq. (9.16) for this body admits a solution 3 = 0, corresponding to
pendulum-like motion about the z-axis, which occupies a horizontal position. Use
(9.16) also to show that the equation in the variation about that solution can be
reduced to the Lame equation

dzfy 1
T2 + {a[ar® + = +6(0¢ —2)] — ala + Dv? sn? uly; =0,
for vibrations and

2

d 2 +ﬁ(0[—2)k2] —()é(a+ 1)k2 SI]2 U}’y:z) = O’
v
for rotations, where v = % = \/E and G = 1s a parameter characterizing the

approximate Newtonian part of the field and other parameters are as above in this
chapter.

[For zones of stability and instability of this motion, see [376, 379].]

3 - A gyrostat with constant gyrostatic momentum x moves about a fixed point
while acted upon by potential forces with potential V (vy). Show that the reduction
of order as performed above in the present section leads to the equation [377]:
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D(1 =~ — ¥V + Cya(1 —73)
—71[A = (A +20)%3 1% + 5IC — (C + 24715
Ay (1 —D7

—AﬁmKWMA—mm+B—®%+Bw—oa—ﬁn
+AY[(B = C)(B+C — A)y; + B(A — B)(1 — D)}
R —_ ALY 1y3) — %(u + 193]
2ABC(h — Vy) 973 9y 3
p3/2

ABC\/aD3(h — V)
x{f[(A—B)(A+ B —C)yi —B(A—B+C)+(C—B)(B+C— Al
+D[k1(2A+ B+ C)y1 + k2(A+ 2B + C)y2 + k3(A + B+ 2C) 73]
—(A*] + B*y; + C*) (5171 + Koz + K33))

p= A+ 27 + vy,
A=CIB(1—%)+ (A - B)il,
p=ACY73

v =A[B(l —7}) + (C — B)%],

and 7,, still standing in few places is just abbreviation for /1 — fylz - 'y% and V| =

V+ % is calculated after eliminating ;.

4 - The particular solvable case due to Bobylev and Steklov in the classical prob-
lem is based on the condition g = 0. Determine the general form of the potential
V (71, 72, 73) of the problem of motion of a rigid body about a fixed point, which
allows the angular velocity to remain permanently in a principal plane of inertia of
the body. Find also the motion of the body.

[This problem is completely solved on the level f = 0 and unsolved yet for
arbitrary f. It turns out that for a general tri-axial body under the conditions g =
0, f = 0, the general form of the potential is

Ayi+Cy;

2 2\ _ A/C
V= (A'le + C%z){ f F([A(% +5) —u] du

=416 ,
CO? +9) —u )u2+ (72)}

where F' and G are arbitrary functions. With this form of the potential, we can
write the expressions for the Euler—Poisson variables in their final form parametrized

by 7
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2C 2A
(p.q.1) = (=) == M40, Ve
A C
20
1,72, 73) = (1, Y 1 =43 = A2y, >‘71C/A)v

where

CR+NYy —u u?

F(=AE¢(A—C)e! x
A O 601 a7 - )

AV} + CNy

/ MO LA + XM = ulC du
w = F

and -y, is determined in terms of time by inverting the integral

dm Ay > 2 F
t= | ——, gim) =-2—U0 =~ — Xv")w.
NFCD) c : :
More details and special cases can be found in [416].]
5- A body moving by inertia about a fixed point O has an axis of symmetry Oz
and a particle of mass m moves on that axis without friction, subject to a force with
potential V (z). The problem of motion is described by the Lagrangian

L= %[(A + mz?) (0% + sin® 0Y%) + C(hcos 0 + ©)* +mz*] — V(2).

Show that the problem is integrable for arbitrary initial conditions by Liouville sep-
aration and reduce its solution to quadratures.
[For solution and a few more details, see [399].]



Chapter 10 ®)
The Problem of Motion of a Body s
in a Liquid

The present chapter is devoted to the investigation of the problem of motion of
a rigid body by inertia in an ideal incompressible fluid, infinitely extending in all
directions and at rest at infinity. Strictly speaking, this problem belongs to the field of
fluid dynamics. The problem evolved namely in this way. The ordinary differential
equations of motion of the solid are simultaneously solved with partial differential
equation governing the motion of the liquid under boundary conditions satisfied on
the surface of the moving solid. In this process, the pressure of the liquid had to be
explicitly calculated at every point of the surface of the body. Nevertheless, after the
study of some simple cases, and mainly in the works of Thomson and Tait [352]
and of Kirchhoff [219], it became clear that the body and the liquid can be treated as
forming together one dynamical system of six degrees of freedom, so that the detailed
picture of the pressure of the fluid on the surface of the body is completely avoided.
This system, composed of the body and liquid, was reduced to the motion of a rigid
body with modified characteristics to compensate the motion of the liquid. When
referred to a coordinate frame fixed in the body, the kinetic energy of this system is
expressed as a quadratic form of the components of the angular and linear velocities
of the body with constant coefficients. This step was decisive in the evolution of the
subject along the next few decades.

In this setting, the present problem has six degrees of freedom: three for the
rotational motion and three for the translation of a point of the body and is traditionally
described for a simply connected body by Kirchhoff’s equations [219] (see also
[220]) or by their Hamiltonian form, mostly used by mathematicians, which are due
in their final form to Clebsch [55]. For a perforated body (a body bounded by a
multi-connected surface) the equations of motion are usually taken in the form due
to Lamb [253], or in the equivalent Hamiltonian form (see e.g. [41]).

Research in the problem of motion of a body in a liquid passed through a period of
vigorous activity in the last decades of the nineteenth century. After the formulation
of the equations of motion in their final most general form by Kirchhoff, Clebsch
and Lamb, a lot of significant results was obtained by several eminent, and mostly
© Springer Nature Switzerland AG 2022 229
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Russian, scientists, including Minkowsky [284], Lyapunov [267], Chaplygin [53] and
Steklov [344, 345, 348]. For almost half a century, the research in the problem entered
a state of stagnation. As stated by Aref and Jones [12] “The Kirchhoff equations
present a most remarkable simplification of a problem that, in principle, involves
an infinite number of degrees of freedom. Surprisingly, the literature exploring these
equations from the point of view of dynamical systems theory is rather sparse’.
Half a century later, the first significant results concerning the integrable cases were
obtained by Rubanovsky [317-320] (See also books: [121, 125]) using a modified
form, due to Kharlamov P., of Clebsch’s equations of motion. In most works outside
Russia, the form of Clebsch (also Hamiltonian) was mostly used for some qualitative
studies of the motion, e.g. [151, 263] (See also references of the last paper).

It turned out that the form of equations of motion involving the variables of
Euler—Poisson type, rather than those of Hamiltonian type, enjoy some privileges
that will be explained later in this chapter. Those are equations formulated, for the
first time, in their most general form in [383]. They are in fact a form of Lagrangian
equations, using redundant non-Lagrangian variables. Such Lagrangian equations are
not completely new. Similar equations were used by Minkowski, in the special case
of Kirchhoff’s equations, to establish his brilliant theorem about the isomorphism
between the reduced problem of rigid body motion and the motion of a particle on a
smooth ellipsoid through a time transformation [284].

In this chapter, equations of motion are presented in their original forms of Kirch-
hoff, Clebsch and Lamb. Our new equations of Lagrangian, in fact Routhian, form
[383] are also presented. This form turned out to be so effective that they put the
problem in a unified context with other problems considered in this book. Those
problems form a hierarchy, ascending from the classical problem to the one of the
present chapter. This hierarchy is extended in the next part of this book to include
the most general problem of motion of a rigid body under the action of conservative
potential and gyroscopic forces which have a common axis of symmetry through the
fixed point. The last problem reduces under some restrictions on the forces, to the
problem, equivalent to that of motion of a body in a liquid. Going lower in the hier-
archy, we note that every problem in it contains all the problems considered before
it as a special case. As a result of this representation of the equations of motion, a
striking property of the equations of motion of a rigid body in a liquid is revealed.
It is the first problem which is closed under the regular precession transformation.
Referring the equations to a coordinate frame precessing with a uniform speed with
respect to the inertial frame, results in the same equations, as if in the inertial frame,
but with changed characteristics of the body. Thus, this transformation generates
from any solution in the present problem or any problem lower in the hierarchy, a
new solution that contains the precession speed as an extra-parameter. This situation
helped to re-organize the known information about the subject and to fill gaps in
it. Some recently discovered integrable cases are generalized. Tables are given for
all integrable cases, general and conditional. The most important known families of
particular solutions to the problem are discussed on different levels of detail.



10 The Problem of Motion of a Body in a Liquid 231

In our presentation of the subject, the problem of motion of a body in a liquid
plays a rather unusual role. Results obtained in this problem by various methods
and accumulated along a century have grown into a core for the advancement of
some other problems of motion of a rigid body under more sophisticated forces. In
later chapters, we shall use some transformations to obtain new integrable extensions
which are more general from the physical and mathematical aspects and which were
not subjected to any studies before.

10.1 Equations of Motion

10.1.1 Kirchhoff’s Equations

Consider a rigid body moving in an ideal incompressible liquid, extending to infinity
in all directions and at rest at infinity. Assume that the body is bounded by a simply
connected surface and is moving by inertia, i.e. under no forces, except those exerted
on it by the pressure of the liquid on its surface. Let O’ and O, respectively, be the
origins of the inertial coordinate system O’XY Z and another system Oxyz fixed in
the body and let r = O’O. Denote by w the angular velocity of the body and by u
the velocity of O with respect to O’, so thatu = dd—f. The equations of motion were
derived in Lagrangian form using the Lagrangian function L (kinetic energy 7', since
no external forces are present):

1
L:T:E(wA-w+2uB~w+uC~u) (10.1)

in which A, B, C are constant 3 x 3 real matrices; A, C symmetric and B is not
necessarily symmetric. Here, the state variables w and u and all quantities (parameters
of the problem) are referred to the body system. Of course, as a quadratic form, T
must be positive definite in the six variables. For this the three matrices must satisfy
certain inequalities.

We shall not go through the explicit derivation of the matrices A, B, C from the
underlying hydrodynamical problem, because that would increase the size of this
chapter beyond preassigned limits. All this material can be found in the treatise of
Lamb [253]. It will be helpful in dealing with motion of bodies with certain symmetry
properties to borrow the cases presented in the following table from that treatise. A
similar table is presented in [41].
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Table 0:
Symmetry Matrices Examples
Plane of symmetry xy A = diag(Ay, Az, A3),
0 O Bij3
B= 0 O By |,
Bi3 Bz 0
CiiCn2 O
0 0 Cx
Two orthogonal planes of A = diag(A;, A2, A3z),
symmetry xy, xz 00 O
B=[0 0 By |,
0By O
C = diag(Cq, C2, C3)
Three orthogonal A = diag(Ay, Az, A3), Tri-axial
planes of sym- B=0, ellipsoid,
metry Xy, Xz, yz C = diag(Cy, C2, C3) Parallele-piped.
Rotation through A = diag(Aq, Az, A3), Two-bladed
an angle 7 about By By O ship screw.
axis Oz. B=| B2 B»n 0 s
0 O B3
CnCn O
C=[|C;pCxn O
0 0 Cs3
Rotation through A = diag(Ay, Az, A3), Four-bladed
an angle 7/2 B = diag(By, B>, B3), ship screw.
about axis Oz. C = diag(Cy, C2, C3).
Helicoidal symmetry about A = diag(A, A, A3), Helicoid.
axis Oz. B = diag(B, B, A3),
C = diag(C, C, C3).
Oz is axis of symmetry (or A = diag(A, A, A3), Spheroid,
rotation B=0, Three-bladed
through an angle C = diag(C, C, C3). ship screw.

Zon ¢ (2,4}
around z-axis).

The body is similarly A = A9, Cube, sphere.
related to each of the B=0,
coordinate planes. C=27C6.

It is usually argued that the origin of the movable coordinate system can always

be shifted so that O coincides with a certain point of the body, called the central
point, at which the matrix B becomes symmetric. It is also usually assumed that the
axes of the body system are rotated to the principal axes of the matrix A, so that the
matrix A becomes diagonal. However, we shall see soon that there is no need for
those steps for the time being, if one is not concerned in using the original variables
w and u.

The equations of motion are [219]
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doL oL oL _
di 0w Y Ow ou
d OL OL

Explicitly, Kirchhoff’s equations can be written in vector form

WA+UB + w X (WA +uB) +u x (wB'4+uC) =0,
WBT+1uC + w x (wB'4uC) =0 (10.3)

or, if one introduces the notation

L
M= 8— = wA + uB, (10.4)

ow

and 5L
p= 2% = wB+uC, (10.5)

ou

in the alternative form

M+wxM+uxp=0,
ptwxp=0. (10.6)

Equation (10.3) are quite complicated. An obvious disadvantage is that they are not
solved with respect to the derivatives. Every scalar equation of motion may contain
the six components of the derivatives w and u. Following Kirchhoff, we also note
that those equations admit three integrals of motion:

1. The energy integral, as the Lagrangian is a homogeneous quadratic polynomial
of the velocities

1
I, = 5(wA~w+2uB-w+uC-u). (10.7)

2. ‘From the second equation in (10.6), it follows that the magnitude of the vector
p= g—ﬁ is conserved.

L = [p]’ = |wB"+uCl. (10.8)
3. Also, using both Eq. (10.6), we get
I =M-:p= (wA + uB) - (WB? +uC). (10.9)

The system of Eq.(10.3) was used in the treatment of certain simple cases.
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10.1.2 Example: Permanent Translational Motions

For example, Kirchhoff investigated the possibility that the body performs uniform
translational motion without rotation. From (10.3), setting w= 0, it turns out that the
condition for this motion is

uxuC=0.

That is, the vector u must be directed along one of the principal axes of the matrix C.
Thus, a body of an arbitrary shape (with a tri-axial ellipsoid of the matrix C) always
has three mutually orthogonal axes such that if the body is set in motion parallel to
one of them along any direction in space and then left to itself, it will permanently
continue this motion with constant velocity. In case of two equal principal axes, all
axes at the equatorial plane are possible axes of permanent translation and also the
polar axis, and in case of spherical symmetry all directions in the body are possible
for permanent translation. Note that actual spherical symmetry of the body is not
necessary. It is a dynamical property that the matrix C has three equal eigenvalues.
This condition is satisfied by cubes as well as by spheres [253].

10.1.3 Clebsch’s Form of Kirchhoff’s Equations

Clebsch [55] transformed Eq. (10.6) to Hamiltonian form using the variables M, p
and the Legendre transformation

HM,p)p=M-w+p-u—1L
1 ~
= 5(M:?1~M+2Mb-p+pé-p) (10.10)

where
a=A-B'C'B)!,
b=—-C"'B(A—B'C'B)"!
¢=C'+C 'BA-B7’C'B)"'B’C.

Note that &, ¢ are symmetric but b is not.
The equations of motion acquire the Hamiltonian form due to Clebsch

M=M 8H+ oH . o (10.11)
= X — X — = X — .
oM P op PTP X oM

or, in expanded form,
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M =M x (Ma+pb”) + p x (Mb+p¢),
p=p x Ma+pb’), (10.12)

which is used, usually assuming symmetry of the matrix b, until recently, e.g. [41,
246, 263, 327, 328]. For the Hamiltonian form of the Kirchhoff equations see also
[12, 257, 258, 280].

The general integrals of motion take their simplest form in the variables M, p :

L =H,
12 = Mp
I; = p*. (10.13)

10.2 Thomson-Lamb’s Equations

By the words of the contemporary of Thomson and Lamb, A.B. Basset [19] “the
general theory of motion of a ring in an infinite liquid, when there is cyclic irrota-
tional motion through its aperture, was first given by Sir William Thomson in the
Philosophical Magazine (1871), and his theory has been subsequently developed by
Professor Lamb, in his Treatise on the motion of fluids” [252]. Hence, and although
the equations of motion are direct generalization of Kirchhoff’s equations, I will
give the name “Thomson-Lamb’s theory” to the theory of equations of motion of
a multi-connected (perforated) rigid body in a liquid. This problem was not con-
sidered in its generality in the western literature for about a century. In fact, after
the works of Basset and Fawcett on the motion of perforated bodies in liquid (e.g.
[19, 83]) in the last two decades of the nineteenth century, no significant results are
seen in this area until the equations of motion were reformed by Kharlamov in the
sixties. The deduction of the Lagrangian (Euler—Poisson type) equations appeared
in 1986, a whole century later. This may have been caused by the historical nature
of that period at the beginning of the twentieth century. The period of birth of new
physical theories: atomic physics, relativity, old quantum and then quantum theories.
Research in branches of classical mechanics was significantly retarded.

It may be noted here that the generalization of Kirchhoff equations for perforated
body was given by some authors the name “Kirchhoff-Poisson equations”. As exam-
ples, see [121, 125]. This name seems to us irrational, since Poisson had no relation
at all to the present circle of problems.

Let O’ and O, respectively, be the ori&ns} of the inertial coordinate system and

the system fixed in the body, and let r = O’ O. Denote by w the angular velocity of
the body and by u the velocity of O with respectto O’, so thatu = i—f. The equations
as in [253] are derived from a Lagrangian function (kinetic energy, since no external
forces are present):
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b) Multi-connected (perforated) bodies.
Note the irreducible cicuits on their surfaces.

Fig. 10.1 Simple and perforated bodies

1 _
T = E(wA cw+2uB - w+uC-uw) +a-w+G-u (10.14)

in which A, B, C are constant 3 x 3 real matrices; A,C symmetric and B is not
necessarily symmetric and &, B are constant vectors, which characterize the multi-
connectedness of the body and the circulations of the fluid on irreducible circuits
drawn on its surface (Fig. 10.1b). Here, the state variables w and u and all quantities
(parameters of the problem) are referred to the body system. For a body bounded by
a simply connected surface the vectors &, 3 vanish and the Lagrangian turns into
the one used by Kirchhoff and Clebsch.

It is usually argued that the origin of the movable coordinate system can always
be shifted to a certain point of the body, called the central point, at which the matrix
B becomes symmetric if it is not so at O, and hence it is also usually assumed that
the axes of the system are rotated, so that the matrix A becomes diagonal. However,
we shall see soon that there is no need for those steps for the time being.

The equations of motion are [253]
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dor o or or_
di 0w Y dw ou
d oT oT

4ot _o 10.1
dion T 0 (10.15)

Explicitly, Lamb’s equations can be written in vector form

WA+HIB 4+ w x (WA + uB+&) + ux (wB” +uC+p3) = 0,
WBT40C + w x (WB'4+uC+B) =0  (10.16)

or, if we introduce the notation

T
M= or = wA + uB+a, (10.17)

Ow

and o7
P=0= wB” +uC+3, (10.18)

in the alternative form

M+wxM+uxp=0,
ptwxp=0. (10.19)

Equation (10.16) are quite complicated. An obvious disadvantage is that they are not
solved with respect to the derivatives. Every scalar equation of motion may contain
the six components of the derivatives w and u. Following Lamb, we also note that
those equations admit three integrals of motion:

1. Jacobi’s integral, the homogeneous quadratic part of the Lagrangian

1
I = 5((,‘)A~<,u—|—2uB~w—i—uC-u). (10.20)

2. From the second equation in (10.19), it follows that the magnitude of the vector

p= g—ﬁ is conserved.

I = pl* = [wB' +uC+/".
3. Also, using both Eq. (10.19), we get
L=M-p=(wA+uB+a) - (wB"+uC+p3).
The system of Eq. (10.16) was used in the treatment of certain simple cases and

is usually transformed to the Hamiltonian variables. Using a Hamiltonian (see, e.g.

[41]):
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H=M.-w-T
1 ~ -
=5(M€1~M+2Mbop+pé~p)+d~M+ﬂ~p (10.21)
the equations of motion acquire the form

M=M 8H+ oH . OH (10.22)
= X — X — = X — .
oM TP p PTP X Gy

or in explicit form

M=M x (M + pb” + @) + p x (Mb+p¢ + ),
p=p x Ma + pb” + &). (10.23)

Integrals of motion take the simple form:

L =H,
L =p?,
13=M'p.

The last form of equations is used in most recent works, e.g. [41].

10.3 On Different Forms of the Equations of Motion

The traditional equations of Kirchhoff and Lamb suffer some disadvantages that in
most cases lead to their treatment for most of their history in isolation from other
problems of rigid body dynamics. They also involve the non-symmetric matrix b.
Although this matrix can be reduced to symmetric form by shifting the origin to the
central point of the body, the presence of non-symmetry complicates the equations
either in Lagrangian or Hamiltonian forms. In most recent works some simplifying
restrictions on the parameters are assumed, such as b = 0 (e.g. [151, 263]). Equa-
tion (10.11) has also the disadvantage that their solution gives the vector quantity M,
which has no direct interpretation in terms of the motion unless transformed to an
expression involving the angular velocity w and the vector p constant in space.

If Egs.(10.2) (or (10.11)) are written in the frame of reference attached to the
principal axes of a matrix A (or a), they involve 15 parameters characterizing the
shape of the body.

If Egs. (10.15) (or (10.22)) are written in the frame of reference attached to the
principal axes of a matrix A (or a), they involve 24 parameters characterizing the
shape of the body and, for a perforated body, circulations of the fluid along irreducible
contours on its surface.
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10.4 A New Form of the Equations of Motion

Here, we present with minor modification a new form of the equations of motion
of a general body in a liquid, which was derived in our work [383]. We note first
that in the Lagrangian (10.1), the Cartesian coordinates (X, Y, Z) of the origin of the
system of axes fixed in the body relative to the inertial system are cyclic variables,
since the resultant of forces acting on the body-and-fluid system vanishes. We now
ignore those coordinates using the vector cyclic integral

oT ~
u

where p is a vector whose components are constant in space and hence satisfies the
Poisson equation

ptwxp=0. (10.25)
Now, solving the relation (10.24) in u we obtain

u=(p—-pB—-wBHC! (10.26)

and we proceed to form Routh’s function

R=T oL
=7 —u-
ou
1 - 1
= Ewl -w+ (k+pK) -w—a - p—EpJ -p (10.27)

where I,K, J are the constant 3 x 3 matrices and &, a are the constant vectors given
by

I=A —B’C'B,
J=cC, (10.28)
K=C"'B,
a= —Bc—l (10.29)
k=a—3C"'B. (10.30)

As seen from (10.30), the matrices I, J are symmetric but K, in general, is not.
Let K, and K,, be the symmetric and antisymmetric parts of K, so that
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K=K, +K,, (10.31)
e 1 —1 —1 T 1

K5=§[c B+ (C™'B) ]E—EK, (10.32)
|

Kazz[C*lB— (Cc'B)7. (10.33)

Here we introduced a constant matrix K = —[C~'B + (C_IB)T]. Inserting (10.31)
into (10.27), we can write ~
R = Ry+pK, - w, (10.34)

where | 1 1
Ro = swl-w+ (k= -pK) - w—a-p—7pJ - p. (10.35)

We now show that the antisymmetric part K, does not contribute to the equations
of motion. In fact, the last term of (10.34) is

0 _Ka3 KaZ
pK, - w = (p, p2. P3) Ka3 0 —Ku | w
_Ka2 Kal 0

=(pxk,) w

where we introduced the vector k, = (K,1, K,2, K,3) constant in the body axes.
Thus, we have

PK, - w=Kk, - (wxp)
- _ka . p

d
= —(=Kk, -p).
dt( p)

Thus, the extra term in (10.34) is a nugatory term and has no contribution to the equa-
tions of motion (e.g. [305]). The Routhian R, gives full description of the rotational
motion of the body. Euler’s equation for this motion can be deduced in a simple way.
With an eye on future applications, we present that in detail. In fact, the equation of
motion about the third axis of the body system is

L9y TR ), (10.36)

This gives
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But from formulas of Chap. 2, we have

ow ow Jap
—=k,— =-k ,— =—k , 10.37
op Op e Oy P ( :
and thus we get
ORy . ORy ORy
k-[(=— —-— - 1=
[(aw)erx 90 T PX 8p] 0,

so that the vector equation of motion can be written as
(—) + WX — +px—— =0.. (10.38)
w w
Now, inserting the expression (10.35) for the Routhian, we obtain

1 . 1 1
(wI+k — EPK) 4+ w X (Wl+k — EPK) +px[— EwK —(a+p))] =0,
(10.39)
As I,k and K are constants in the body, the last equation becomes

1 1 1
wl — 5pK+wx(wI+n — EPK) - prwK =p x (a+pl),

and using Poisson’s equation in the second term

1 1 1
wl+wx(wl+ Kk — EPK) + E(wxp)K + EwK xp=px(a+plJ). (10.40)
Here, using the identity
(wxp)K4+wK x p = wx(p[tr(K)d—K)),

valid for any two vectors w, p and symmetric matrix K, we write the final form of
the equations of motion

Wl+w x (wWl+ & +pK) =p x (a+ pl),
p+wxp=0. (10.41)

where K = %tr(K)& — K, which is the same as the relation between I and I in
Chap. 1.
Equation (10.41) admit three first integrals:
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1 1
I = Ewlow+a~p+§pJ~p,
L =p’,
1
I = (wl+k — EPK) - Pp. (10.42)

The vectors x and a, resulting from the circulation of the fluid in the body per-
forations vanish for a simply connected body, in which case Eq.(10.41) reduce to a
form equivalent to Kirchhoff’s equations.

When referred to principal axes of the matrix I, Eq.(10.41) in the general case
involve only 21 parameters, compared to 24 in (10.22). The parameters of the original
problem can be expressed by inverting the relations (10.30) as:

1 - 1 -
A=T1-(K+ K)J™! (—5 K+Ky),

1 -
B:J_l(—gK + Ka)a

1

K= - -K+K,,
SK+

a= R‘i‘aJ_l (_%K + Ka)v
B=—aJ!, (10.43)

so that we retain, if we like, the three elements of the antisymmetric matrix, and thus
also the full set of 24 (18) parameters of the original Lamb (Kirchhoff) formulation.

Remark The observation that the antisymmetric part K, of the matrix C™'B
has no contribution to the equations of motion, except entering into the symmetric
matrix A and the vector &, eliminates the necessity in several works to translate the
origin O fixed in the body to the so-called central point of the body, or to assume
the symmetry of the matrices and thus, unnecessarily, restricting the possible forms
of the body. Calculation of the coefficient matrices can be done at a suitable point
from the point of view of calculation and the characteristics of the rotational motion
are then constructed free of the choice of the origin.

Remark The same observation resolves once for all a situation that the Hamil-
tonian equations based on the original Kirchhoff and Lamb equations that one can
need to perform a canonical transformation to the Hamiltonian, to the equations of
motion and to the integrals of motion, so that after the transformation the integrals of
motion take a relatively simpler form. An example of such situation is the case found
originally by Sokolov in [335]. A canonical transformation introduced by Borisov
and Mamaev in [39] was used to simplify the Hamiltonian and to give the integral a
simpler form.
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10.5 Steklov and Kharlamov Analogies and Their
Generalization

The problem of motion of a rigid body in a liquid has been considered for a part of
its history in complete isolation of other problems of motion of a rigid body about a
fixed point.

As will be seen in more detail in the coming chapters, the equations of motion
in their full form (10.41) derived from the Routhian (10.27) can be interpreted as
equations of motion about a fixed point of a heavy, magnetized and electrically
charged body bearing a rotor and influenced by an axially symmetric combination
of three classical fields. More precisely, the second equation of (10.41) resembles
Poisson’s equation met in several previous chapters. This equation describes the
space time derivative of a vector p constant in space, referred to the body system.
Let us take a unit vector -y in the direction of p, so that p = py~y and thus equations
(10.41) take the form

Wl+wx (WI+k + peyK) =vx (poa+piyJ).
po(¥ +w xv)=0. (10.44)

Let us first assume that py # 0. In that case one can absorb this constant in the
definitions for a, J and K.

10.5.1 The Equivalent Problem of Motion About a Fixed
Point

Alternatively, one can choose the units of measurement so that py becomes unity.
Finally, Eq. (10.41) can be written in the form of equations of motion of a rigid body
about a fixed point with the vector « fixed in space, i.e.

wlt+wx (wl+k + ’yI_() =vx(a++)),
Y+wxy=0. (10.45)

This system of equations may be obtained from (10.41) by the replacement
®.K, a,J) = (poy, K/ po, a/ po, 3/ pp), (10.46)
so that if for some parameters I, K',,I_(, a, J one has a solution w = w(t) andvy = I'(¢)

of the equivalent system (10.45), then one can obtain a solution w = w(t), p = po~y
of (10.41) through the replacement of parameters
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(K, a,J) = (poK, poa, p3J). (10.47)

In this way, in the solution of the problem (10.41) an additional parameter py is
added. Returning to the problem of motion of a body in a liquid in the original
formulation, we obtain a solution containing five parameters more than the solution
of the equivalent problem.

Let us now turn to the excluded case py = 0. In that case (10.44) reduces to

wlt+wx (wl+k) =0, (10.48)
which are the equations of motion of a free gyrostat fixed from one point. Those are
the integrable equations already discussed in Chap. 5 under the name of Joukovsky

and Volterra. This justifies the use of Eq.(10.45) in the generic case.
Equation (10.45) can be derived from the Lagrangian

1 1 1
L= Ewl cw+ (&—E'yK) ‘w—a- 'y—z’yJ Yy (10.49)

which is the last form of the Routhian R in (10.27). They admit the set of three
integrals corresponding to (10.42), which are now written as

1 1
I =—wI-w+a-’y+§‘7J~’y=h,

2
[2 = ’Yz = 1,
1
I = (wl+k — E'yK) y=1f (10.50)

where h, f are arbitrary integration constants.

The six-dimensional problem of motion of the rigid body in the liquid is thus
reduced to another problem of motion of a body about a fixed point, having only three
degrees of freedom. This problem is described by Eq.(10.49) and has the integrals
(10.50). The Lagrangian of the new problem (the Routhian R of the original problem)
involves the angular velocity w and the vector « constant in space. The forces acting
on this virtual body can be interpreted as having a scalar potential

1
V=a~7+§’yJ~7, (10.51)
and a vector potential
1
1= n—z'yK. (10.52)

From now on, to conform with the previous simpler problems and with future
study of more complex problems, we shall write the Lagrangian (10.49) as
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1
inwl-w—i—l-w—v, (10.53)

and Eq. (10.45) as

. ov
wl+wx (wl+p) =vx —,

oy
Y+wxy=0. (10.54)
where |
V=a 7+57J s (10.55)
w=r+~K. (10.56)

In this form, each of the terms appearing in the equations of motion (10.54) of a rigid
body in a liquid can be given concrete alternative interpretation:

(a) The vector a constant in the body, compared with formulas in Chap. 3, can be
interpreted as the term Mgry, the product of the weight of the equivalent body in
a uniform gravity field g in the direction of (—-y) and the position vector ry of the
centre of mass of that body.

(b) The vector k, also constant in the body, can be interpreted as a gyrostatic
momentum of a symmetric rotor fixed from its axis of symmetry and rotating about
it with a constant angular rate (Compare with Chap. 5).

(c) The potential term %'yJ -~ has a form, similar to that of the potential of a
far Newtonian centre of attraction (Compare with Chap. 6), but can be interpreted in
that way only when the matrices J and I are proportional J = AL. For an arbitrary
matrix J, this term can be given interpretation as partially due to an attraction centre
and partially as due to the electric interaction of a far Coulomb centre on the line
parallel to -y and passing through the origin O, fixed in the present analogy, on a set
of electric charges fixed in the equivalent body. In this interpretation, the matrix J is
proportional to the inertia matrix of the electric charges on the equivalent body.

(d) The term 4K of the vector p can be interpreted as a result of the Lorentz effect
of a uniform magnetic field parallel to < on the electric charge distribution on the
body (see e.g. [139]). This effect will be considered in more detail later in this book.

Conclusion: The above considerations show that the overall effect of the hydro-
dynamic forces exerted by the fluid on the body can be replaced, as to their effect
on the rotational motion of the body, by a set of relatively simple gravitational and
electromagnetic interactions.

By analogy or equivalence between the two problems here we mean full iso-
morphism of their equations of motion.! This analogy, pointed out in 1986 [383],
generalizes the limited earlier analogies due to Steklov and Kharlamov:

I A weaker type of equivalence will be treated below involves isomorphism on the level of Routh-
reduced equations of motion. The full Lagrangian systems are not isomorphic to each other, but any
integrable case of one of them leads to an integrable case of the other.
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10.5.2 Steklov’s Analogy

In [345] (1895) and [348] (1902) noted that if in Kirchhoff’s equations in Clebsch’s
form (10.12) one sets b= 0, ¢ = ea those equations become identical with the equa-
tions of motion of a rigid body about a fixed point while acted upon by approximate
Newtonian field in the integrable case when the body is fixed from its centre of mass
(Case 2 of Chap.6). In the terminology of Eq.(10.45) Steklov’s analogy concerns
thecase J= e, K=0,k =a = 0.

10.5.3 Kharlamov’s Analogy

In 1963, Kharlamov [192] generalized Steklov’s analogy to the case of a perforated

body, allowing non-zero vectors «, B in (10.23) and requiring only that b=0¢=
ea. For Eq.(10.54) Kharlamov’s analogy requires that:

J=e,K=0,

under which the problem of motion of a body in a liquid is analogous to the motion
of a gyrostat about a fixed point, under the action of approximate Newtonian field of
a centre (See Chap. 6).

10.6 Completing the Solution

10.6.1 Solution of the Equivalent Problem

Solving the system of equations of motion (10.45) we determine, as functions of the
time ¢, the vectors w(t) and ~(¢). In the alternative problem we regard the vector
7(:%), constant in space, as the unit vector pointing vertically upwards, take the
Z-axis in that direction and measure the angle of precession ¢ in the plane orthogonal
to it. As in the classical problem (see 3.9), this determines the Eulerian angles of
nutation and proper rotation 6 and ¢ as

M
2

6 = cos~' 73, p = tan (10.57)

while the precession angle v is expressed by the quadrature

t
¥ = o +/ —pz; Ij?dr, (10.58)
0 1 2
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1) is an integration constant. This completes the solution of the equivalent problem
of motion about a fixed point, which is also the solution of the rotational part of the
body in a liquid.

10.6.2 Solution of the Original Problem

Suppose that for the parameters I, k, K, a, J the equivalent problem (10.45) has a
solution w = w(t) and v = I'(¢). The rotational motion of the body in the liquid is
the same as in the previous subsection.

Conditions on the parameters of the original parameters are obtained by applying
(10.47) to (10.43). This gives

1 - -1 1 N
A=I- (EPOK +K)J (- EPOK +K,),

1 1 -
B=—J'(—3 pK +Ko).
0

B=——a)" (10.59)

The velocity of the point O taken as origin is determined from (10.26) through
the formula

u=a+IrJ-K’
1
= a+I‘J—SZ(§K —K,)

1
= atTJ—SwK+Q x k. (10.60)

In the last formula, one can easily recognize the term wxKk, as the only origin-
dependent term. It represents the velocity of a unique point of the body whose position
vector relative to O is k,. In the sequel, this point will be called the proper central
point of the body. In contrast to the settled notation of the central point as the point
at which the matrix B is symmetric, the proper central point has direct dynamical
significance. If we take this point of the body as the origin, the matrix K would be
symmetric. Taking (10.47) into account, the velocity u,, of the central point is
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u., = poa+piTJ—poQK. (10.61)

That is origin-independent and depends only on the angular velocity and the orien-
tation of the body.

For a given solution of the equations of motion, the position vector of the central
point of the body can be found by quadratures

t
r'=X.Y,Z)=r, +/ u,dt
0
t t
= puat-+p3( [ T@dni=po( [ 200K, (10.62)
0 0

This yields the projections of the position vector of the origin of the body system
relative to the origin of the inertial coordinate system on the axes of the body system.
To express the position vector of the central point of the body referred to the inertial
system, we write

r=00 - a,r. 8,1 7).

That is
r=rR (10.63)

in terms of the rotation matrix R, which can be constructed using the expressions
(10.57) and (10.58) as shown in Chap. 2.

In the rest of this chapter we shall deal with the equivalent problem, returning to
the original problem only occasionally, when some important assertions are to be
made concerning the original problem. This is made here as a way of accommodating
the problem of motion of a body in a liquid in the hierarchy on the top of problems
of the previous chapters. A higher level in this hierarchy will be added in the next
chapter.

10.7 Uniform Translational-Rotational Motion of a Body in
a Liquid (Permanent Rotations of a Body with a Fixed
Point About a Vertical Axis)

We now put forward a more general motion than that of Sect.10.1.2, to find all
possible permanent stationary (time-independent) motions. That is all solutions of
(10.45) with the pair (w, 7y) constant in the body and also in space. Substituting
w = 4= 01in (10.45), we get

w x (wI+k +vK) =y x(a+7]),
wx~y=0. (10.64)
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From the second equation, we can express the angular velocity in the form
W = wWpY, (10.65)

where wy is some proportionality constant and inserting this in the first equation, we
obtain B
x[wiyI+wo(k +vK) — (a+~])] = 0. (10.66)

This condition determines the vector «, which characterizes the possible stationary
motion in the sense that at any moment the body rotates about an axis parallel to ~y
and passing through the proper central point.

Equation (10.66) has an obvious and direct geometric meaning:

For each, arbitrarily given, real wy, the vector « characterizing the possible sta-
tionary motion lies along one of the lines drawn from the proper central point to
intersect at right angle the surface

1 _
@ = 57(w§1+w0K—J) -~ + (wok—a) - y==const. (10.67)

Here f1 is an inhomogeneous quadratic function. The surface is a quadric referred to
an origin (the proper central point of the body) different from its centre. In the case
of a simply connected body k= a = 0 and then «y becomes one of the eigenvector of
the matrix w2I — 2woK—J, which are known to be three in number and orthogonal to
each other (See Sect. 10.1.2). The same conclusion can be reached also when k, a are
non-zero parallel vectors and wy is chosen such that wyk—a = 0. In the general case
of a Multiply connected (perforated) body no such general rule can be stated. When
this surface is an ellipsoid, for arbitrary wy, k£ and a only two lines are guaranteed
to be drawn from the origin to intersect the surface orthogonally. Those are points
on the surface, nearest and farthest from the origin. Only one such line is guaranteed
when the surface is one-sheeted and extending to infinity.

The vector Eq.(10.66) can be written in the form of three scalar equations, but
only two of those equations are independent. In fact, multiplying (10.66) scalarly by
each of the vectors yI and (a 4+ ~J), one obtains two different expressions for the
angular speed

_ X @] - l@d) x (5+9K)]
0 ~ - [V x (k+vK)] v VI x (a+yD)]

(10.68)

Equality of the two expressions for wy determines the locus of the vector -+ in the
form

(v - /I x (a+vD1*—

—{v - [ x (kYK - [(a+7)) x (5 +vK)]}
—0 (10.69)
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This equation is non-homogeneous of degree six, and it represents a surface fixed
in the body. This surface intersects the Poisson sphere in some spherical curve. The
line joining the fixed point to each point of that spherical curve generates the cone of
possible axes of permanent rotations. One readily recognizes the following special
cases:

(1) From (10.66) we find that pure translations (wy = 0) are possible if and only
if -y is a generator of the cone a - (v x vJ) = 0. This equation resembles that
of Staude’s cone, except for replacing the inertia matrix I by the matrix J, that
appears in the potential.

(2) For a simply connected body (k = a =0) Eq.(10.69) of degree six in =y
becomes homogeneous, and hence represents a cone. This result was obtained
by Minkowski [284] in 1888.

(3) For a gyrostat moving about a fixed point in a uniform gravity field, J = K =0,
(10.69) becomes, as already seen in Chap. 5,

[a- (yx¥YDI* — [k (v x ¥D][a - (k x v)] = 0.

(4) Inthe special case collinear gyrostatic momentum and centre of mass and propor-
tional matrices K, J such that K = ¢J, k = ca, the cone of permanent rotation
axes reduces to Staude’s cone for the classical problem. Shortly below, we shall
see that this is a result of certain symmetry of the equations of motion, which
allows for a rotation transformation.

(5) For the classical problem of motion of a body (J = K=k= 0) it gives Staude’s
cone described by the equation a - (v x~yI) = 0 [343].

Remark The above analysis applies mostly to the equivalent problem of motion
of arigid body about a fixed point under the action of potential and gyroscopic forces,
described by the equations of motion (10.45) or (10.54). In the problem of motion
of a body in a liquid, as explained above, the body rotates with the constant angular
speed wy about an axis parallel to v and passing through the proper central point,
while the latter moves with the uniform velocity

u,, = poa+psyJ — powoyK). (10.70)

The position vector of the central point of the body can be expressed in the form
t
Tep = Tepo + / u.,dtR
0

t
=Tpo + Ugp / dtR
0

1 sin(wgt) 1 —cos(wpt) O
=Trepo + —[a+v(J — woK)] | cos(wor) —1  sin(wot) 0
wo
0 0 wol
(10.71)
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10.8 Stationary Motions About an Axis Inclined
to the Vertical

Unlike the classical problem and its generalization to the heavy gyrostat, the problem
of motion of a body in a liquid admits another type of motions in which w is constant
(in space and in the body), but in a direction different from that of . Let us take the
z-axis of the body coordinate system along that direction. One can write

w = QKk, 2 = const. (10.72)
Equations of motion give

Qk x (QKkI+k +~vK) =~ x (a +~J),
A+ Qk x v=0. (10.73)

The motion can be described by Euler’s angles in the usual notation: ¢ = 1), 6 =
0o, ¢ = Q. In virtue of the symmetry of the problem about the Z-axis and without
loss of generality, one can take 1)y = 0. The unit vector « can be expressed as

~ = (sin 6 sin Qt, sin 6 cos L1, cos Oy). (10.74)

This can be easily shown to satisfy the second equation in (10.73). Substituting in
the first equation and equating coefficients of similar terms in powers of sin ¢ and
cos 2t, we arrive at the following set of conditions:

Jio=Jiz =J3 =0, Jp = Jiy,
a; =a; =0,a3 + QK — (J11 — J33) cos by = 0,
Kip=0,K»n = Ky,
k1 + Q113 + cos 901&13 =0, kp + QI3 + cos 001%23 =0. (10.75)

In the generic case, we can write

Jii 00 B K 0 1?13
J=10Ju 0 |. K= 0 Ki1 Kn3 |,
0 0 Js3 K13 K3 K33
a= (0,0, —QK; + cos b (J11 — J33)),
k= (—Q5 — cos g K13, —Q3 — cos 0y Kas, K3). (10.76)

where Ji1, J33, K11, K33, K13, K23, 113, I3, k3 are arbitrary parameters. Note that
the axis of a permanent rotation of the present type must be a principal axis of the
matrix J, while the eigenvalues corresponding to the other two principal axes are
equal. The virtual centre of mass (the vector a) should also lie on the axis of rotation.
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The lasttwo Eq. (10.76) determine the pair of vectors a, k depending on the angular
velocity 2 and the angle 6, which can be given arbitrary values. On the other hand,
if one regards a,x as given parameters, the last equations reduce to three equations
in two unknowns €2 and 6, for the solution of which a condition on the parameters
of the body should be imposed. The parameters of the body must also satisfy the
obvious restriction |cos 6y| < 1. The solution of (10.75) exhibits several special and
degenerate cases, some of which will be summed up in the exercises.

10.9 A Several-Parameter Particular Solution

A result, which will be presented in the next chapter, was obtained in [389] in the
context of the problem of motion of a body about a fixed point under the action of
an axially symmetric combination of forces. A special case of this result reduces to
a case of motion of a body in a liquid (in fact, the alternative problem) and gives
a quite general particular solution of that problem, in the sense of the number of
parameters retained in it. That is a solution satisfying three invariant relations. It can
be formulated as the following

Theorem 10.1 Let in (10.45)

J = —MIM + aM + &4,

K = SM—ad + tr(MI)d — IM — MI,

k =m(36 - 1),

a =m(ad — IM). (10.77)

where M, m are a constant real 3 x 3 symmetric matrix and a vector, respectively,
a, B, € are constants. Then,

(1) (10.45) admits a solution, which satisfies the relations
w=yM+m, (10.78)
and vy is a solution of Poisson’s equation, which now takes the form
Y+(YM + m) xy= 0. (10.79)

(2) In the generic case, the solution (w and =) is expressed in terms of elliptic
functions of time.

Proof (1) On substituting (10.77)—(10.79) into (10.45) and using the identity in
Appendix 11.1, the first equation turns into identity.

(2) Assuming that det(M) 7 0 and using the relation inverse to (10.78), one can
write Eq. (10.79) as
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WM™ 4w x (WM —mM™!) = 0.

This is the equation of motion of a free gyrostat with inertia matrix M~1 and
gyrostatic momentum —mM . This characterizes the case discussed in Chap. 5
under the name of Joukovsky—Volterra’s case. Referring equations to the prin-
cipal axes of M~! by a suitable rotation, the solution is determined in terms of
elliptic functions of time. W

This completes building for the alternative problem (10.45), which involves 21
parameters, a solution depending on 15 of those parameters. One can also go back
through (10.43) to build the relevant solution of the problem of motion of a body in
a liquid (Eq.(10.41)) and including the parameter p, and the three elements of the
anti-symmetric part of B.

The solution established by theorem 1 generalizes by the presence of several extra-
parameters a former solution obtained by Kharlamov in [197]. It also generalizes
another solution obtained by Kharlamova [205], while studying the motion of a rigid
body about a fixed point in an approximate Newtonian field without gyroscopic
forces, except the constant gyrostatic momentum. The choices in both works [197,
205] correspond to a matrix M which is diagonal and hence commuting with I. The
relation of the variables to time was established only in some special cases, where
very restrictive conditions were imposed on the parameters. Much older partial results
were obtained by Steklov, who considered the case m = 0 and M diagonal in the
principal axes of inertia [345].

Solutions on invariant relations of the general form (10.79) (with non-diagonal
M) were considered in the much later papers [128, 129] (See also [125]). In those
papers, no reference is made to our relevant result in [389], published 14 years
earlier. Conditions that the dynamical equations of motion are satisfied along with
the given invariant relations are obtained by the (brute force) method of solving
algebraic equations. Expressions obtained in [129] are not transparent, and there is
no comparison with previous results.

10.10 Alternative Hamiltonian Formulation

Equations of motion (10.45) can be put in Hamiltonian form in two ways. On one
hand, using canonical variables, such as Euler’s angles and momenta conjugate to
them is hopelessly complicated for analytical considerations. On the other hand,
one can introduce the angular momentum of the system described by the Routhian

(10.27)
OR _
M=_—=wl+k+7K, (10.80)
Ow

as phase variable instead of w, so that

w=M-k—~vKI"L (10.81)
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The Hamiltonian corresponding to the Lagrangian (10.49) as a function in M and ~
is

1 1
H=—wI-w+a-7+§7J-7

2
1 - _ 1
= s M=k =K M =k = 7K) +a-y+27T -y
1 _
= EMI*1 M—(k+~KI'-M
_ I o
+(@+ LKD)y + 29 + KK -y, (10.82)

so that the equations of motion can be written as

M=M oH +
=Mx— —_—
oM T 9y
) OH (10.83)
= X —. .
Y= oM
Note that
OH S
a—MZ(M—K,—’YK)I = w,
OH -l T
97— at) — M—k — 4KI'K?,
oy

or, in the expanded form

. _ OH
M=MxM -k —~vK)I"" +~yx—,

_ el
A=y x M-k —~yKI (10.84)

For the Hamiltonian equations, the integrals of motion take the simplest form

L =H=h,
IZZM'7:f5
L=~v-v=1. (10.85)

This situation makes use of the Hamiltonian form of equations favourable in certain
situations. However, in other situations and for most of our purposes, the Lagrangian
formalism of the equations of motion remains the favourable choice.

Throughout this book, we adhere to the use of Lagrangian formalism. We owe
the reader some explanation for that. In early times of Hamiltonian mechanics, the
formulation of mechanical problems stemmed directly from the physical setting. In
the Hamiltonian describing the motion of a particle under the action of certain forces,
each term of the Hamiltonian usually had its definite and unambiguous meaning. The
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situation in modern days is different. Some integrable Hamiltonians of the structure
(10.82) were recently obtained by searching the relevant coefficients in a general
ansatz. Two factors come into play even in the simpler cases when the description
of motion is given a priori in Hamiltonian form:

(1) The Hamiltonian and the equations of motion derived from it are not unique
for one and the same physical problem. This makes classification of integrable
cases in Hamiltonian formulation rather problematic. As a matter of fact, to
decide whether two Hamiltonians describe the same mechanical system practi-
cally reduces to computing the functions V and p as the quantities that remain
invariant under all gauge transformations (canonical transformations linear in
momenta in Hamiltonian terms).

(2) In the Euler—Poisson variables, it is possible to tell about physical interpretation
of various terms of the potential. For example, terms linear in = represent the
potential of the heavy body in a constant gravity field. The centre of mass of the
body is uniquely determined by terms in the Lagrangian linear in ~y. Other terms
can be identified as a result of gravitational, electric or magnetic potential, but in
the transformed Hamiltonian form terms of various degrees are totally disguised.

To illustrate the above points, we use as an example the case introduced by Sokolov
[336] with the Kowalevski configuration A = B = 2, C = 1. The original Hamilto-
nian describing this case is

1 1 |
H, = Z(Ml2 + M22 + 2M32) + §M3(61’Yl + o) + 573(61M] + M)
+(em = ) = (e + ). (10.86)

Calculating the Lagrangian corresponding to this Hamiltonian (10.86) and using the
Legendre transformation

( ) OH,
w=(p,q,r) = —
pP.q M
—(1M+1 1M+] M+1( + ) (10.87)
= 1 201’)’3,2 2 20273, 3 201’}’1 €272)), .
we find
OH,
Li=M.-— —H
1 oM 1
2 2 r
=p +q +7
1

1
—ci(pys + Erm) —c2(gys + zrw)

9 1
— gl - am)? = (A 4+ A3+ §<c% +3)F+7 +7). (10.88)
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In the last expression one can eliminate its last term, since the spherically symmetric
term does not contribute to the equations of motion. Thus, the Lagrangian L; has a
potential part

9
V=2l - m)? = (e + )7l (10.89)

On the other hand, the gyroscopic terms of L correspond to the choice of the vector

l as
1

1
Il = —(c173, 273, Sem + Emz)-

This uniquely determines the vector

3
n= _V[E(CI’YI + c272)73]
3
= —E(Cl’%, €273, €171 + €272)- (10.90)

The mechanical system under consideration is completely characterized by the pair
of functions V and p. The complementary integral of motion in the Euler—Poisson
variables can be written as

Iy = Z,7,, (10.91)

Zi=r—-12a1v1 —1/2a,7),

Z,=1/4@r —aim — ;)[4 +4¢° + Qr — aim — a2 )’]

+2 2par +2qa) 2Qpyi +2g7) + (@ + a2 ) @r — ay — ax )’

+1/2(@n +a)* @r— a1y —ax )

—1/2(a} + &) 1 [8 py1 + 892 + 12 — aryi — a2 )], (10.92)
where we have set a; = 3¢y, a, = 3c¢,.

An alternative Hamiltonian describing the same system was introduced by Borisov

and Mamaev [39], using a linear transformation of the phase variables, which pre-
serves the Poisson brackets and simplifies the Hamiltonian to

I 2 2 1 1 5 ) 2
H, = Z(Ml + M5 +2M5) + §M3(a1’y1 4+ aryy) + ‘—‘(a1 +a)(vi +73).

(10.93)
The relation between w and M for this Hamiltonian is
OH,
w=—
oM

1 1 1
= (EMla M2, M; + E(al”h +ax2)), (10.94)
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and by direct calculation of the corresponding Lagrangian

+2+r2
)

L2 == p2

1
- zr(an + axy2)

1
+ g[(am + aym)? + 2(a? + a})3l. (10.95)

Note that its second line gives

1
1=(0,0, E(am + ay)),

which leads to the same g as in (10.90). The two Lagrangians L;, are in fact
equivalent. Their difference is

Ly — Ly = ci(rmi — py3) + 2(rn — q73) — (61 + ) (7 + 79 +73)

d
= (em—an) - T+ +7% +7),

i.e a gauge term and a central potential term. Both terms do not contribute to the
equations of motion.

In contrast to the clarity and the physical relevance of the Lagrangian approach,
none of the Hamiltonians H; and H, reflects the real nature of the potential (The terms
quadratic in +;). Physical characteristics of the mechanical system are disguised in
Hamiltonian form.

On the other hand, different Hamiltonian equations of motion are obtained using
the Hamiltonians H;, H,. Also, each form of the Hamiltonians corresponds to a dif-
ferent form of the complementary integral, which can be constructed by substituting
(10.87) and (10.94), respectively, in (10.91).

The change of the phase variables {M,~} — {M, v} which transforms H, into
H, can be obtained by comparing (10.94) with (10.87), in the form

M\ = My + 173, My = Ms + 23, My = M3 — ¢y — e (10.96)

This is identical to the (canonical) transformation given by Borisov and Mamaev in
[39] (See also [336]).

10.11 The Uniform Precession Transformation [383]

In its full final form (10.45), the problem of motion of a body in a liquid is at the
top of a hierarchy, consisting of the problems considered in the previous chapters,
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involving the gyrostatic effect, the Newtonian potential term and the uniform gravity
field as special cases. Consequently, every integrable case or solution of the above
problems may have a generalization in the frame of the present one. This situation
will be made clear in the tables of integrable cases provided below in this chapter.

A remarkable feature of Eq.(10.45) for the body in liquid, which is not enjoyed
by any of the three simpler problems of Sects. 10.3—10.6, is their invariance under
the uniform precession transformation, which we are going to describe now. This
transformation was firstly introduced for the problem of motion of a body in a liquid
in [383].

10.11.1 Direct Derivation

In the equations of motion (10.45), we perform the transformation of the variables
w to a new set of variables w’ by the relation

w=w'—nv, (10.97)
containing the free real parameter n. Substituting in (10.45) we obtain

(@' = NI+ —ny) x [(W —nPI+ Kk +vK) =7 x @+~]),
Y+ (W'—ny) x v =0. (10.98)

OTHw x(WI+k + YK — nyI) =n (A1 + yxw' D+~ x (a+~v))
+ny x (—nyI + k — 29K),
Y+w xy=0. (10.99)

Using Poisson’s equation to express + and noting that
(WxPI+ T x y=w xy[tr1)§ — 1]
we give (10.99) the form

WOT+w x (W I+k + YK+2nyD) =y x[a+nk + y(J — 2nK — n’I)],
Y4+w xy=0, (10.100)

which can be readily put in the final form

WTHw X (WI+k+vK) =y x (@' +~])
YW xy=0, (10.101)
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after introducing the notation

K =K+ 21, K =K + 21,
a =a+nk,
Y =J-nK-rL (10.102)

A look at the two sets of Eqgs.(10.45) and (10.101) reveals that they have the
same structure in terms of the two sets of variables {w, 7} and {w’, 7} and that they
differ only in the values of parameters a, J, K, which are transformed to a’, J', K’,
respectively, containing the extra-parameter n. When one sets n = 0, w’ = w and
the three primed matrix-parameters reduce to their original (unprimed) values. It
is an easy exercise to show that the consecutive application of two transformations
with parameters ny, n, is equivalent to the application of one transformation with
the parameter n| + n,.

10.11.2 Lagrangian Derivation

Consider the problem described by the equations of motion (10.45) derived from the
Lagrangian (10.49). Let us affect the transformation. It can be readily checked that
this transformation changes the Lagrangian (10.49) to the similar form

1
L' = Ew/l Wl =V (10.103)
where
’ 1 2 1
V= V+nl-'y—5n ’yI"y,V=a~’y+§7J-'y,
1
U'=1-nyL,l =Kk — E'yK. (10.104)

and renders the equations of motion (10.45) to

/
oy’
Y+wxy=0 (10.105)

W+ w x(WIT+7) =vx

where

p = p+2ny1
= k + vK+2n~1L
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Equation(lO. 105) admit the integrals
1 / ’ / 1 / /

1 -
[2=(W/I+R—57K/)'7=f/v
L=~"=1, (10.106)

with the constants
h =h+nf, f = f (10.107)

10.11.3 Physical and Mechanical Significance
of the Transformation

The transformation (10.97) was used by Tisserand in [353] (See also [354]) to illus-
trate the effect of Coriolis and centrifugal forces on the motion of a rigid body with
one point fixed on the rotating earth. It was implicitly used by other authors (e.g.
[21, 51]) while studying the stability of relative equilibria in the problem of motion
of a satellite in a circular orbit. It was applied only to the integrals of motion, but the
transformed equations were not obtained and the full significance of the transforma-
tion was not revealed.

The transformation was applied for the first time to the full equations of motion
of a charged and magnetized body in [378], where all its properties were revealed. It
was also applied to the problem of motion of a satellite in a circular orbit to obtain
its equations of motion relative to the orbital frame [382], in a form that resembles
equations of motion of a rigid body about a fixed point under the action of given
potential and gyroscopic forces. The invariance of the equations of motion of the
body in a liquid under this transformation was first recognized in our work [383].

The presence of the parameter n in the transformed Lagrangian and the trans-
formed equations of motion, in the framework of the equivalent physical problem,
turns on a simultaneous combination of three physical effects:

(1) The effect of displacing the centre of mass of the body by an amount n#, pro-
portional to the gyrostatic moment.

When a is proportional to k, say, a = mk, then one can choose n = —m, so
that a’ = 0 and thus getting rid of the uniform gravity field in the transformed
problem.

(2) The matrix K is changed by the amount 1. This can be interpreted as the matrix
of coefficients in the vector potential of a static, on the body, charge distribution
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whose inertia matrix is proportional to the inertia matrix of the distribution of
mass in the body and subject to the Lorentz forces due to a uniform magnetic
field of intensity 3 = —2n in the direction of ~.

If the matrix K is proportional to I, say, K = mlI, then the regular precession
transformation can be used to make K’ = 0 by taking n = m.

(3) The matrix J of coefficients of the quadratic part of the potential is modified
by adding two terms: —nK — n?1. The potential resulting from those terms can
be interpreted as due to magnetized (electrically charged) parts of the body
influenced by a magnetic (electric) field with second-harmonic potential.

In the next sections, we shall use the uniform precession transformation in the two
ways: to construct more general solutions containing the parameter n from known
simpler ones and to simplify some other cases of motion by using that parameter to
reduce the number of physical constants in them, in order to facilitate obtaining their
solutions.

As a quick illustrative example, we work out an explicit solution of Euler’s case
generalized by the uniform precession transformation. For the transformed motion

1 _
V = —Enzﬁyl -, pn = 2nvyL (10.108)

The equations of motion for this case take the form

Wl 4 w x (WI 4 2nyI) = —n?yxAI,
Y+wxy=0. (10.109)

They admit the complementary integral
AX(p +nm)* + B2 (g + 1)’ + C2(r +ny3)” = G, (10.110)

On one hand, Eq. (10.109) characterizes an integrable case of motion of the body
in a liquid, which lies on the intersection of the cases of Clebsch and Steklov (See
Table 10.2 below). On the other hand, in the framework of the equivalent problem,
they describe the motion of a body under the influence of potential and Lorentz’
forces. A family of explicit solutions of this case? can be written down immediately
by transforming the solution constructed for Euler’s case in Chap. 4 Sect. 4.1.

2 In Euler’s case we have solved only the dynamical equations of motion and adopted a very special
solution of Poisson’s equations in which the vectors « and G are parallel. Hoever, the transformation
applies equally well to the general solution of thewhole Euler-Poisson system.
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oy, gy [PR=O
p=+p—754) AA_o" (t — 1),
-y |PLZO -
q9=@-75B) BB -0 SnA(t — 10),
—tqu- "oy [PAZD) -
r=%u- 30 EaTo dnA(r — o), (10.111)

I E
M ==+ DA_O) C)CHA(f fo),
_[so-o_
T2 = DB_C) snA(t — to),
_ 4 [CA=D)
=% Do e A 1), (10.112)

where A, D, i and k, the modulus of elliptic functions, are the same as in Chap. 4
Sect.4.1. The motion of the body is quite different from that in Euler’s case. For
_u

example, choosing n = TD we make p = 0. The angular velocity lies permanently

in the yz-plane, and it is still expressed in elliptic functions of time.

10.11.4 Uniform Precession Transformation in Hamiltonian
Formalism

The expression (10.82) gives the Hamiltonian corresponding to the Lagrangian
(10.49). Let H' be the Hamiltonian corresponding to the Lagrangian L’ in (11.6), i.e.
the Lagrangian obtained from (10.49) by the replacement w—w’ = w-+n~. It can
be shown by direct calculation that

H =H+nM-~. (10.113)
The precession transformation is equivalent to adding the term nM - -y to the Hamil-
tonian, which is the precession parameter n multiplied by the areas integral (the
second integral in (10.85)). The transformed Hamiltonian is a constant of motion

H' =1 =h+nf, (10.114)

in agreement with (10.107). We also have
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_OH

oM

_OH .

“om

= w+ny. (10.115)

w/

Moreover, it is easy to show that the transformed Hamiltonian H’ in (10.113)
produces the same equations of motion as the original Hamiltonian H. In fact, using
H'’ in (10.83), we obtain the equations

OH' OH'

M=Mx—— X
oM 7y

_\/]X RN X (—— \/]

oOH  OH
—Mx 22 a7
“om TV %y
o
Y= oM

OH L
= X({—
T em Y
OH

e (10.116)

= "}/ X
which are identical to the original Eq. (10.83).

In contrast to the transformed Lagrangian (10.103), the transformed Hamilto-
nian (10.113) does not reveal any of the physical effects of the uniform precession
transformation, which we listed in the last subsection. Thus, the part of the physical
effects induced by the uniform precession transformation in the problem is completely
hidden by the Hamiltonian form of the equations of motion. The Hamiltonian for-
malism identifies the whole family of mechanical systems depending on the arbitrary
parameter n into a single Hamiltonian system. The Hamiltonian flow on the integral
manifold of that system is the same for all physical problems, which differ only in
the value of n. In the problem of motion of a body in a liquid that is a family of
bodies with differing shape characteristics, but in the alternative problem it means a
body subject to a family of potential and gyroscopic forces depending on n. As usual
in the search for integrable cases, one assumes only the Hamiltonian form of the
equations of motion and tries to determine the coefficients in a general form (ansatz)
of the Hamiltonian and the complementary integral. In Hamiltonians constructed
in this way, a term of the form nM - + is missing and the dynamical behaviour of
the original physical system will be determined up to a precessional motion with a
constant rate.
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10.12 Generalization of General Integrable Cases

The most important consequence of the form-invariance of equations of motion
under the transformation (10.97) is the possibility it opens to generalize general
(unconditional) and conditional integrable cases and also particular solutions through
adding the precession parameter n into their structure, and thus enriching the physical
problem by adding new physical effects. In the present section, we formulate this
result for general integrable cases and give concrete examples of its applications.
Conditional and particular cases are discussed in the next sections.

Theorem 10.2 Let for some set of parameters Lk, K', a’, J', Eq.(10.105) admit a
complementary integral 14 = I4(w', 7y), so that they become integrable for arbitrary
initial conditions, and let their solution be {w = Q(t),y = I'(¢)}. Then Eq.(10.54)
are also integrable for arbitrary initial conditions, for the set of values of the param-
etersLk,K,a,]J:

K =K —2unl,

a=a—nk,

J=J +nK+n’, (10.117)
their complementary integral is

Iy = Ly(w + 17y, ), (10.118)

and their general solution is {w = Q(t) + nI'(t), v = [ (t)}. It contains the addi-
tional arbitrary real parameter n. When n = 0, the generalized solution renders to
the original solution.

Any one of the hierarchy of integrable cases provided in the previous chapters
admits a generalization as a case of the motion of arigid body in a liquid. Transformed
cases are of the same type (general or conditional) as the original ones. Examples are
given in the next subsections: In Sokolov’s case, the introduction of the parameter
n results in a new integrable case. Even when the parameter n already enters in the
structure of a known system, like in the case due to Rubanovsky [317], the regular
precession transformation can be used to simplify the process of construction of
an explicit solution of the equations of motion in terms of time. In such cases, the
solution can be found first for the simpler case n = 0 and then generalized by that
transformation for arbitrary n by the formulas in the last theorem.
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10.12.1 Generalization of the Integrable Case Found
by Sokolov

In 2002, Sokolov [336] obtained an integrable case of the rigid body in a liquid,
which adds a parameter c to a former case by Yehia [380] (1986). The body has the
Kowalevski configuration A = B = 2C. The centre of mass lies in the equatorial
plane. The functions V, 1,4 and the integrals /3 and I, are given, according to the
order followed in this book, as

V = Clkeyi + ary2 — é(vf +293)],
1= CQevs, 0,k —em), oo = Clevs, 0, k + en), (10.119)
I =2(pn1 +q7) + @ +k+cy)n,
L=[p—q¢ +an+cyi+ent— k)]2
+[2pg — a1 — PN+ e — k)]2
+2k(r —k +cy) [P* + ¢” + 2cp3]
— 2k (293[2pm1 + s + 2972 + 3]
+kv3 — (VF+ 3 + 29D + em)} — darkg . (10.120)

It was pointed out in [411] (2003) that the parameter n can be added to this case
to produce a non-trivial generalization, represented by the formulas

2
¢
V = Clkeys + arys — nkyz — 3(’712 +273)

—neyivs — %2(2712 + 293 + D)1,
1=C(Q2cv; + 2nm, 2ny2, k — cy1 + nys),
n=C(cys —ny, =2, k + ey — 3ny3), (10.121)

I =2(pv1 +qm) + (r + k+cy)y + 12y + 27 +93).
I =[(p+171)° = (g + 1)’ + arn + B + e (r +ny3 — O]

+ [2(p + n71)(q + n72) — a1 — Py + epa(r + 3 — k)]2

+2k(r +ny3 —k 4+ ) [(p+17)” + (g + n72)” + 2¢(p + ny1)y3]

— 2k 233 [2(p + ny)m + 173 + 2(g +n12)72 + (7))

+ k93 — (O +% + 299 + 1y + e} — dark(q + ny)ys. (10.122)
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Comparing (10.121),(10.122), (10.119), (10.120) we note that, unlike in Sokolov’s
case, the centre of mass in the generalized case does not lie in the equatorial plane
since it has three non-zero coordinates. Also, the vector potential 1 and the gyroscopic
vector p do not lie in a meridional plane as in Sokolov’s case.

Remark. On the other hand, the regular precession transformation can be used
in the reverse direction. For example, to seek the explicit solution of the equations
of motion or to study the stability of a given motion, it suffices to study equations of
motion for the Sokolov case. The solution may be extended to the generalized system
with the extra-parameter n and the conclusion about stability will be the same before
and after adding this parameter to the system.

10.12.2 Steklov’s Case and Its Generalizations

One of the first known integrable cases of Kirchhoff equations (The version of (10.45)
withk =a = 0)

WI+wx (WI +vK) =yx~],
A+wxy=0. (10.123)

describing the motion of a rigid body with a singly connected surface in a liquid was
discovered in 1895 by Steklov [345]. It corresponds to the choice

J=0. (10.124)

Using (10.123), (10.124) we calculate the derivative
d 1 ) _ _
E{EMI' +9K - (WD} = —w - [(wxy)KI].

Under the condition )
KI = &4,

where § is the unit matrix, or, equivalently,
K=cI"! (10.125)

the right-hand side of the last equation vanishes, which leads to Steklov’s comple-
mentary integral of motion

1
§|w1|2+5wo'y = const . (10.126)

This is the classical case of Steklov. When € = 0, it turns into Euler’s case.
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Kharlamov [192, 197] investigated the full equations of motion which describe
the problem of motion of a body with a multi-connected surface equivalent to (10.45)
but in certain modified Clebsch variables. We write them in our form (10.45)

WI+wx (wI+k +vK) =y x (a+~])),
Y+wxy=0. (10.127)

In those equations, the analog of the gyrostatic momentum and the centre of mass
are present. Using what can be called a “brute force” method, Kharlamov found a
generalization of Steklov’s result under the conditions

ay+nky=az3+nk3=0,a0 =k, =0 (10.128)
and expressed the complementary integral as a quadratic polynomial in the variables
[197]. Somewhat later, Rubanovsky [320] by a similar method replaced Kharlamov’s
non-symmetrical conditions a, = k, = 0 by the less restrictive and more symmetric
condition

a, +nry =0, (10.129)

so that the two vectors a and k are now proportional, i.e.
a=—nk. (10.130)
Let us now consider a system of equations of motion containing only the arbitrary

gyrostatic vector k, in addition to Eq. (10.123) and take Steklov’s condition (10.128)
into account. We write them as

T+ wxWI+ k4" =0,
Y+ w xvy =0. (10.131)

It can be easily verified that this system admits the following complementary integral,
which generalizes (10.126):

1
§|w/I+I€|2 + ew' -~ = const. (10.132)

Now we apply the regular precession transformation to the system (10.131) and
its integral (10.132). Equation (10.131) transforms to (10.127), in which

_ 1 _
K= —551—1 +nl, ) = —n’La=—nk. (10.133)

This gives at once Rubanovsky’s generalization of Kharlamov’s result. It also enables
to write the complementary integral in the very simple and transparent way:
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1 2
I, = E[wl + nyI4+K]* + ew - v = const . (10.134)

Although this case was noted by Rubanovsky, the method used here helped write
the integral I, in this simple form. A notable advantage of the regular precession
transformation is that one can use it here in the reverse way. To construct the explicit
solution in terms of functions in time, it is sufficient to do that for the case n = 0.
This means to construct the solution of the system (10.131) with the fourth integral
(10.132). Having completed this task, i.e. having found w’ = Q(¢), = I'(¢), one can
just write down the solution for the generalized case

w= Q@) —nl@#),v=TQ). (10.135)

Explicit time solution of the full case (10.131) is not constructed to the present
moment. This was achieved only in two particular cases:

(1) In Steklov’s case x = 0, by Kotter in terms of theta functions of two variables
[235].

(2) InJoukovsky’scasee = 0, the solution was obtained by Volterra [366] in terms of
Weierstrass functions, which are complex functions in z. An alternative solution
in terms of real Jacobi’s elliptic functions was constructed by Wittenburg [369].

Despite the interest in applying methods of modern algebraic geometry (e.g. [71]),
the general solution for the full basic case €|« |#0 was not considered.

10.13 Generalization of Conditional Integrable Cases

Theorem 10.3 Let for some set of parameters 1k,K', a’, Y, Eq.(10.105) be inte-
grable on the integral level I, = fy with the complementary integral I, = I,(W', ),
and let their solution be {w = Q(t), v = I'(¢)}. Then Eq.(10.54) is also integrable
on the same integral level I, = fo, for the set of values of the parameters1,k, K. a,J,

K = K — 2xl,
a=a—nk,
J=J 4 nK+ a1,

their complementary integral is
Iy = Li(w + n%, ’7)’
and their general solution on that level is {w = Q(t) + nI'(t), v = T (¢)}. It contains

the additional arbitrary real parameter n. When n = 0, the generalized solution
renders to the original solution.
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There are two conditionally integrable cases known presently in the problem of
motion of a body in a liquid. We now demonstrate how the uniform precession
transformation works on one of them, namely, the Goryachev—Chaplygin hierarchy
of cases. The second hierarchy is based on a conditional subcase of Kowalevski’s
case and the integrable problem of a body in a liquid found by Chaplygin. The last
problem will be treated in more detail later in this chapter.

10.13.1 Generalization of Goryachev—Chaplygin’s,
Sretensky’s and Sokolov-Tsiganov Cases

The first and most famous conditional integrable case of Goryachev and Chaplygin
of the classical problem (See Chap.4 Sect.4.4) was built in 1900-1901 for a body
satisfying the conditions A = B = 4C and zo = 0. This case was generalized through
the addition of a gyroscope along the axis of dynamical symmetry by Sretensky in
1963 [341]. For more details, see Chap.5 Sect.5.3. Sokolov and Tsiganov [337]
(2002) added two more parameters. In our way of writing, the last case corresponds
to the choice

1
V = Claim +axy, + 5(‘3271 —cim)?l, (10.136)

and
1= C(c173, 273, K + 171 + ca72). (10.137)

This case can be readily generalized by the regular precession transformation to
include the parameter n as follows:

1
V = Claiy + axy, — nkys + 5(02% —c1m)?

— nya( _”_24 2 g2 42
y3(c11 + c2y2) 5 Ay +4v + 31,
pn=C(c17s — ny1, 273 — ny, K+ 1y + ey — Tnys). (10.138)

The transformation adds several terms to the potential, including linear and quadratic
terms, and some linear terms to p. The complementary integral for the generalized
case is
1 2 1 2
L= —rk+am+an+nmp)p+nn+ ECWz) + (g +nyn+ 56273) ]
+l(ker —a)(p +nm) + (kex — az)(g + ny2)]

Lo o, oy _
+273[”(C1+Cz) cia; — caz]. (10.139)
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Explicit time solution for this case is not found yet. But to find this solution, it
suffices to express solution for the special case n = 0, i.e. for the case found by
Sokolov and Tsiganov [337].

10.14 Generalizations of Particular Solvable Cases

All the twelve particular solvable cases of the classical problem presented in Chap. 8
can be immediately generalized by the regular precession transformation. All those
cases produce new cases in the problem of motion of a rigid body in liquid. The same
remark fully applies for all the known solvable cases of the motion of a gyrostat (See
Chaps. 13 and 14) and also any particular solution known in the problem of motion of
a body in a liquid. The parameter n can be added to all those cases, with all possible
implications on the nature of forces acting on the body.

We shall not make a complete list of those generalized cases, but we shall provide
some of the most illustrative examples. We first formulate the following theorems:

Theorem 10.4 Let for some set of parameters Lk, K', a’, Y and initial conditions
w = Ry, =Ty, the Eq.(10.105) admit a particular solution {w = R(t), v = ['(t)},
then for the set of values of the parameters 1, k, K, a, J and for the initial condi-
tions w = Ry + nTy, v =Ty Eq.(10.54) admit a particular solution {w = w(t) +
nI'(t), v = I['(t)} containing the additional arbitrary real parameter n.W henn = 0,
the generalized particular solution renders to the original particular solution.

Corollary. Any motion of a body in a liquid whose angular velocity has the form
w = w1y + wa, ie. involves a component wy in the direction of =, can be reduced
by using the transformation (10.97) with n = —w to a motion with angular velocity
w = wy and vise versa. In particular,

1- A uniform (permanent) rotation about a vertical axis can be reduced to a
position of equilibrium.

2- A regular precession with a vertical precession axis can be reduced to a perma-
nent rotation about the configuration axis (fixed in the body), which becomes fixed
in space.

3- The so-called semi-regular precession (composed of pendulum-like motion of
the rigid body about a horizontal axis and a uniform rotation about the vertical) can
be reduced to pendulum-like motion, parallel to a fixed plane.

Theorem 10.5 All properties of the first solution in the last theorem, like stability
in the sense of Lyapunov, stability in (or by) the first approximation, instability and
periodicity’ are passed to the second solution.

3 Here, periodicity relates only to the Euler-Poisson variables w, ~v. The motion is periodic relative
to the body system of axes. The motion can be periodic in space only under commensurability
condition between the periods of the relative and the precessional motions.
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The proof follows immediately from the fact that the stability, instability or
periodicity of one of the pairs of solutions {w = (¢), v =T'(¢)} and {w = Q) +
nI'(¢), v = I'(¢)} implies the same to the other pair.

This theorem allows a great simplification to the study of properties of motion, as
in the last corollary, a permanent rotation reduces to an equilibrium. Also, a regular
precession (a periodic motion) reduces to a uniform rotation. Note that the equations
of variation for the precession are periodic in time, while those for uniform rotation
are of constant coefficients and hence their analysis is much simpler.

We give here only a few illustrative examples to show how the transformation
can be used in the direct or in the reverse directions, to generalize a given case or to
simplify it. We present results partly in the framework of the problem of motion of
a rigid body about a fixed point and partly in the equivalent problem, according to
our analogy described earlier in this chapter, of motion of a body in a liquid.

10.14.1 Example 1. Equilibria and Permanent Rotations
About a Vertical Axis

It is evident that a position of equilibrium of the body governed by Eq. (10.45) can be
transformed by the regular precession transformation. The image for a given finite real
n is a permanent rotation about an axis fixed in the body and taking a vertical position.
Conversely, a permanent rotation can always be reduced to a relative equilibrium in
a coordinate system moving with the same precession speed as the body.

Equilibria. Consider an equilibrium position of the system (10.45). Those are the
solutions {w = 0, v = ~,} where =, satisfies

Yox (@a+voJ) = 0. (10.140)
1. For the classical problem, when J = 0, a # 0, there are two equilibria: the
upper and lower equilibria of the centre of mass above or below the fixed point.
2. Whena = 0, J # 0, there are six equilibria, in which one of the principal axes
of the matrix J is directed along or against the vector ~y.
3. In the generic case -, satisfies a relation a++,J = “v,, so that
~o=—a(J — X&), (10.141)
where ) is a root of the sixth-degree equation

lad - )7 = 1. (10.142)

In this case also we have a maximal number of six positions of equilibrium and
minimum number of two.



272 10 The Problem of Motion of a Body in a Liquid

Permanent rotations. Permanent rotations were discussed in detail in Sect. 10.7.
In a coordinate system moving with the same precession speed as the body, the
permanent rotation looks like an equilibrium position, which is determined from the
Eq. (10.140) but with the transformed parameters a’ and J', i.e.

Yo x (@'+7,J) = 0. (10.143)

Substituting those parameters from (10.102) into the lastrelation, we get the condition
for a permanent rotation as

Yo X [a + nk 4+ v, (J—nK—n’T)] = 0. (10.144)

This equation can now be compared with the condition for the permanent rotation
(10.66). They become identical, provided we take n = —wy.

10.14.2 Example 2. Permanent Rotations About a Tilted Axis
and Precessional Motions About the Vertical

Consider a precessional motion, in which the angular velocity of the body is given
by
w = Qoe + 217, (10.145)

where 20,2 are constants and e is a unit vector fixed in the body at the fixed point
O. The body rotates about e with angular velocity €2, while this axis precesses
about the vertical with angular velocity €2;. Using the transformation (10.97) with
the choice n = —Q, we have

w' = Qe. (10.146)

The precessional motion is reduced by this transformation to a uniform rotation about
an axis fixed in the body and in space and inclined to the vertical at a fixed angle. That
is the permanent rotational motion described in Sect. 10.8. Similarly, a permanent
rotational motion with angular velocity (10.146) can be transformed by the inverse
transformation n = €2 to the precessional motion.

Solutions of the equations of motion corresponding to regular precessions were
investigated in [123] (See also [125]). The conditions for existence of such precession
are obtained in a quite complicated form (conditions (18) in [123]). Those conditions
can be easily shown to be equivalent to conditions (10.75) followed by the rotation
transformation (10.97). According to the said above, one could consider only uniform
rotational motions about an axis fixed in space and inclined to the vertical. The whole
class of precessional motions generated by transforming uniform rotations about an
inclined axis using (10.97) with the parameter n taking all real values are equivalent
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to that rotation and, moreover, have the same properties, for example, as concerns
stability of the motions.

10.14.3 Example 3. generalization of grioli’s precession
[402, 405]

On a dynamical basis, Grioli established the possibility of a regular precession of the
heavy rigid body about a non-vertical axis under certain conditions on the parameters
of the body [138]. Guliaev derived the full explicit solution of this case [141] (see
also [256]). We present the necessary details in brief. The solution differs from that
of Guliaev only in that we have assigned a certain value for the initial time moment,
so that the solution becomes more transparent.

Let the axes be arranged such that A > B > C. For

a’'=(a,0,0),k=0,K'=] =0, (10.147)

where a/B — C = c+/A — B, the system of Eq.(10.105) admits a particular solu-
tion (See 8.10)

Q Q
p' = —(a —ccos(Q)), q' = 2sin(Qt), r' = —(c + acos(1)),
s s

92
7 = ——[Cccos() + (B — C)asin’(Qu)],
N

2
T = 9—3 sin(Q0)[(Aa® + Cc?) — (A — C)ac cos(Q)],
S

QZ
73 = —[Aacos(Q1) + (A — B)csin®(Q1)], (10.148)
s
where s = /a2 + ¢2, Q? = s . This solution corresponds to a

A/ (A=B+C)2+(A-B)(B—C)
regular precession of the body. The angular velocity w’ can be written as the sum of
two terms

w' = Q¢ + Qa, (10.149)

where ¢, a are two unit vectors: the first fixed in the body (orthogonal to a circular
section of the inertia ellipsoid) and the second fixed in space [141], so that in the
body system

¢=2,0,9, a=(=cosr), sin(Qr), < cos(Q1)). (10.150)
S S S S

Note that ¢ is orthogonal to « and that « is inclined to the upward vertical vector ~y
at a fixed angle 6,
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cosd = A-B+C . (10.151)
VA—-B+C)?+(A-B)(B—-C)

The body rotates with the uniform velocity €2 around the vector ¢ fixed in it, while
that vector rotates with the same velocity €2 about the direction a fixed in space.

We now consider another case of motion of the same body as above, but we will
replace V', u' by

a =(00¢),k=0K=J =0,

V =av + —le2 B~2 + C~?

=amn + ey = Sn(Ay + By, + C),
p=n({(B+C—-A)y,(C+A—-B)n, (A+B-C)y;) (10.152)

where, for simplicity, n is taken as a constant. It is easy to verify that applying
the substitution w = w’ + n~y transforms (10.152) into (10.147). Thus, the system
with (10.152) admits a particular solution representing Grioli’s precession uniformly
rotated with speed n about the vertical. In this solution 7, v,, 7y3 are the same as in
(10.148), while

Q n$? .2
p = —(a — ccos(2t)) — —2[Cc cos(Q2t) + (B — C)asin”(21)],
s s

2
g = Qsin(Q) + @ sin(Q0)[(Aa® + Cc?) — (A — C)ac cos(Q)],
S

Q n$? )
r = —(c+acos(Q2t)) + —Z[Aa cos(Q2t) + (A — B)csin“(21)].
s s

(10.153)

This case is a non-trivial generalization of Grioli’s result [138]. The whole picture
of Grioli’s precession about the inclined axis precesses about the vertical at an arbi-
trary angular speed n. The resulting motion admits two interpretations as a motion
of a body in liquid [383] or a motion of a charged body under potential and Lorentz
forces as described in Sect. 2.2 above. It is noteworthy that this gives a new result in
both interpretations.

The angular velocity w = (¢ + «) + n~y no longer has constant magnitude as
was the case in Grioli’s precession. The resulting motion is not a regular precession.
Although w and - are periodic functions of time, the motion is not in general peri-
odic in space for arbitrary values of n. However, if & is rational the body returns
periodically to its initial position. As far as we know, such motions have not been
considered previously. This solution can be generalized by adding a rotor to the body
along the normal to a circular cross-section of the ellipsoid of inertia of the body. The
solution for the last case was found by Keis [167] and rediscovered by Kharlamova.
The resulting case of motion of a heavy gyrostat can be transformed using the regular
precession transformation to a case of motion of another body by inertia in a liquid
or a case of motion of an electrically charged body in gravity and magnetic fields.
Formulas received will generalize (10.152), (10.153).
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10.14.4 Example 4. Regularly Precessing Pendulum

By this motion, we mean a generalization of the motion of a physical pendulum, such
that the axis of the pendulum rotation performs regular precession about the vertical.
A near, but different, term “semi-regular precession” was coined by Grioli [139] in
certain problems lower in the hierarchy than that of the present chapter. The same
name was used later by many authors, e.g. [357]. (See also Gorr [119] and for more
detail [126]). This name refers to the motion in which the body rotates with a time-
dependent (i.e. non-uniform) angular velocity about an axis fixed in it, while this axis
makes regular precession about an axis fixed in space. Thus, the regularly precessing
pendulum motion is a type of semi-regular precession, but the last may comprise
motions that do not fit in the pendulum type in addition to a regular precession.
Conditions for existence of semi-regular precessions of a rigid body in a liquid
involving a pendulum-like motion about an axis fixed in the body and regular pre-
cession about the (virtual) vertical were first found in [247] where solutions of the
equations of motion were sought such that the angular velocity has the form

e +nvy, (10.154)

where n is a constant, -y is the unit vector along the (virtual) vertical and e is a unit
vector constant in the body. This formula is substituted into the equations of motion,
compatibility conditions are found and then a differential equation is obtained for
the determination of ¢.

Independently, and slightly later, of [247] the same motions were considered more
comprehensively in the Ph.D. Thesis [148]. In this work not only conditions for
the existence of pendulum motions and their transformed version (the semi-regular
precession) are obtained, but also a detailed study was made on the orbital stability
of certain special cases of those motions.

In our presentation of the precessing pendulum motion, we shall use the method
used in [148]. The study of the motion is made in two steps:

A) The motion is studied in a rotating reference frame in which the body performs a
pendulum motion about a horizontal axis fixed in this system. Conditions necessary
for performing this motion are found on the transformed parameters of the body
La.J,k K.

B) The motion is transformed back to the inertial frame, the regular precession
will be added. The relevant conditions on the original parameters of the body are
obtained from

W =w+ny. (10.155)

10.14.4.1 Pendulum Motion
Consider the motion of the body as a physical pendulum, taking place around a

principal axis of the inertia matrix of the body-liquid system, while this axis keeps a
permanent horizontal position (Fig. 10.2).
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\7 Yertical

Horizomt al

Fig. 10.2 The body configuration of pendulum motion. G the centre of mass, S the rotor with
gyrostatic moment k3

Let us choose the third principal axis to be the axis of proper rotation with variable
angular velocity ¢. The solution corresponding to this motion with 6 = 7 is

w=(p.q,r) =(0,0,9),

~ = (sin ¢, cos ¢, 0). (10.156)
We shall find conditions on the matrices K, J and the vectors k = (ky, k2, k3) and
a = (a;,ay, az) that allow the body to perform pendulum motion. Substituting into
Eq. (10.45), the Poisson equations are identically satisfied and the first two dynamical
equations give:

— Q[ K1p sinp — 2K cos @ + ka] — cos @[ J13sin o + Jaz cos ¢ 4+ az] = 0,
@K1 sing — 2 Kz cos ¢ + ki1 + sin () [Ji3sing + Jzcos ¢ +az] = 0,
(10.157)

while the third dynamical equation is replaced by the energy integral
| 1

where E is the energy constant of the motion.
A combination of (10.157) gives

plky sinp — k cos p — (K11 — K») sin 2¢ — 2K, cos 2¢] =0,
which leads to the conditions

ki =k, =0,
K1y =0,K»n =K. (10.159)
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Now, getting back to (10.157) we obtain one equation
K1+ Jizsing 4 Jyz cos o + a3 = 0. (10.160)

This equation in ¢ gives a law of motion contradicting the pendulum law, and hence
should be satisfied as an identity. We obtain, in addition to (10.159), the conditions

Ki=0,a3=0,J13=Jy =0. (10.161)

Summing up, for this version one can write the parameters of the problem in the
form:

a= (ala as, O)a Kk = (Ov 0’ k3)v

JiuJiz 0

J=|JnJn 0 |, (10.162)
0 0 Js3
0 0 Kis Kz 0 —Kis

K= 0 0 Kn|.K= 0 Ki3s —K»n|. (10.163)
K3 K>3 K33 —Ki3 —K» 0

Those conditions mean that the centre of mass of the body lies in the xy-plane,
perpendicular to the axis of pendulum rotation (the z-axis), which is a principal
axis also of the matrix J. The angle of proper rotation ¢ can be determined as an
elliptic function of time by inverting the integral, obtained by separating variables in
(10.158),

= | de
\/Z(E —ajsing —ap cos — Jip sinpcos ) — Jij sin? o — Jypcos2p

(10.164)

This formula contains the energy constant E, which takes all real values on the

interval [V_, 00), V_ being the minimum of the potential V on the Poisson sphere.

Pendulum motions constitute a family of periodic motions of two types: vibrational

motions reversing their direction every half-period time and complete rotational

motions going on in one direction all the time.

10.14.4.2 The Precessing Pendulum

Conditions (10.163) for existence of pendulum-like motion of the body in a liquid (or
in the equivalent generalized problem) can now be generalized to generate conditions
for the semi-regular precession. One can now transform the pendulum-like motion
about its axis fixed in space to add the parameter n to the solution. Every pendulum-
like motion generates a family of semi-regular precessions, with n taking all real
values. The parameter n enters in the transformed conditions (10.154) according
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to the transformation formulas (10.102). Finally, we can write the parameters of
the body, in order that the body can perform a semi-regular motion composed of a

pendulum motion and a precession with angular velocity 7 :

a/ = (al, aj, nk3), R = (0, 0, k3),

2n(B + C — A) 0 K3
K = 0 2n(C + A — B) K»
K Ko K33 +2n(A+B—C)
JU —nzA—nk33 J12 nkm
J/ = .]12 .]22 - nzB — nk33 n1€23 . (10165)
nkis nKo; J33 —n*C

In the last formula, we used the relation K = tr(K)—K to obtain the transformed
parameters from (10.102).

Conditions (10.165) are well-ordered and much transparent than conditions in
[247], where conditions for the semi-regular precession are given just as relations
between the parameters.

10.14.4.3 The Space Picture of the Motion

The integral (10.164) is elliptic and can be evaluated using formulas from [130].
When Ji; =0 and a, = 0, i.e. when the vector a (the centre of mass) lies on a
principal axis of inertia and J, I have common principal axes, the integral becomes
simpler and ~; = sin ¢ can be determined in terms of Jacobian elliptic function in
time. This was done in [148], where also the translational motion was studied. It
turned out that the central point can draw several types of trajectories in space.

In the special case when the parameters of the body satisfy the conditions

A = B,
Jii=Jn =¢cA, Ji3=¢C,
K3 = Ky3 =0, K33 =—nC,

one finds
7 = —1 +2sn2v,72 =2snvcnv,
2 |a
p=-nyqg=-npr = /Eldn v, (10.166)
where
apt
v= | —— (10.167)

Ck
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and the modulus of the elliptic functions

4
k = il . (10.168)
2+ 2a; — A(e + 1)

Note that we have chosen the case of fast pendulum (in which the pendulum rotates
with variable angular velocity in one direction).
From (10.166), we also get

L P +97
M+

)

so that we can write

P = —nt,
and thus we arrive at the following expressions for the base vectors in space

a = (v, cosnt, —y; cosnt, — sinnt),

B = (=, sinnt, vy, sinnt, — cosnt). (10.169)

The velocity of the central point of the body can now be written from (10.60) as

1
u=a+’yJ—5wK.

The space components of the velocity with respect to some inertial system of axes

&nC are ) )
f=u-a,n=u-B,(=u-7,

and can now be evaluated:

d

d—f = F(¢t)sinnt 4+ 2a; sn vcn v cos nt

dn .

I = F(t) cosnt — 2a; snvcn v sin nt

a¢ 2 2

i (e+n)A —a; +nC +2a;sn“v, (10.170)

where

F@t) =n(k; + %\/ Caj dnv).

By integrating (10.170) with respect to time, we obtain
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&= —C(— \/7 (\/> )) cos nt,
n:C(— \/>d (\/> )) sinnt,

E(k
g:[(g+n2)A—a1+nc+ (1—%)];

2\/> 10.171
-2/ 2z 2 (10.171)

where K (k), E (k) are complete elliptic integrals and Z is Jacobi’s Zeta function of
the same modulus k.
The functions dn, Z have period

| C
T, =2kK k), |—, (10.172)
ag

while the trigonometric terms have period

2
T, =" (10.173)
n

The position vector of the central point of the body P (say) is not periodic in time
in general, but its projection on the £n-plane can be a closed curve if the ratlo = 1s
a rational number.

Now we are ready to describe the space picture of the motion of the body. The
body performs the periodic pendulum motion about its horizontal z-axis while this
axis precesses with a uniform angular speed # in the (virtual) horizontal plane. The
motion of the central point P of the body traces a space curve of helicoidal type
about a (virtual) vertical axis. The radial distance p of P from the (-axis of the curve

2
p=ks+ v/Cardnu (10.174)

changes periodically, while rotating about the vertical {-axis with the same angular
speed n of the body about the vertical Z-axis. As to its horizontal motion, the body
moves around the (-axis and rotates in such a way that one face of the body is always
directed to that axis. In celestial mechanics, this regime of motion is called 1 — 1
rotation.

From the expression (10.174), we note that the effect of the gyrostatic moment
ks appears in the motion of the central point as an increase (decrease) of the radial
distance between that point and the (-axis. This means widening or narrowing the
lateral dimensions of the helicoidal trajectory, according to the sign of k3.

The motion of the central point in the (-direction is not periodic in general, due
to the presence of a secular term (linear in 7). After each (orbital) revolution about
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the (-axis the central point elevates (or descends) a certain distance above (or below)
the horizontal plane that passed through P at the initial moment ¢t = 0. The space
path of P is helicoidal-like.

However, if the coefficient of ¢ in the secular term vanishes, i.e. if

(a+n2)A—a1+nc+@(1—@)=o (10.175)
k2 K (k) ’ ’

then the vertical motion of P is periodic with period 7. If, moreover, 7} and T, are
commensurable, say, %‘l = %, then the space trajectory of P closes after anumber N
of revolutions N = LCM(N;, N;) (The least common multiple of the two numbers).
The following figures illustrate the shapes of some space trajectories of the cen-
tral point. In all of them we suppose that (10.175) is satisfied and set C = 1 and
substitute,/a; = 2kK (k)/T 1, so that the equation of the space curve becomes

2 t 1
§=—lks+ %«/al dn(2K(k);l)]COS(27r72),
2 t . t
n = [ks + %«/al dn(ZK(k)Fl)] s1n(27772),
¢= —g¢a12(2K(k)i). (10.176)
k T,

The following Fig. 10.3 shows the space orbit of the central point of the body for
values of the parameters:

ks=1,k=09n=1,a, =k*>=0.8I.

-0.57

e

a b

Fig. 10.3 Space trajectory of pendulum. a An upper view b A side view
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-3 0 To -5
a) k3= l,a; =16

Fig. 104 T =T

——r
—
1 <
0
= =
1 |
'|(:|1"| T T ™ =t
£ 2=2 0 > -l
7
a b

a)k’3=—3,a1=4 b) k3:—2,a1:2

Fig. 10.6 Side view for different values of k3 and a;

The shapes of some closed space curves are shown for different values of the
parameters k3, k and the integers N| and N,. They show the diversity of the forms
of trajectories, even for a very limited set of initial conditions (Figs. 10.4, 10.5, 10.6,
10.7, 10.8).

Fast pendulum rotations £ = 0.99,

Slower rotation k = 0.5 N, =1, N, =1

N =2,N, =1

The case of a simple body k3 = 0 :
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Fig. 10.7 k3 = —3,a; =4, T, =2T1(N; = 1, N> = 2). a side view b Projection on £7-plane

Side view Projection on én-plane
kg = —3, ay = 4

Fig. 10.8 k3 = —3, a; = 4 a Side view b Projection on £7-plane

It has been noticed before that the presence of the gyrostatic momentum k3 affects
only the lateral dimensions of the trajectory of the body. We now examine some
periodic motions of the body in the absence of k3. To keep the variation of the radial
distance p somewhat large, we give the modulus of elliptic functions k the value
0.99. The following figures are obtained by taking a; = 4. The values of N; and N,
are given for each figure. The motion of the body consists of

- Complete rotations of the body as a physical pendulum, with period of rotation
Ty, about its z-axis, which is always horizontal (orthogonal to the virtual vertical )
and directed to the (-axis.

- A 1-1 regime of rotation about the (-axis (One side of the body always faces
that axis) of periodic time 7, = 27”

- Radial displacement of the central point from the {-axis of periodic time 7} (The
same as the periodic time of the pendulum).

- Oscillations of the central point in the direction of the (-axis (the virtual vertical)
of periodic time 77.

Figure 10.9 depicts the case of equal 7} and 75. The space trajectory of the central
point of the body closes after a single rotation about the (-axis. The central point
ascends from the lowest point to the highest point on the part of the trajectory near to
the (-axis and then descends on the farther part to the first point. At the same time,
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the body completes a pendulum rotation cycle in its vertical plane which rotates, in
turn, so that the axis of the pendulum motion remains all the time directed to the
C-axis. In Fig.10.10, at the time of a complete pendulum rotation cycle the body
completes two rotations about the (-axis, giving always the same face to that axis.
The central point of the body ascends along the narrower loop and descends along
the wider one.

InFig. 10.11, each pendulum rotation cycle corresponds to one vertical oscillation
but corresponds to ten precession cycles associated with ten loops around the (-axis
forming a ten-loop solenoid. The central point of the body ascends along the narrow
part of the solenoid and descends along the wider part to the lowest point. Figure 10.12
shows the reverse case 7, = 107]. The time of one complete precession cycle of the
body and rotation of its central point is enough for ten cycles of the vertical and lateral
vibrations of the central point and ten complete cycles of the pendulum vibration.
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Upper side view Projection on én-plane

Fig. 10.11 T, = 10T»

Upper side view Projection on &n-plane

Fig. 10.12 T = 10T,

Remark: It is now time to repeat our previous assertion, that all regular pendulum
precessions generated by a certain pendulum motion share all qualitative properties
with that motion. For example, the condition for the (orbital) stability of the hor-
izontal axis of semi-regular precession is the same as the condition of stability of
the pendulum-like motion generating it, for n = 0. Conditions for stability of pre-
cessional motion are obtained from the former conditions by replacing the original
parameters by the primed ones, which involve the precession parameter n. Some
information about orbital stability of pendulum-like motions in the two problems of
this chapter will be included in the exercises.
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10.15 Tables of Integrable Cases of Motion of a Rigid Body
in a Liquid

In this section, we provide tables of general and conditional integrable cases of motion
of arigid body by inertia in an ideal incompressible liquid, infinitely extending in all
directions and resting at infinity. results are displayed for the case of a body bounded
by a multi-connected surface, i.e. for a perforated body. This case is characterized
by the presence of the two vectors a and & in our equations in the framework of
the equivalent problem of motion about a fixed point of a rigid body acted upon by
potential and gyroscopic forces. To follow the same pattern as in previous and coming
chapters, we have chosen to put the problem of the present chapter in the context of
the second problem. In the tables, all integrable cases of the problem of motion of a
body in a liquid are presented in their most general form, as cases of integrability of
our new Eq. 10.45 and in terms of the parameter matrices and vectors I, J, K, and
a. To express the integrability conditions and the integrals of motion in terms of the
original (Kirchhoff-Lamb) parameters, one should use (10.43) or (10.30) as needed.

As to the classification of cases in each table, we organized cases according to the
degree of the complementary integral as a function in the components of the angular
velocity.

For each case, we provide

(1) The full hierarchy of earlier cases, to which the given case reduces under relevant
conditions on the parameters.

(2) The conditions on the parameters on the body and fields, under which the case
is valid.

(3) The potential function V.

(4) The vector functions I and p , which describe the gyroscopic forces acting on
the body: The first enters in the Lagrangian and the second in the equations of
motion.

(5) The explicit forms of the first integrals /3 and I, in the Euler-Poisson variables.

(6) A Hamiltonian function H is given for each case, together with the correspond-
ing form of the complementary integral in terms of the variables (M,~) (See
Sect. 10.10).

Remark 16 Regarding the fact that most integrable cases are obtained by using
inverse method, different hamiltonians may be constructed for one and the same
case.

10.15.1 General Integrable Cases

The number of known general integrable cases in the two equivalent problems of the
present chapter is seven. Most of them are solutions of Thomson-Lamb equations.
They developed historically from solutions of the simpler cases of integrability of
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the Kirchhoff equations and, in cases, from cases of integrability of problems lower
in the hierarchy, which are presented in the previous chapters.

Remark: The regular precession transformation parameter n figures in five of the
seven integrable cases, namely, cases 2,3,5,6 and 7. If n is introduced in cases 1 and
4, it can be absorbed in other parameters of the problem and can give no new effects.
In cases 2,3 and 5, the parameter n appeared at some stage in their development and
not necessarily from the first discovery of the case. In the remaining cases (number
6,7), the introduction of that parameter in [411] was a significant generalization of
the case found by Sokolov [336].

Table 10.1 General integrable cases

1 The case of axi-symmetric body
Generalization of Lagrange’s case
Kirchhoff [219] (1870) (see also [220]) a3 = 0, k3 =0
A =B,
V =a3ys + 5[b1(7F +93) + b33l
1= (K171, Kiv2, K33 + k),
p = (—K371, —K372, (K3 = 2K1)73 + K),
Iy = A(p71 +q72) + (Cr + K)3 + Ki(3] +13) + K373),
I =Cr+£k+ K37
2z 2 2
H = S5 4 58 — KLy + Mo — 3 (K3 + 1)
+aivz + bi (7 +93) + b33,
Iy = M3

where a3, b} and b} are constants

2 | Clebsch [55] (1870).

Euler [79](1758). n=5b=0

V = (b— 3n*)(Ay} + By3 + C73)

1=n(Avy1, By2, Cy3)

p=n(A-=B-C)7,(B=C—-A)7,(C—-A-B)7)

I3 = Apy1 + Bgma + Crys + n(Av} + BY3 + C3),

Iy = 3[A%(p + ny)* + B (g + n)* + C(r + n73)°]
—b(BCY? + CAY2 + ABY2).

H = 1(M}/A+ M3/B + M}/C) + b(Ay} + By3 + C3)
—n(Mivy1 + Moy, + M3v3),

| L= $(M}+ M2+ M?) — b(BCA? + CAYZ + ABA)).

Somewhat later, after [55], the special version (n = 0) of this case case was found,
apparently independently, by Tisserand [354] (1891) and Brun [47] (1893) in the
context of the motion of a body acted upon by approximate Newtonian gravitational
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forces (See Chap. 6). At that time the Steklov analogy, described above in this chapter,
between the two problems was still unknown.

3 Clebsch [55] (1870) -
A=B=C
V=147 + 273 + 393)
l=nA~y,p=—-nA~y
Iy = A(py1 + 972 +173),
Iy = Aleir(p +nm)* + (g +
ny)? + c3(r 4+ ny3)?
—(c2c37} + c3c173 + c1ea7d)]
H = 52 (M} + M3 + M3) + 5(c17] + 273 +¢373)
—n My +Myv+ Mzvys),
Iy = C]M12 + C2M22 + C3M§
—A[cchylz + qcry% + C162’y§]

In cases 2 and 3, the parameter n invokes gyroscopic terms due to circulation of
the liquid through perforations. Setting n = 0 makes the body simply connected.

4 Rubanovsky [317] (1968),

Kharlamov (k2 = 0) [192] (1963),

Steklov (k= 0) [344] (1893),

Joukowsky (a = 0) [163] (1885),

Euler (k= 0,a = 0) [79] (175

I = diag(A, B, C), 1= 3tr(I) — I,

J=[rr@Hs-1""]
—dag(h+ g+ gD

K = (K1, K2, K3),

V=—n(k -y—ayI"' - 5) — 30’41,

| = k+a~y] + nvl,

o=k +2ayI~" —2nA1,

L= (WI+l) -,

Iy = % | (w+ ny)I+k 12 —2aqw - ~y

H=iM-"—ayDI"" - M-k — av])
—nM -,

[] Ii=1 IM—ayJ P —ay1""- M=k —avJ). ]
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5 Rubanovsky [317] (1968)
Lyapunov [267] (a) = ay = a3 = 0) (1893)
A=B=C,

V =Claim + a2 + a373
—3[(be + bo)v} + (ca + bo)¥3 + (ab + bo)31},
1=—3C((b+ o, (c+a)n. @+ b)),
p = C(avt, by, cy3),
I = pyi +qm +ry3+ 2@y} + b3 +crd),
L=3[(b+0)p*+(c+a)g* +(a+b)r*] —abc(pl + g3 +rLZ)
+ay(p +av) +ax(q + by) + az(r + cv3).
H = 5-(M} + M3+ M3) + (b + My + (c + a)Myys + (a +
b)M33]
+C(a1y1 + axy2 + azvs)
—%[(a2 + 2bc)’y]2 + b+ Zac)vg +(*+ 2ab)732],
Is =GB+ M+ (c+a)M? + (a+b)M?
+C{[(B? + Dy + 2a11M1 + [(@* + D72 + 2a21M> + [(a* +
b?)y3 + 2a3]1M3}
+E B+ )b — )2 + (c+a)(c — a)*3 + (a + b)(a — b)*42]
+C2[(a@ + b+ c) (@11 + ary2 + a3y3) + 2(a1ay1 + azbyz + azey3)].

The parameter by has meaning in the problem of motion of a body in a liquid. In
the alternative problem it is immaterial.

6 | Yehia [411] (2003)
Sokolov [336] n = 0 (2002)
Yehia [380] n = ¢ = 0 (1986)
Kowalevski [238] n = ¢ = k = 0 (1889)
A=B=2C,k=C(0,0, k),
2
V = Clreyt + a2 — nkys — 5 (73 +293) — nevivs
2
-5+ 2%+,
1= CQcy3 + 2nv1, 2072, & — ey +nv3),
p = Clcys —ny1, —ny, K+ ¢y — 3nm),
L =2(p71 +q72) + (r + 5+ )i+ 127 + 297 +99),
2
L=[(p+nm)?—(q+n)*+am+37 + @ +ny — k)]

+[2(p + n7)(q + n72) — axy1 — P yiva + el +ny3 — K)]z
+26(r +ny3 — £+ cy) [(p + n7)? + (g + n72)* + 2¢(p + ny1)73]
=26 273 2(p + nyD N + 1173 + 2(g + ny2)2 + (7 + ny3)ys]
+69% = (7 + 93 + 29 + ny3 + en)} — dazk(g + n) s

L Mp M3 2
H = 5:(5" + 5 + M3) —cy3My + (ey1 — £)M3 + Caxyz
—n(Miy1 + Moy, + M373)
YY)
I =M 4 Ce (M 24+ M3 x) + (a2 y + 2) C2P
MM | Ce (—Mp 2+ M3y) — C2ay x> + LCk (M3 — 2Ck) (M} + M3)
+C2[—2CarMy 7 —2My (Myy — Ma x) ¢ — 2Cc* M3
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7 The parameter n is added here to B-M-S result.
Borisov, Mamaev and Sokolov n = s = 0 [39] (2001)
Sokolov [336] n = 0 (2001)

Kowalevski n = m = 0 (1888)

A=B=2C,
V = Cls(cim + cam) + 3mP[(cim + c212)* — (] + 3]
Fnmys(ery — ) — B2V + 292+,
1= C(Q2nv1, 2ny2, m(cam — c172) +nv3),
p = C(—mcay3 — nryy, —mceyys — ny2, m(cay1 — ¢172) — 3n73),
L =2(py1 +q72) + [r + m(cay1 — i)l + 02y + 293 +99).
Iy = Al + B2,
where
Ay = (p+n7)? — (g +n)? + 52y — c1m)
+m(r +ny3) (v + c12) + mi (373 — c3vd),
By =2(p +nm)(g +ny2) —s(civz + c2m)
—m(r + ny3)(c171 — c272) — m*(c172 + cay) (e + e22)12

MI+M3
H = - [F72 + M3] + m(c17y2 — con)Ms + Cs(eiyt + e2m2)

—Cm%(c? + )V —n (M v + My v + M3 y3),

M?—M? 1A 7
Iy = [“hgr? + MA2ELW My 4 s(—eim1 + e272) — m (e} + (3 — B)P

ML — AN —R) My — s(cyy, + cry1) — 2mP (e} + Dl

Strictly speaking, case 7 is related to case 6 and can be considered as its special
case. We prefer, for future uses (See Chap. 12), to consider case 7 as independent
case in its most general form containing maximum number of parameters.

In case 7, the integral I is the sum of two squares. It is the squared modulus of
the complex quantity

As+iBy=[p+iqg+nty+iv))

—(c1 +ica)(yi +im)Is +im(r + nys) + m*(cim + cay)]l.
(10.177)

The quantities A4, By satisfy the relations

Ay =[r +ny3 +m(c1v2a — c271)]1B4, By = —[r + nys +m(c172 — c271)]A4,
(10.178)
so that the set of conditions
{A4 =0, B4, =0}

define an invariant manifold.

When s = 0, case 7 renders to the case discussed in Sect. 10.10 and the integral
becomes expressible, as in (10.91), in the form of the product of two functions one
linear and the other cubic in velocities.
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10.15.2 Conditional Integrable Cases on the Level f = 0

Two conditional integrable cases are known. Those cases can be generalized, as will
be shown later, using an arbitrary function v () instead of n. Nevertheless, we write
them down here with that parameter, as it adds physically significant terms to both
problems considered in this chapter: the problem of motion of a body in a liquid
and the alternative problem of motion under the action of potential and gyroscopic
forces.

Table 10.2 Cases integrable on the level
1 Parameter n is added here to the result of Sokolov and Tsiganov
n = 0 Sokolov-Tsiganov [338], 2002,
n = c; = ¢ = 0 Sretensky [341], 1963,
n = c¢; = c2 = K = 0 Goryachev-Chaplygin
A =B=4C,
V = Claiyi + a2 — nky + 3(cam — c1m)?
—nm(eim +em) = 5 (@d + 43 + D)),
1= C(4vs +4ny1, $3 + 4n, A + cay2) +nm3),
r=Clcy —ny, 93 —ny, k+ iy + c2y2 — Tnys),
I =4pyi + 4972 + [r + 5+ i + ol + néaf + 492 +49),
Iy = (r — K+ 1y + v +ny3)x
x[(p +ny1 + 1e173)? + (g + n + $0213)%]
+u3l(ker —an)(p +nm) + (ke2 — a2)(g +ny2)]
+33 K2 + 3) = cra1 — c2ar]

M} | M3
H = 50 (G- + 3 + M5) + (= + 2171 + 2c272) M3

—v3(citMy + co2M3) + Cla1y1 + az7y2)
—n(Myy1 + Mz + M373),

Iy = [(M3 — 2Ck + 4C(cim + c27) (M} + M3)
—4C%y3(a1 My + ax M>)

L=f=0

In [337, 338], Sokolov and Tsiganov did not give the complementary integral for
this full case. The above formulas are adjusted from [41] (English edition 2017).
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2 Yehia [386] 1987,
n = k = 0 Chaplygin [53] 1903,
n =K = by = by = 0 Kowalevski [238] 1888 (Special case f = 0),
A=B=2C,
V = Claivi + azy2 — nky3 + bi(73 — 93) + 2bayimna
2
—5 2+ 29+
I =CQ@2ny1,2ny, k+ny3), p = C(—ny1, —ny2, £ — 3n73),
B =2py +2q72 + (r + k)33 + 1297 + 293 +73),
L =1[(p+n)? = (q+nmn)?—am +ay+ by
+[2(p + ) (g + 1) — a172 — axn + b3
25 (r +ny3 = R) [(p + n7)* + (g +172)°]
—4ky3[(p + ny1)(ar + b1yt + bayz)
+(g +ny2)(az + bay1 — b1yl
y3 2
H= =+ % m2) — ey
+Claim +axv2 +bi1(v} — ¥3) + 2b2v172]
_n(Ml’Y; + My + M37y3),
M>—M
Iy = [Zier? —aim +aam + b3 P
HHER — a1y — an + b3
— 555 (2Ck — M3)(M7 + M3)

—253[M) (a1 + bivi + b)) + Ma(az + bayy — biy)).

10.16 Further Studies on Integrable Cases

In the set of integrable cases in the dynamics of a body in a liquid, the presence of the
complementary (fourth) integral makes it possible to perform several analytical and
qualitative investigations on each one of the integrable cases, something we are not
able to do in the generic case missing the fourth integral. Those investigations include
the final explicit solution of the equations of motion in terms of time, bifurcation and
topological classification of orbits of the integrable system on its integral manifold
and the stability analysis of certain motions like stationary and periodic motions.

In this section, we try to give a quick review of some of those investigations
performed for the problem of motion of a body in a liquid.

10.16.1 Separation of Variables, Explicit Solutions and

Separation of the variables was performed most easily in the general integrable
cases of Euler and Lagrange of the classical problem. Both cases were reduced to
elliptic quadratures and hence the explicit solution was expressed in terms of elliptic
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functions of time. The general integrable case of Kowalevski and the conditional
case of Goryachev and Chaplygin were reduced to hyper-elliptic quadratures (For
more information see Chap.4). Explicit time solution of various integrable cases of
motion of a body in a liquid was investigated by several authors. The present status
of this aspect is summarized in the following:

General integrable cases:

(1) Kirchhoff reduced the case of simply connected body (a3 = x = 0) to an ellip-
tic quadrature and expressed some particular motions in terms of elliptic functions
[219]. Detailed analysis of the general solution in elliptic functions was performed
by Halphen [146] and Greenhill [135, 136]. The full general case 1 of Table 10.1 can
be easily solved also in terms of elliptic functions of time. This is shown in Chap. 12
Sect. 12.1 as a special version of a more general separable case of Lagrange’s type
(Case 7 of Table 10.1).

(2) The two cases 2 and 3 discovered by Clebsch were shown by Kotter [233]
in 1892 to have their general solution in terms of Theta functions in two variables.
The special version f = 0 of the asymmetric case of Clebsch was solved, in the
same set of functions by Weber, somewhat earlier using separation of variables in
Hamilton—Jacobi equation [367]. The version f = O of the spherical Clebsch case
is equivalent to Neumann’s problem solved in Theta functions of two variables (See
Chap. 9 Sect.9.7.3). Equations of motion in the Lax pair form and generalization to
n-dimensional space are briefly discussed in [306]. Some later trials led to separation
of variables in a much more complicated form, e.g. [260, 273]. Recently, the full
version and Weber’s one have been reconsidered in [95, 271].

(3) Steklov and Lyapunov subcases of cases 4 and 5 are conjugate in the same sense
as the two cases of Clebsch. A solution of those subcases proposed by Kétter in Theta
functions of two variables [235] was presented in a very compact and complicated
way, which led to some controversies between his contemporaries. Tsiganov [360]
reconsidered the separation problem for Steklov and Lyapunov subcases and recently,
in [363], the full versions of cases 4, 5 due to Rubanovsky. However, no explicit
formulas are given. Thus, the separation of variables for the Rubanovsky cases cannot
be considered complete, except for the Steklov and Lyapunov subcases separated by
Kotter.

(4) As concerns case 6, only the lower level of this hierarchy (Kowalevski’s case)
is separated by Kotter [232, 234]. The status of the second level (Yehia’s gyrostat)
is described in Chap. 5. A successful procedure like that followed by Kotter has not
been found. Separation of variables is not yet achieved for that level and for the
next one (Sokolov’s generalization of Yehia’s gyrostat). Note that if the solution of
the Sokolov case (n = 0) is constructed, the solution of the last level with n # 0 is
the same, as concerns the vector ~y(¢). The vector w(¢) is then readily obtained by
applying the regular precession transformation (See Sect. 10.11).

Topological classification of the case of Yehia’s gyrostat in the uniform gravity
field (See Chap.5) is discussed in detail in the book of M. Kharlamov et al. [184]
(See also [185]). The generalized version when n # 0 and for non-zero Sokolov
parameter ¢, was not investigated until now.
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(5) Variable separation for the Sokolov case in the hierarchy 7 (without a gyrostatic
momentum) was proposed in [227]. It generalizes the one used for Kowalevski’s
case by Kowalevski and Kotter. Explicit separation and expressions for dynamical
variables were given in [70] , in terms of two intermediate variables, which are
expressed in genus-2 Theta functions. In the last level of the hierarchy, after the
introduction of the parameter n, the solution is obtained by applying the uniform
precession transformation. The same separation variables of [227] were used in
[186] for detailed investigation of the integral manifolds and their bifurcation and
also complete description of the phase topology of this case.

Conditional integrable cases

(1) Separation of variables is known for the first two levels of the hierarchy. For
Goryachev—Chaplygin’s see Chap.4 Sect.4.4 and for Sretensky’s level see Chap. 5.
Explicit time solution for the full case (1) of Table 10.2 is not found yet.

(2) The second case of Table 10.2 involves 6 significant parameters ay, ay, by, by,
k, n, of which the last one can be set equal to zero for variable separation and it
can be restored in the system by the uniform precession transformation. Separation
of variables and explicit expressions for the dynamical variables are known in the
following subcases:

a- The special version f = 0 of Kowalevski’s case (n = xk = ay = b; = b, = 0).
By a rotation of the x, y axes fixed in the body by a constant arbitrary angle in their
plane, one can construct a solution in which both coefficients a;, a, are present.

b- Chaplygin [53] first established the integrability, on the level f = 0, of the case
n=kr=a; =a = by =0, that describes the motion of a simply connected body
in a liquid (with only one parameter b; present in the potential). Then he achieved a
separation of variables for this case and expressed the dynamical variables in terms
of two parameters sy, s, each of which can be expressed as an elliptic function of
t. This solution is presented in detail in the next section. By a rotation of the x, y
axes fixed in the body at a constant arbitrary angle in their plane, one can construct
a solution in which both coefficients by, b, are present.

c- From the results of [416], it follows that the problem of motion of a rigid body
with A = 2C and arbitrary B, subject to forces with potential

V =ayy + b (v —3),

under the additional restrictions

is solvable in elliptic functions of time.

10.16.2 Topological Classification of Integrable Cases

The classical integrable cases of the problem of motion of a rigid body in a liquid
served as a fertile land for the application of methods of algebraic geometry and
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topology, created specially for the study of the phase space of integrable systems.
Topological classification offers an alternative, which determines the picture of the
foliation of the Liouville tori and hence sheds some light on the general (qualitative)
features of motion that can hardly be obtained from the explicit solution of compli-
cated problems. General methods of the study of bifurcation of integral manifolds
and phase topology of the integrable cases of the classical problem and gyrostat
motion were developed by M. Kharlamov (See e.g. [183, 185]). Steklov’s case was
investigated by Bogoyavlensky and Ivakh [33].

Fomenko constructed what may be called “Morse theory of integrable Hamil-
tonian systems” [87-90], building on previous results of many authors including,
in particular, works of Smale. This theory was further developed by Fomenko, his
colleagues and coworkers (e.g. [34, 35, 92, 303]). Topological classification is made
for several two- and multi-dimensional integrable Hamiltonian systems. Most inter-
esting, in particular, are Hamiltonian systems with two degrees of freedom. Those
include reductions of higher dimensional systems with cyclic coordinates. A theory
of topological invariants of such systems was developed, which gives their classifi-
cation up to Liouville equivalence, i.e. up to deformation of Liouville tori. For basic
information about the theory and some applications to rigid body dynamics, the
reader is referred to papers in [90], the works cited above and references therein. In
this subsection, some results about topological classification are pointed out parallel
to information about explicit solution for each integrable case of the dynamics of a
rigid body in a liquid. It has to be said here that topological classification is not a
characteristic property of an integrable system. Chaplygin’s case of rigid body in a
liquid, discussed in the next section, is an example.

10.17 Chaplygin’s Case of Integrability

In [53], Chaplygin discovered the conditional case, integrable on the zero level (f =
0) of the areas integral and like Kowalevski’s case valid under the condition A =
B = 2C and characterized by the choice

V=Ccy} =73, n=0, (10.179)

in the equations of motion (10.54), which, in this case take the form

2p —qr =2y,
2g + pr = 2cm7s,
F = —4cyva,

M+qu—rn=0%+ry—py3=0,7%+pyr—gn=0. (10.180)
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The four integrals of motion are

1
pP+q*+ 5}’2 +c(i —73) = h,
2pyi+2g72+ry3 =0,
nEBEB=1,

(P* = ¢> + 3 +4p°q* = K> (10.181)

They involve two arbitrary constants 2 and K. The sign of K is immaterial and,
without loss of generality, we can assume that K > 0.
Chaplygin’s case is highly interesting for many reasons. In particular,

(1) It was the second conditional case in rigid body dynamics, after the Goryachev—
Chaplygin case of the classical problem (See Chap. 3 Sect.3.4).

(2) It turned out that separation of variables is much simpler than in the former
case and leads to explicit expressions of the Euler-Poisson in terms of elliptic
functions. In fact, it is a rare example of dynamical problem, with a relatively
simple solution that can be explicitly written in terms of two sets of elliptic
functions, which have two independent moduli.

(3) Because, as will be seen later in Chap. 2, it can be brought to equivalence with
a completely different problem. Namely, it is that of motion of a body with the
Kowalevski configuration about a fixed point, while acted upon by two irre-
ducible uniform fields.

(4) It was the subject of many later generalizations, as will be seen in Chap. 13.

Chaplygin’s case was a favourite subject for topological analysis by many authors.
Topology of the iso-energy surfaces, bifurcation diagrams in the plane {K?2, i} and
topological classification of the Liouville tori are studied in [300, 322]. More detailed
topological analysis can be found in [295]. In [91], topological equivalence of Chap-
lygin’s case is established with two other problems, the Euler case of rigid body
dynamics and Jacobi’s problem of geodesics on an ellipsoid. Nevertheless, it seems
that not much is done in the literature dealing with the explicit analytical forms of
the solution or the qualitative properties of motion. For all those reasons, we now
give a somewhat detailed description of the solution and possible types of motion of
the body.

10.17.1 Separation of Variables

We give here the expressions for the Euler—Poisson variables in terms of Chaplygin’s
separation variables. Some more details on the separation process can be found in
[53].
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V2VEK s — /T =5,
A/51 — 8§52 ’
V2VEK/si + I/T+ 5
A8 — 85?2 ’
B ﬁ[\/(sf — 1) (B—cs) + \/(1 — s2) (cs1 — )]

S — 5

p=1/2

r

), (10.182)

b= [V + DA —5)(B—cs2) — /(A +52) (51 — 1) (cs1 — )]

V2 (s — 52)
oy = [V =D +5)(B—cs2) +/(0=52)(s1+ 1) (cs1 — )]
V2 (s1 — 52) ’

_ V2K
B= NEAGEED)

where « = h + K, 8 = h — K. Note that & > (3 and equality occurs when K = 0.
The two variables sy, s, are solutions of the equations

(10.183)

$1 = —\/2 (512 — 1) (cs1 — @),

i = =201 = (B - es2). (10.184)

It is not hard to see that for a real solution of those equations s; € [max(c, 1), 0o],
while s, € [—1, min(3, 1)].

Now, for more visibility of the results, one can choose the units of measuring
time, so that the constant ¢ = 1. It is essential to find the conditions of repeated roots
in the under-root polynomials in (10.184). Those are, respectively,

h=—-K+1,h=K=£1. (10.185)
For simplicity, we introduce the parameters
a=h+K,=h—-K. (10.186)
The bifurcation diagram in the K i-plane is shown in Fig. 10.13.
There are three admissible regions I, II and III, inscribed by solid lines. In those

regions we have

—1 <1< <ainregionl,
—1 < B <1< ainregionIl,

—1 < B < a < 1inregion III.
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I p=1

Fig. 10.13 Bifurcation h
diagram for Chaplygin’s case

Inside each region the analytical form of the solution of (10.184) and its qualitative
properties do not change, and so does the topological type of the invariant two-
dimensional manifold which consists of tori on which the trajectories are wind in the
phase space. Only crossing the boundaries between those regions, those properties
can change.

By integrating (10.184), it is not hard to obtain the following formulas for s; and
s> in terms of time:

Sl’lz( QTHl,kl) 2
si=a+(a—1)——————, k= o oa>1,
en?(y/ s, k) a+l
sn(t, v1) a+1
=1+(-a)—, = , 1(10.187
* a)cn2(t, V1) & 2 o<l )
and
B+1 2
= —1+2sn? k k= [—— 1
$2 + 2 sn”( 7T 2), 2 ﬁ+1’5>’
1
= —14 B+ Dsn’(1, 1), vy = 5% 8 <1. (10.188)

Here 7 =t — 19, ty is an arbitrary constant. Note that 0 < 7y < T, where T is the
period of the Jacobi elliptic functions of moduli k. A similar constant appears in the
first two formulas is set equal to zero without loss of generality by choosing the initial
time moment. The generic motion is quasi-periodic, but becomes periodic when the
periods T and 7> of the two sets of Jacobi’s functions are commensurable.
According to the general Liouville-Arnold theorem for completely integrable
hamiltonian systems, the integral manifold of the Chaplygin system, corresponding
to a fixed pair of the parameters {K, &}, is a 2-torus or a union of such tori, each
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Fig. 10.14 Iso-potentials on
the Poisson sphere, the same
as zero-velocity curves

of which is filled (winded) by quasi-periodic phase trajectories. On each torus, a
trajectory is singled out by the value of the parameter #y. The projection of a trajectory
of the system on the Poisson sphere is the trajectory of the apex of the vector -,
during the motion of the body, on that sphere. That is what we try to clarify in the
following subsections.

10.17.2 Forms of Motion on the Poisson Sphere

A look at Eq. (10.180) reveals that they have six equilibrium positions, in which an
end of one of the principal axes of inertia is directed vertically upwards. Two positions
correspond to potential minima V = —1 atthe points v = (0, 1, 0), two correspond
to potential saddle point V =0 at v = (0, 0, 1) and the last two correspond to
potential maxima V = 1 atv = (%1, 0, 0).

From the energy integral in (10.181), one can see that any real possible motion or
equilibrium must satisfy the condition

V=9l—-7<h (10.189)

The region determined by this condition on the Poisson sphere is called the region
of possible motions. On its boundary v? — +3 = h, the angular velocity of the body
vanishes. If exists, this boundary is named the zero-velocity curve ZVC.

Figure 10.14 depicts iso-potential lines on the Poisson sphere. At the minimum
value of the energy parameter 7 = —1, the ZVC is composed of two opposite points,
corresponding to two stable equilibrium positions* of the body with either ends of

4 Here we mean the alternative problem of motion about a fixed point. In the Chaplygin problem,
it corresponds to a steady translational motion of the body in the liquid.
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the y-axis directed along the upward vertical (The vector ). As & increases, namely,
for h € (—1,0) ZVC consists of two components, each of which is closed around
one of the ends of the y-axis. The region of possible motion is composed of the two
areas inside the two components of the ZVC. The value & = 0 is a critical one. At
this value, the ZVC renders to a pair of great circles intersecting on the z-axis and
the two regions meet at the two ends of the z-axis. For greater values of & € (0, 1),
the two components of the ZVC become closed around the tips of the x-axis and the
region of possible motion is the whole sphere with the exception of the two regions
inscribed by the ZVC. For h = 1, the region of possible motion is the whole sphere
and the equilibrium is possible with the x-axis in vertical position. Finally, for 2 > 1,
the region of possible motion is the whole sphere and no ZVC exists.

In the bifurcation diagram Fig. 10.13, one can readily see that the least value of
the energy parameter for a possible motion is 7 = —1 at P and at this point K = 0.
Those values correspond to two equilibrium positions v = (0, =1, 0) at two potential
minima. The y-axis is then directed up or down the positive Z-axis fixed in space.
The trajectory of the apex of y consists of two points. If we move in the bifurcation
diagram on the boundary P Q, the trajectory becomes an arc of the great circle
v3 = 0, corresponding to a periodic pendulum-like motion about the z-axis. As we
approach the point Q, the motion becomes asymptotic to one of the two equilibrium
positions at the two potential maxima at v = (£1, 0, 0). At all points beyond Q,
the trajectory is the whole circle, corresponding to complete uni-directional plane
(pendulum-like) rotations about the z-axis.

A similar pattern is noted also on the line P R. The motion begins as pendulum-like
vibration about the x-axis with increasing amplitude that reaches 7/2 at R, where
the motion becomes asymptotic to the equilibrium positions at v = (0, 0, 1), the
saddle points of the potential. Beyond R, the motion is a pendulum complete rotation
about the x-axis.

An exceptional family of motions corresponds to parameters on the segment R Q.
The motion begins as a pendulum-like vibration about the y-axis with increasing
amplitude that reaches 7/2 at Q, where it becomes asymptotic to the equilibrium
positions at two potential maxima at v = (%1, 0, 0).

Finally, on the critical line 7 = K + 1, the motion is asymptotic to pendulum-like
complete rotations about the y-axis.

10.17.3 Explicit Solution

Now, substituing relevant expressions for s; and s, from (10.187), (10.188) into
(10.182), (10.183), one can write down all the Euler-Poisson variables as functions
of time. Doing that, one has to choose the signs of the radicals v/s; — 1, v/T — 52, - -
and./s; — s,. However, one has to take only the combinations of signs which are
compatible with the areas integral, the second one in (10.181). To make it more
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definite, we first note that the equations of motion and the integrals of motion enjoy
the property of being invariant under each of the simultaneous changes of signs of
the tuples

D{v1, 72, 13}
2){p.q. vk
3H{r, 1,72, 1} (10.190)

Some more changes can be obtained as products of those three. Example is the change
{w(),v(®)} = {—w(—1),~(¢)}, obtainable as the product of the three changes.
Alternatively, the last change follows from a general principle, the time-reversibility
of the motion of natural mechanical systems, acted upon by purely potential forces.

We now write down the final forms in the three zones of the primary solution,
obtained by giving all radicals in (10.182), (10.183) a positive sign. In all illustrat-
ing examples in the accompanying figures below, we have set #, = 0, i.e. we have
projected one trajectory of the infinite number on an integral torus of the problem.
Note that those figures were plotted on different time intervals, sufficient for suitable
visualization (Figs. 10.15, 10.16, 10.17).

10.17.3.1 InZonel(1 <03 < a < 00,)

VK (a—1)en (1T, ko)
NN ’
g= VK (a+ 1)dn (vqt, ky) sn (1,7, k)

VA
V2 — 1
r= %[an(ylt, ki) en(vit, ky) sn (1T, ko) en (1,7, ko)
1

+v (a4 1)(B + 1)dn (1o, k) dn(vt, k)], (10.191)

1
M= A—[\/ (o + 1D)(B+ Den(vit, k) dn(vit, ki) en (1a7, ko) dn (127, k)
1

— (a— 1) sn (vy, kg) sn(vt, k],

v ‘Z_ @ T D sn(r. ky) dn@ar. k) en (vor ko)
1

+ (ﬁ-l- l)sn (1n, kz) dn (1n, kz) cn(vit, ky) ],
_ _«/zx/fcn(l/lt, k1)
V3= «/A_l s

72 =

(10.192)
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a) K=10,h=11 b) K=10, h=11.1 ¢) K=10, h=30

d) K=0.1, k=50 ¢) K=0, h=50

Fig. 10.15 Examples of trajectories from zone I

where

Ay = (a+ 1)dn? (1, k) — 2cen® (uit, ky) sn? (e, ka) (10.193)

10.17.3.2 InZonell (-1 <38 <1< a < 00)

_ VK(a—1)dn(r,1n)
p= NS )

_ VEK(a+ DB+ Ddn (vt kp)sn (7, 12)
q= NI ,

V2e-D@E+1)

Aj

[ﬁ sn(v1t, k1) en(vqt, k1) sn (7, 1vn)dn (7, 10) + Va+ len (1, 1) dn(vg t, k)],
(10.194)
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Fig. 10.16 Examples of

zone 1T
a)K=10, h=9.1
z
¢) K=10, h=10.9 d) K=h=50
WV 1
m=- 26A+ [—2va+ 1dn(vit, ki) dn (7, 12) en (7, 1n) en(vit, ky)
2
+2 (a — 1) sn (7, 1n) sn(vit, k)],
V2o —1
"= %[\/ 2(a+ 1) sn(vit, k1) dn(vt, ky) dn (7, 12)
2
+ (B+ D)sn (7, 1n) en (7, v2) cn(vit, k) ],
2VK t, k
= _\/—\/_CH(Vl l)’ (10.195)
VALV
where

Ay = (a+ 1)dn® (2, ky) — (B + D) en® (¢, ky) sn® (7, 1) . (10.196)
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Fig. 10.17 Examples of
trajectories in zone III

a) h=-0.49, K=0.5 b)h=0,K=0.5

¢) h=0.49,K=0.5 d) h=0, K=0.1

10.17.3.3 InZonelll (-1 <8 <a <1< )

VK —a)sn(t,vy)dn (7, 1)

— 3

VA
_ VKB +Ddn (s, vy)sn (7, 1)
q - /—2A3 ’
J_—
r = 2d z)(ﬁ +1 [sn (¢, v;)dn (¢, 1) en (T, 1)
3
+cn (¢, vy) sn (7, 1n) dn (1, 111)], (10.197)

" = %[(a —Dsn(t,v)sn(r,vn) +2cn(t, v)dn(t, v1) en (7, vp) dn (7, 11)]
3
= @[2 dn (¢, v1) dn (7, 1)
3

+ (B+ Dsn(t,vy)sn(r,n)cen (¢, vy)en (T, 1,)]

V2K
gy = V2K en, v (10.198)

VA3
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where
A; =2dn?(t, 1) — (B4 D)sn® (1, v)en? (1, 1)) . (10.199)

10.18 Integrability Issues

To begin with, let us note that just as in the problems considered in the previous
chapters, the equations of motion (10.45) satisfy Jacobi’s divergence condition, which
may be written as

o . 0 .
and thus we need only one general integral (involving a new arbitrary constant) to
complete the integration of the problem of motion.

The problem of motion of a body by inertia in an ideal fluid is described by
Lagrangian and Hamiltonian equations, isomorphic by the analogy introduced in
this chapter to the equations describing the motion of a rigid body about a fixed point
under the action of an axi-symmetric combination of three classical fields. The last
problem has three degrees of freedom and thus requires for complete integrability
the existence of a fourth integral independent of the three known ones. In any set
of generalized coordinates, say, Euler’s angles, the geometric integral degenerates
into an identity and we are left with three integrals, the number of integrals required
for complete integrability in the sense of Liouville. Thus, Jacobi’s and Liouville’s
approaches lead to the same requirement.

Neither Eqgs. (10.45) and (10.41) nor the equivalent Thomson-Lamb equations
were investigated in their full form for the existence of a fourth (complementary)
integral. The situation is somewhat better for Kirchhoff’s equations, which describe
the motion of a body bounded by a simply connected surface. We give here only
brief account of the various research on this matter.

10.18.1 Results Concerning Kirchhoff’s Equations

10.18.1.1 The Case of Tri-Axial Ellipsoid of the Matrix a

Existence of a real-analytic fourth integral: One of the notable results is due to
Kozlov and Onishchenko_[246] (See also [41]), who used Eq.(10.12) to establish
that when the matrices a,b,¢ are simultaneously diagonal, i.e.

a = diag(a,, a2, a3),
diag(by, b2, b3),

¢ = diag(cy, ¢2, ¢3),

=
I
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and under the condition thata; # a» # a3 # aj, there exists no real-analytic comple-
mentary integral of (10.12) independent of the three known general integrals (10.13),
except in the two cases when the following necessary relations hold between the
matrices:

c1—C3 Cr — C1 3 —C

A) + + =0,b=0, (10.200)
[2%) as a)

Conditions (A) are also sufficient for integrability. They correspond to Clebsch’s
integrable case (Case 2 of Table 10.1 above) under the restriction n = 0, n the regular
precession transformation parameter.’

by —b by —b by —b
1= ;2 h s

a as ag

B) =0. (10.201)

This condition is necessary but not sufficient. The classical case of Steklov (Case 5
of Table 10.1 above, with n = 0, K = 0) satisfies this condition and existence of the
fourth integral is secured by the additional restriction ¢ = 0.

Branching of solution: The large number of parameters involved in the Thomson-
Lamb equations of motion of a body in a liquid has become an obstacle for further
analytical studies of those equations. In spite of its huge success in the classical
problem, the approach used by Kowalevski [238] to isolate possible cases in which
the solution of equations of motion has only poles as critical points in the complex ¢-
plane does not seem efficient in the problem of motion of a body in a liquid. However,
analogous result was established for Kirchhoff’s equations:

Under the condition that a, b, ¢ are simultaneously diagonal and a; # a, # a3 #
ay, the general solution of (10.12) is meromorphic only for the cases of Clebsch and
Steklov [316].

In both cases, the complementary integral is known and the explicit time solution
is expressed in terms of Theta functions.

Existence of a single-valued or algebraic fourth integral: The investigation of
existence of a single-valued complementary integral was performed in [36]. It turned
out that when a; # a, # as # a;, branching of solutions is an obstacle for existence
of single-valued integrals. It is shown that

Under the condition that a, b, ¢ are simultaneously diagonal and a, # a> # a3 #
ai, the cases of Clebsch and Steklov are the only cases, when Eq.(10.12) admit a
single-valued fourth integral.

5 In fact, the condition b = 0, is over-restrictive. The result holds when b is propertional to I =
% trd — I = % tr@a Hd—a1L. Compare with Case 2 of Table 10.1. The full form, consistent with
that in Table 10.1, was given in [36].
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The existence of a polynomial integral of Kirchhoff was also considered in some
recent works [263, 428], following a line due to Darboux.

10.18.1.2 Case when a Has an Ellipsoid of Revolution

Preserving the assumption of diagonal three matrices and adding the restriction a; =
a,, Sadetov [327, 328] has shown that a complementary algebraic integral of the
equations of motion does not exist, except in the Kirchhoff case (Case 1 of Table 10.1)
and the special versions of the cases of Clebsch under the extra-condition a; = a;.

Remark: As we have seen, in all methods used to investigate integrability of
the problem, diagonality of all matrices was a common assumption. This situation
greatly reduced the efficiency of those methods. None of them has pointed out a
new integrable case. Ironically, in the case which generalizes the classical case of
Kowalevski, found later by Sokolov, the matrix K has off-diagonal elements. It was
not predicted by any method, but came as a result of the application of a brute force
method. An ansatz of an integral of degree 4 was used and a symbolic program
was used to solve the resulting conditions on the coefficients and on the system
parameters.

10.19 Remark Concerning Particular Solutions
of the Problem

The above tables of general and conditional integrable cases of Thomson-Lamb and
Kirchhoff equations give a complete up-to-date list and full identification of those
cases. Although we also know a large number of particular exact solutions, we have
not tried to make a complete list of them. At present, some of those solutions are
scattered in journal papers. We have described the most important of those solutions
in the present chapter, as examples on solutions of various forms of the equations of
motion and also in examples of application of the regular precession transformation.

The largest collection of particular exact solutions of problems of motion of a body
in a liquid may be found in books of Gorr and co-authors [121, 125, 126]. Cases
are classified by the nature of motion: permanent rotations, regular precessions,
semi-regular precessions and so on. However, those books concentrate more on the
research of the Donetsk group and in general on results published in Russian. Some
results may have been disguised by the use of various sets of variables and may need
careful revision. In general, further effort is needed to compare, complete, classify
and tabulate all existing results.
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10.20 The Donetsk School of Mechanics and Its Attitude
to Competing Works

Be not proud because thou art learned; but
discourse with the ignorant man as with the sage.
For no limit can be set to skill, neither is there
any craftsman that possesseth full advantages
Ptah-Hotep (2880 BC) [72]

Although founded by Euler and developed by the basic works of D’ Alembert,
Poisson and Lagrange, the field of dynamics of a rigid body acted upon by various
forces suffered from stagnation for almost a century. Over that period, the search
for integrable cases or particular solutions didn’t lead to any notable results, even in
the simplest problem, the classical problem of motion of a body about a fixed point
under its own weight, more than Euler’s and Lagrange’s cases.

The first breakthrough in the classical problem was made, in 1888, by Kowalevski,
who discovered the third integrable case. To that she was not led by a physical or
mechanical conservation law, as in the previous two cases, but was led only by a purely
mathematical property of the solution of the equations of motion. Kowalevski’s
success encouraged a number of several of the classics in mathematics and mechanics
to invest huge efforts in the same problem. Over the next two decades, the search of
such eminent scientists as Joukovsky, Lyapunov, Steklov, Chaplygin and Goryachev
produced several integrable cases and particular solutions not only in the classical
problem, but also in the gyrostat problem and the problem of motion of a body in a
liquid. We have listed those results in relevant chapters of this book. It can be noted
that of the eight solutions known up to the first decades of the twentieth century,
four cases were found by Russian authors. The next four decades have brought
no significant changes in the status of the field, but in 1948, Grioli announced the
discovery of a regular precession about an axis inclined to the vertical.

Donetsk school headed by P.V. Kharlamov has made a significant advance in the
subject of rigid body dynamics in the period extending from the mid-fifties to the
late eighties. For most of this period the Donetsk school comprised a large number of
coworkers who worked on all aspects of the classical problem and its generalizations,
and especially, the problem of motion of the gyrostat. The group made several notable
achievements: three new particular solutions of the classical problem raised the ratio
of exact particular solutions constructed by Russian-writing authors to seven cases out
of a total of twelve known at the present time. Donetsk school’s success was exclusive
in the problem of motion of a heavy gyrostat about a fixed point. As pointed out in
Sect. 15 of Chap. 5, a considerable part of our present knowledge of exact particular
solutions of the equations of motion of a gyrostat belongs to that school. Those are
mostly cases generalizing known ones of the classical problem, but a few ones have
no analogs in the classical problem. However, the Donetsk school did not find any
general integrable cases of the gyrostat problem. This is a key remark to which we
shall return later.
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The group used a “brute force” policy in the search for exact solutions. Problems
are scanned for the possibility of admitting a solution of a prescribed form. Each of
the resulting cases certainly required a high cost of manual calculations. The view of
an expression or a solution with coefficients written in one or two pages was normal
and mostly expected. In the classical field of rigid body dynamics no easy results
are left. The group earned credibility and authority in the area of constructing exact
solutions and renewed the spirit that prevailed at the turn of the 19th to the 20th
century, when the field of rigid body dynamics was, almost completely, a Russian-
language science.

Researchers from the Donetsk school have shown that the few results announced
in the thirties by Field, Corliss and Fabbri mainly repeat or are special cases of the
former results of Russian authors. Also, a result of Mertsalov (1946) was shown to
be in error. The overall performance of the research group was more than successful.
This gave the group a sense of responsibility to the Russian heritage: they kept its
competence among other schools of mechanics and turned into custodian not only
of the Russian contributions but also of the whole subject of rigid body dynamics.

In the mid-eighties, the author introduced the simple transformation discussed in
detail in Sect. 10.11, which led to an automatic generalization of all general and con-
ditional integrable cases as well as particular solutions of the classical problem and
its generalizations by inserting an additional parameter n that invokes a simultaneous
combination of potential and gyroscopic forces. Results have interpretations as new
integrable and solvable cases in the problem of motion of a body in a liquid. Nearly
at the same time, the author devised a method for constructing two-dimensional inte-
grable systems that admit a complementary integral, polynomial in velocity. This
method had two main advantages. Firstly, it produced systems living on Riemannian
manifolds and not only on flat spaces. Secondly, those systems are time-irreversible,
and thus accommodate reductions of 3D systems with a cyclic integral. Those two
advantages made the method able to obtain a new integrable system that needed some
restrictions to produce a case of motion of the gyrostat, which turned out to be the
long-waited generalization of the historical Kowalevski’s case, by adding a rotor to
the body along its axis of dynamical symmetry (For details, see Chap.5 Sect.5.6).
There were some other new results, like the new form of the equations of motion of
a body in a liquid, which we presented in detail in Sect. 10.4.

The new results have shocked the Donetsk school in more than one way. On one
hand, a significant contribution came from outside the Donetsk school. On the other
hand, no brute force was used, nor needed, in obtaining those results. The Donetsk
school behaved in reaction to the appearance of the new results in a strange way.
We give here few brief quotations from the publications of members of the Donetsk
school of mechanics, to show to what extent some scientific criticism can go when
a strongly overconfident group of researchers have full control over a well-known
scientific journal. A rebuttal of some of those criticizing publications was published in
2001 in [405], too late, after some comments were included in Mathematical Reviews
[281] and Zentralblatt (Zbl 1025.70007). After the publication of our article [405], it
seems that the Donetsk group, at last, realized that they were in error, nevertheless,
no one of the authors of the aggressive publications came out to declare that. The
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direct aggressive series of criticism was stopped. Only in few occasions they were
resumed, and mainly indirectly (e.g. [203]).

After the detailed presentation of the problem of motion of a body in a liquid in
this chapter, one can hardly need any comments on the claims in the papers of the
Donetsk group. However, we find it necessary to pick up some of the most offensive
claims. In fact, there are some lessons here to be learned from them.

10.20.1 The Attitude to the Uniform Precession
Transformation

In a series of publications, which were brought to our attention only in the fall of
1996, the authors claimed that this method of generalization is void, meaningless
and leads to nothing new [200, 211, 216, 217, 292, 350]. We give few quotations,
referring the reader to original sources.

(A) In a rare example of unjustified criticism, one of those authors (Kharlamov
P.V. [200]) stated, after appraising the criticismin [216, 217, 350], that this criticism:

“restores the truth in the most difficult problems of the dynamics of a rigid body, and cleans
the field of study from rubbish introduced by faulty and illiterate papers of H. M. Yehia ...
[200].

The same quotation was included in the review (MR 93g: 01040), written for
Mathematical Reviews by Konosevich, the colleague of the authors in the same
institute.

(B) Another author writes [350]:

“H. Yehia has announced so significant results, that, in case they were true, the state of the
classical problems of rigid body dynamics could have radically changed. ...

Astonishing is the lightness with which the achievements of the greatest scientists including
prominent nationals were “generalized” in a single stroke by means of a trivial change of
variables and introducing a nonsignificant parameter to the system. But neither V. A. Steklov,
N. E. Joukovsky, S. A. Chaplygin nor G. V. Kolossov can defend themselves against Yehia’s
generalizations” .

(C) As was explained by Kharlamov in [200] (The same reasoning also in [216,
217, 350]), the main point of their criticism is the following:

“Let the system of differential equations

Xi=Xi(x1,x2, oy Xp),i=1,...,n (10.202)
be transformed by means of the invertible substitution

yi = yi(x1,x2, o, g3 V)i =1,..,m (10.203)

to the form
Vi = Yi1, Y2, e Vi V), i =1, .., 1. (10.204)

If (10.202) admits an integral
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I(x1,x3, ..., Xp) = const. (10.205)
then (10.204) has the integral
J (Y1, Y2, ooy Yn3 V) = const. (10.206)

obtained from (10.205) by the substitution (10.203). Even a beginner in Mathematics can
realize that the factiously introduced parameter v in (10.204) and (10.206) can have no
significant meaning, since it can be eliminated again by the use of the inverse transformation
of (10.203). Thus Yehia’s idea to generalize in this way all the known results in the dynamics
of rigid bodies (belonging to Joukovsky, Kowalevski and others) is empty and meaningless”.

(1) The first lesson here to learn is that a scientific journal not owned and edited by
that research group, could not allow the use of words like “rubbish, faulty and
illiterate” to describe the publications of a competing author.

(2) The second is that over-confidence caused the whole group to deny or disbelieve
scientific achievements of others.

(3) The third lesson is that the review data bases Mathematical Reviews and Zen-
tralblatt sometimes adopt the easy solution: to assign each of the members of
a certain scientific institution to review the publications of other members, and
thus allowing less probability of fair reviews and objective evaluations. In our
case, each of the members of the IAMM (Institute of Applied Mathematics
and Mechanics) reviewed other members’ works. The circle is thus closed: The
Authors are the Editors of the Journal (Mekh. Tverd. Tela) and reviewers of their
articles and, at last, the reviewers of their publications for the MR and Zbl bases.®

10.20.2 The Attitude to the Equations of Motion in the Form
(10.45)

In 2001, Kharlamov P.V., Mozalevskaya G.V. and Lesina M.E. published the paper
[203], in which the equations of motion of a body in a liquid are observed to be written
in four different forms, as per the choice of the principal variables in the equations.
The first is the classical Tomson-Lamb Eq.(10.16) using the variables w, u. The
second is (10.23) using M, p. In fact, they use a slightly modified form due to
Kharlamov [192], praising this form as being chosen by Chaplygin and Kharlamov in
their research and giving it the term “principal (main) representation” of the equations
of motion. The third form uses w and p(+y), which are in fact our equations presented
in Sect. 10.4 and deduced originally in 1986 [383], but they are not presented in [203]
in full form. The fourth form uses M, u and is termed as the worst choice. As the
authors tried to give references and names for the first two forms, they pass by
the third form of the equations without giving any references nor referring to any

6 In fact, articles were rejected from publication in the Russian journal PMM J. Appl. Math. Mech.
(See [200]). Namely, this rejection evoked the publication of the whole series of papers in “Mekh.
Tverd. Tela”.
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authority in the field. In particular, our 1986 paper [383], which is most relevant to
this context was not mentioned nor cited in [203].

It may be interesting in this context to recall the next quotation from the Zentral-
blatt review (Zbl 1025.70007) concerning the above paper [203] and just repeating
all the claims advanced in that paper:

“It is noticed, that the objective factors, that characterize the given mechanical
object, should be separated from the subjective factors, brought by the investigator
into the mathematical model of this object. In this connection it is shown, that the
equations used by H.M. Yehia in some of his papers are not new, but they are partial
cases of Kirchhoff’s equations. It is also noticed that some of the generalizations
of known integrable cases given by H.M. Yehia are not new too, but they can be
obtained from the initial integrable cases by coordinate transformation. To avoid
such mistakes the authors suggest that all results in this area should be compared
with the corresponding results for the main form’ of Kirchhoff’s equations.”

Reviewer: Boris Ivanovich Konosevich (Donetsk)

It is notable here that the reviewer and the authors of the article [203] are members
of the same institute.

10.21 Exercises

(1) A solid of revolution moves through a liquid and its kinetic energy 7T is given by

1
T = 5[A(p2 +¢%) +Crr+ AW +ud) + Cull.

Prove that the steady motion given by
p=q=0,r=Qu =u=0,u3=v
is stable in the linear approximation, provided

LAC/(A' = C')

Q2 =4y
A'C?

[Lamb]

(2) Show that in the classical problem of motion of a heavy rigid body fixed from
on point the permanent rotations around a tilted axis (Sect. 10.8) is possible,
only when the body is fixed from its centre of mass, and the axis of rotation is a
principal axis of inertia of the body at the fixed point.

7 The “main form” means the second representation, i.e. the one used by Kharlamov (See the last
paragraph).
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3

“

&)
(6)

@)

A body fixed from its centre of mass moves under the action of forces with
potential V = % > Jij7iyj, Vi are the direction cosines of a certain line fixed in
space. Show that a uniform rotation of the body about an axis inclined to that
line is possible only when the axis of rotation is a common principal axis of the
matrices J, I and this axis takes a horizontal position.

A body bounded by a simply connected surface is moving in an ideal incom-
pressible fluid, infinitely extending in all directions and at rest at infinity. The
equations of motion have the form (10.45), with k= a = 0. Show that uniform
rotation about the z-axis of the body is possible only if the three matrices have
the form:

[Ji1 0 0
J= O J]] O s
| 0 0 Jss
_ [Kn 0 Ky
K: 0 K” K23 ,
_K13 K23 K33
i K
T Iz T K13
1= K112 K[22 2(1—33]—1,]”)[(23 s
—2(‘]33171111)1(13 2(«’331*1]11)1(23 I33

provided J33 # Ji1, K11 # 0, the angle 6y is chosen arbitrarily and the angular
speed of rotation

2(J33 — Ji1) cos by
K ’

Q=

Consider the critical cases of exercise 4: K11 =0, J33 # Jijand K11 =0, J33 =
J 11-

Show that the consecutive application of two transformations with parameters
ny, ny is equivalent to the application of one transformation with the parameter
ny + nj.

InSect. 10.14.4, when K1, # Ouse Eq. (10.160) to show that the relation between
the rotation angle ¢ and time is determined from the equation

— d
‘= —K“/ : 1 (10.207)
Jizsinp 4 Jyzcos o + a3

under the condition that the parameters of the body are given by

—CJ]3 —CJ23
ki T KR

a=a3( ,1),’€=(0, 0’ K‘3)7
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Ji _%:21123 Ji3
J= ——Cﬁjzl]” Ji + K%l(flzg —J3) Js |,
Ji3 J3 Js3
_ Ky 0 Ki3
K= 0 Kukn|. (10.208)
K13 K3 K33

Show that in contrast to the case of pendulum motion, this motion has a definite
energy value, which depends on the parameters of the body

1 c .,
E=_[J+—5 (4 +adl. (10.209)
2 K2,

(8) Starting from the Lagrangian (10.49) of the generalized problem (10.45) (the
Routhian of the problem of motion of a body in liquid after ignoring the cyclic
translational coordinates):

(a) Ignore the angle of precession retaining the Poisson variables (the compo-
nents of ) as redundant configurational variables.

(b) Apply Hamilton’s principle in the form of Jacobi to the reduced time-
irreversible Routhian system. Equations of motion are deduced from a vari-
ational problem of the type 6 [ Rdr = 0. Applying Maupertuis’ principle to
eliminate the time differential from the variational problem.

(c) Use 7 as the independent variable and obtain the following second-order
differential in 73, to which the equations of motion of the body in a liquid
are reduced on the integral level {I; = h, I, = f} [384]:

D(1 =73 =4 + Cya(1 —13)
—Y1[A — (A + 207315 +13C — (C + 24073173

’
— A =g

__°r _ a2 _ )
5cp CBl(A = BYA+B = Onf + BB - O)(1 = 13)]
+ AY[(B = C)(B+C — A2 + B(A — B)(1 — D)4}
4 a4 N /
T IABCh = V) oy AT T gy )]
P32

ABC+/aD3(h — V1)

X {f[(A—=B)A+B —C)y} —B(A—B+C)+(C— B)(B+C — A3
+ A}

=0, (10.210)
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where
p= A+ 27 + 177,
A= CIB(1 =)+ (A= B)l,
p=ACmy
v =A[B(1 =) + (C — B)3].
and

1 1 1
Vi=a- ) v+ —f — k- ZK - ~T?
1 =a 7+27J 7+2D[f K ’7+2 71,
A = Dk - ~yI4+k - y[Dtr(I) — 2|41 %]
+ 719K -y + D[tr(K)D — 71K - v — tr()~vK - 71.

(9) Under conditions (10.163) a solution of the orbital equation in the previous exer-
cise is possible in the form y; = 0.

[This characterizes the precessing pendulum motion, including the pendulum
motion about a fixed axis.]
(10) Let the particle of unit mass and unit electric charge moving on the fixed smooth
ellipsoid
AX>+ By’ +C2 =1

be acted upon by forces with potential

1 k J?
V=l + ]
2 AZx2 4 B2y2 4+ 0272 ' (A2x2 + B2y2 + C272)2

where k, J are constants, and effective magnetic field H whose component H,
orthogonal to the surface is given by

_y [A2(B+C — A)x*+B*(C+A—-B)y*+C*(A+ B - ()%

H, [Azxz +Bzy2 +C222]5/2

Show that this system admits in addition to Jacobi’s integral, the quadratic integral

A3x2+B3y2+C3z2
A2x? + B2y? + C?z2
[BC(B — C)yzx + CA(C — A)zxy + AB(A — B)xyz]
A2x? 4 B2y? + C222
L pABHC A2+ B(CHA- B+ CUA+B - O]
(A2x2 + Bzyz + C2z2)2 ’

I = (A%x? + B>Y? + C*2))(AX* + By? + CzH) —k

+2J
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and is consequently integrable.
[Use the Lagrangian (10.53) with the choice

1
V= Sb(Ar} + B3 + C9),
l=n(A’71, B’st C’73)7

which characterize Clebsch’s case of tri-axial body (Case 2 of Table 10.1). After
Routhian reduction by the cyclic variable 1 perform Minkowsky change of vari-
ables. For detailed solution see [412].

11. A pendulum of unit length whose bulb has unit mass and carries a unit electric
charge is moving under the influence of forces whose potential is V (r) and a magnetic
field H(r). Show that the equations of motion on the unit sphere can be written in

the form [404]:

av
rxir=HTf—rx —, (10.211)
Or

r = (x, y, z) is the position vector of the bulb, H, = H - r is the radial component of
the magnetic field. The motion is completely determined by the two scalar functions
V and H,. The two cases of motion of a dynamically spherical body in a liquid
generate the following two cases of motion of a particle on the sphere:

(1) The case corresponding to Clebsch’s case.
It is characterized by the pair of functions

V = ax?+ by2 + cz?,
H, = f. (10.212)

The second integral of motion for this case can be obtained from Clebsch’s integral
substiuting w— fr — rxr (compare to (2.33)).

I=a(yzi—zy— fx)? + bk —xi— fy)’ +c(xy—yi - f2)°
— (bex? + cay? + abz?). (10.213)
This case is a non-separable generalization of the well-known separable Neumann
integrable problem [294] by the presence of the gyroscopic forces and reduces to it

when f = 0.

(2) The case corresponding to the Rubanovsky—Lyapunov case
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abc x* y? 2

Z
V=six+sny+s32— —(—+—+->)
2 a b c

1 2 2 2
+§[2f+(b+c)x +(c+a)y +(@a+b)zT,

1
H = f+ E[a+b+c—3(ax2+by2+cz2)]. (10.214)
The second integral of motion is

I=0B+c)(yz—2zy — Nx)>+ (c+a)(zt —xz — Ny)?
+ @+ b)(xy — yi — N2)> +s1[(N +a)x + zy — yz]
+ 52[(N +b)y + x2 — zX] + s3[(N + )z + yx — x)]
— (bex? + cay® + abz?) (10.215)

where N = f + %[(b +o)x2+ (c+a)y? + (a + b)Z2.



Chapter 11 ®)
The General Problem of Motion of a e i
Rigid Body Acted upon by a Coaxial
Combination of Potential and Gyroscopic
Forces

11.1 Introduction

In the last chapter, we have seen that the problem of motion of a body in a liquid
or, more precisely, the alternative problem of motion of a body about a fixed point,
while acted by magnetic, electric and Lorentz forces, lies on the top of a hierarchy
of problems, each of which generalizes the one below it. In this chapter, we extend
this hierarchy upwards, by allowing general axi-symmetric potential and gyroscopic
forces to act on the body. The fact that problems on that level of complication were
not treated in the literature in no way means that such problems have little phys-
ical significance. A natural reason is that the grave theoretical difficulties met in
as simple as the classical problem gave the impression that difficulties will grow
with the degree of complication of forces applied to the body. Fortunately, it turned
out that certain symmetries grow with the complication, opening wide chances to
achieve far-reaching results. In fact, one can go along the line of thinking that led
to the precession transformation in the last chapter, but this time replacing the con-
stant precession speed n with a function v (7). Under different circumstances, this
type of transformation keeps the equations of motion of the new problem form-
invariant, leading to construct new integrable/solvable cases from all known cases of
the previous chapters. To this end in this chapter, we shall use two different types of
transformations which can be applied to all the known integrable cases to generate
from them new ones of the most complicated structure ever seen, while preserving
integrability either general or restricted to a certain level of the areas integral. Some
of the new cases can be given definite and non-trivial physical interpretation. In this
respect a word of warning is due. As stressed in previous chapters, we are dealing
with physical models, which have their obvious limitations. Both relativistic effects
and the radiation from accelerated electric charges are permanently neglected.

© Springer Nature Switzerland AG 2022 319
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11.2 Equations of Motion

Now we assume a rigid body moving about a fixed point, while subject to conservative
(time-independent) potential and gyroscopic forces of the most general form with a
common axis of symmetry O Z fixed in space and passing through the fixed point O
of the body. The Lagrangian has the form

1
Lzzwlw—i—l.w—V, (11.1)

in which V = V (y1, 12, 13), I = I(71, 72, 73). The precession angle v is a cyclic
coordinate. The corresponding cyclic integral is

OL 0L Ow
90~ 9w 9y ( )oy=1rf (11.2)
To write down the dynamical (Euler-like) equations of motion in the body System,
we first deduce the equation corresponding to the angle ¢ (the proper rotation angle
around the z-axis fixed in the body):

4oL oL _
dt 0y 0o
That is
L er 1) —1wi+n 2 40 L0V g
i r — [(w —_ W— = — | =
dt ’ Oy dp Oy ’

and after expressing derivatives w.r.t. ¢ in terms of derivatives w.r.t. =y, it can be
written as

al - ) 0 / al -vy) 0

Cr+(B—A + — Y= -t = —v=—-1
( )pq + pl 7 7287 1—ql o %87 ]
ov av
—(’YIW—WG—%)—O

The last equation can be given the form

ad-~y) 9 v,
N _(6_7'1)7]_7XE}_0'

k- {wl 4+ wx[wl +

Now, we note that nothing in the curly bracket depends on the unit vector k figuring
before that bracket. This vector can be replaced in the last equation by any of the
other two unit vectors i and j. Thus, we can write the dynamical equation in the final
vector form
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. ov
wl+w x (Wl+p) =v x —, (11.3)
oy

where

T
I

I+(yx %) x [

0 Iy —( 0 D (11.4)
v ~ ay v. .
Equation (11.3) and Poisson’s equation constitute the system

. oV
wl+wx(WI+ p) =yx—,
oy

Y+ wxy=0, (11.5)

of six first-order equations in 6 unknowns, which generalizes the equations of motion
in all problems considered in the previous chapters. We shall refer to V and [ as the
scalar and vector potentials, respectively, and to p as the gyroscopic vector.
It is easy to check that the system (11.5) satisfies Jacobi’s condition for the last

integrating multiplier

ow 0%

—— =

Oow 0y

Hence, for its integration one needs a single additional integral of motion I, besides
the three general integrals, which we write in the form

1
Ilzzwl-w—i—V:h,

12 =")’2= 1,
L=+ -v=f (11.6)

Those are the energy integral or, more precisely, Jacobi’s integral, the geometric
integral and the cyclic integral corresponding to the coordinate 1. The last can be
found as

L L
Y Ow O

The solution of the system (11.5) determines only w and -y as functions of ¢. This
completely determines only the angles § = cos™! 73 and ¢ = tan™! 4L, To obtain 1,
one has to use the cyclic integral (11.2) together with formulas of Chap. 2 to express
¢ in the form

: 1 A—B e — Cyin — A
b= [f =1y — ( N2y — Cny —ny2)

1. (11.7)
Yy 1-13
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The angle of precession is found by integrating this relation with respect to time, and
this completes the solution.

Remark: It must be noted here that the gyroscopic vector p, which enters the
equations of motion (11.5), is unique for any physical problem, but the vector poten-
tial I is not. In fact, as was noted before in Chap. 10, a term of the type

dt dv dt d~v

can be added to the Lagrangian without changing the equations of motion. Thus, the
vector I can be determined only up to a term of the form

d
lo = yx =X, (11.8)
d~

in which Y is an arbitrary function of ~.

11.3 Relation to Grioli’s and Kharlamov’s Equations

11.3.1 Grioli’s Equations

Grioli [139] considered the system of equations of motion
V()
oy
¥4+ wxy =0, (11.9)

wl + wx[wl +m(w, v)] = yx

as a generalization of the classical problems of motion of a rigid body about a fixed
point including a general potential function V (v) and a general gyroscopic term
m(w, 7). He answered the question: for which m does this system admit an areas
integral? In fact, one can use (11.9) to deduce the relation

d
E(wl-’)’) + m-Ay=0. (11.10)
If m is expressible in the form
oF
m =25 | 4w, (11.11)
oy

where F and & are scalar functions of their arguments, then (11.9) admits the areas
integral
wl-v+F () = f (arbitrary constant). (11.12)
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Grioli did not study further the system (11.9) withm as in (11.11). Although such
system preserves the sum of kinetic and potential energies, it cannot be presented in
Lagrangian or Hamiltonian form. The powerful techniques of analytical dynamics
are inapplicable to that system.

11.3.2 M. Kharlamov’s Equations

M. Kharlamov considered the same question of existence of areas integral, but
demanded that the system (11.9) had Lagrangian structure [173]. He was led to
the same form of the gyroscopic function as (11.11), but with velocity-independent
®, so that
_OF(v)
n= Oy

+ @ (7)Y, (11.13)

where F, ® are two arbitrary functions of .

We now prove that gyroscopic terms in the equations of motion (11.5) can be
determined in two equivalent ways, either by giving the vector /() or the pair of
scalar functions F and & :

(1) Let I(vy) be given, then

F=17, (11.14a)

o= (11.14b)
oy

Note that a gauge-term vector I in the form (11.8) gives no contribution to any of
those functions.

(2) Let I(7), I'(7y) be two solutions of (11.14a) and (11.14b) for given F and ®.
The difference

A=10-1 (11.15)
satisfies the equations
0
Avy=0,—-A=0.
Y oy

The general solution of the first equation is
A=~ xs(7), (11.16)

and inserting this into the second equation we get

0 0
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This is a single under-determined linear partial differential equation in the three
components of s. Its solution involving two arbitrary functions x and N is

P
s=5X+NWh. (11.17)
v

Inserting this expression into (11.16) and using (11.15), we can write

, o
U= 14X [N ()]
Y

B
— 1+ yx2X (11.18)
oy

Thus, replacing I by I’ in the Lagrangian (11.1) adds to L a term of the form

(2 2X) 2K ey = — X

w(yx =) == (wx7y) = ——,

7 oy~ 0Oy v dt

which is a nugatory term, having no contribution to the equations of motion. Khar-
lamov’s form (11.13) for the vector p is equivalent to our form (11.4).

11.4 Potential of, and Torques on, a Heavy, Magnetized
and Electrically Charged Body

The model of an absolutely rigid body as such is a purely mathematical model. All
ordinary materials suffer deformation under stresses applied to them. Nevertheless,
this model has proved practical, useful and comfortable in the study of a wide spec-
trum of physical and mechanical problems. In this section, we formulate the equations
of motion of arigid body about a fixed point in a much wider physical setting, taking
into account classical interactions, all at a time. In addition to its mass distribution
acted upon by gravitational forces, assume that the body has some magnetized parts
and carries some electric charges. The body is also subject to electric and magnetic
fields.

The picture to be drawn here for the rigid body and physical effects on it should not
be taken as literally describing a real body with usual properties as electric insulation
or conductivity, magnetic permeability or other properties that change its physical
characteristics when its orientation changes under the action of external fields. Our
aim here is to construct a mathematical model that would lead to tractable equations
of motion of the rigid body in the presence of all the classical physical interactions.
To this end, we make some necessary simplifying assumptions:

1- The main part of the body (the carrier body), which is fixed from the origin O,
has neither electrical nor magnetic properties, so that it does not interfere with the
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interaction between the external fields and the magnets and electric charges carried
by the body.

2- The physical characteristics of the rigid body are constant in it. They do not
change with time, with the change of the body’s orientation in space, nor with the
change of internal forces in the body. Thus, the body may carry a distribution of
immovable electric charges and some permanently magnetized parts, also fixed in
it. Magnetization of the body can also arise due to the presence of steady electric
circuits in the body. An electric motor whose axis is fixed in the body generates in
its working mode a magnetic moment due to electric current in its coil, equivalent
to a permanent magnet, and a constant gyrostatic moment due to the steady rotation
of the coil.

3- It is well known that, according to the laws of classical physics, an accelerated
electric charge emits electromagnetic radiation. This was established by Larmor
[254] in 1897 (see also [161]). The total energy of motion of the body decreases with
time. The maximum acceleration attained by a point of the body will be assumed
small enough to justify neglecting this effect.

Under those conditions, the following effects on the body will be taken into
account:

(1) Atorque arises due to the gravitational field g of a certain distribution of gravitat-
ing sources, fixed in the inertial system of axes O XY Z, O being the fixed point
of the body. Gravitational forces are derivable from a scalar potential V, (X, Y, Z)
by the relation g = —V'V,,. The gravitational potential is harmonic, i.e. satisfies
Laplace’s equation in the inertial coordinate system outside gravitating sources.
The potential of the body, due to the gravitational field, has the form

VG = / V(](X7 Y? Z)dmv

where dm is the mass element at the point r(X, Y, Z) of the body and integration
is extended on the space domain occupied by the body. Referring to the system
of axes Oxyz fixed in the body, we have r = (x, y, z) and hence the potential
can be written as

VG=/Vg(r-a,r-,8,r-'y)dm, (11.19)

o, (3, 7y being the basic unit vectors in the inertial space.

(2) The external electric field E, derived from the potential V, by the relation
E = —VYV,, acts on the electric charges on the body in a similar way. The electric
potential of the body is

ngfve(r-a,r,@,r-'y)de. (11.20)

(3) The external magnetic field H = —VV,, acts on the magnetized parts of the body.
Note that we use the magnetic field H rather than the magnetic induction B,
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since the body is considered as having unit permeability. Also, for simplicity, we
consider the magnetized part of the body as composed of a set of short magnets
(dipoles). If m; is the magnetic dipole moment at the point r;(X, Y, Z), the
potential of the body due to the scalar magnetic interaction is

Vu =Zm; - VV,(x;-a,x; - 8,1, - 7)
=—Ym; -H(r; -a,r;-3,1r;-7). (11.21)

(4) The external magnetic field also exerts the velocity-dependent Lorentz forces on
the electric charge distribution in the body. The moment of those forces about
the origin is'

M / [de™S) x H]
= [ r x [(de—) x H],
f dt
where the velocity of the point of the body in space Z—f = w x r. We have

MH=/r><[(wxr)><H]de
=/(r~H)w><rde

—wx /(r -H)rde. (11.22)

This means that the vector p in the equations of motion (11.3) may be written
in the form

p=kK— /(r -H)rde. (11.23)

For certain purposes, e.g. to construct a Lagrangian for the problem of motion, the
magnetic field can also be derived from a vector potential .4, which is also assumed
time-independent, according to the formula H =V x A. The vector potential I of
the body may be written as

l=m+/rx./4de, (11.24)

while g can be derived from I according to (11.4).

For the purpose of giving a concrete example, let us consider the following phys-
ical situation.

Let the principal body of a gyrostat be carrying a permanent distribution of electric
charges and the system be subject to

(1) A uniform magnetic field H in the Z-direction, i.e. H = H~.

! Here MKS units are used. In Gaussian units de should be divided by the velocity of light ¢ (e.g.
[44]).
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(2) An electric field whose potential is a; Z + %azz?
(3) A gravitational field with another quadratic potential b; Z + %bz z2

It should be noted that those forms of the electric and gravitational potentials
appear as a second approximation of the potentials of a general rigid body (or gyrostat)
in arbitrary coaxially symmetric electric and gravitational fields, by including the
second harmonics. The same applies for the case of fields due to a distant axi-
symmetric and symmetrically situated invariable body.

According to (11.23), we write

u:n—H/(r"y)rde
=k —2HA~IL,, (11.25)

where I, = %(trle)é — 1., L, is the inertia matrix of the distributions, and ¢ is the
unit matrix. The corresponding vector potential is

1
l=n—|—§H'er. (11.26)
On the other hand, the total potential of the system is (ignoring an insignificant
constant)

1
V= / [airy + Eaz(r.'y)z]de
1
+ f (biry + 3 bae M
1
=ay+570y (11.27)

where J = —ax1, — b1, a =a; frde + by Mr,., M the mass of the system and r,
its centre of mass. As seen in Chap. 10, formulas (11.25)—(11.27) characterize the
problem of motion of a body in a liquid.

The effect of Lorentz forces on the motion of a rigid body was considered only in
very few works (e.g. [22, 139, 140, 378, 382]). In a number of more recent works,
similar problems were considered, repeating to a great extent previous results as
introducing the inertia matrix of electric charges, e.g. [430—433].

Expressions analogous to the above ones can be derived for more complicated
forms of the magnetic field. In the case when the scalar potential of the external
magnetic field can be expressed as a second-degree harmonic polynomial,

Vi =a1Z + ar(3Z% — r?). (11.28)

The vector p can be expressed as
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w= /[alr o+ 2a,(3(r - ) — r)]rde. (11.29)
In expanded form, one may write

= —2ar(Lyxx + Ixyy + L) +ar(Ly + Ixy’72 + I:73)
+6a2(lxxx7]2 + Ixyy'yg + Ixzz’732 + 2Ixxy7172 + 2Ixxz’71’73 + 2Ixy172'73)

H2 = _292(Ixxy + I_vyy + Iyzz) + al(lx‘\")/l + I}*y72 + Iy173) (11.30)
+6a2(1xxy’712 + Iyyy’Y% + Iyzz'Y% + 2Ly 172 + 2Ly 173 + 21yy:7273)

w3 = —2ar(Iix; + Iyyz + 1) +ar(ey + Iyz’yz + 1.;73)
+6a2(lxxz712 + Iyyz'Y% + Izzz’732 + 21)@%71 Y2+ 213 + 2Iyzz72'73)

where, for example, I, = [ x*de, I,,, = [ xyzde and so forth are the second- and
third-degree moments of the charge distribution.

11.5 On General and Conditional Integrable Cases in Rigid
Body Dynamics

As explained in previous chapters of this book, we call a problem general integrable if
14 exists for arbitrary initial conditions and conditional integrable if it admits a fourth
integral I, only on a single level f of the cyclic integral /3 (in many cases f = 0)
but for all initial conditions compatible with that level. In both types of integrable
problems, the solution can be reduced to quadratures through the application of
Liouville’s theorem or Jacobi’s theorem to the reduced two-dimensional Hamiltonian
system. It is thus sufficient to point out the fourth integral to ensure integrability in
those cases. In some cases, it becomes possible to construct a quantity constant only
under other restrictions on the initial state of motion, which do not fit as conditions
on the integral level of /5. Then one cannot apply Liouville’s theorem to construct the
solution and a procedure for accomplishing this task should be indicated separately.
In such cases, we deal with particular solutions of the problem.

Equations of motion of the form (11.5) cover a wide range of applications in rigid
body dynamics. Special cases are the classical problem of motion of a heavy body, its
generalizations to the case of a gyrostat moving under potential and Lorentz forces.
We recall that they cover also the Routhian reduction of the problem of motion of a
body in a liquid, in which the body has no fixed point. In many cases, Eq. (11.5) with
reasonably behaving functions V can be interpreted as characterizing gravitational,
electric and magnetic interactions and g as the Lorentz force exerted by the magnetic
field on some electric charges resting on the body. However, this is not always the case.
In some problems that happen to be integrable, such interpretation is not possible,
due to the presence of singularities that cannot be exhibited by the potentials of real
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bodies. Detailed examples of integrable problems of both types will be considered
in the next two chapters, Chap. 12 and Chap. 13.

11.6 Transformation of the Equations of Motion

In the preceding chapter, we have applied the transformation w = w’ + v+, where
v is a constant, to a system of the type (11.5) and its form-invariance is used to
generate integrable cases containing v as a parameter. Here we shall develop this
idea, by replacing the constant v by a function v (). In fact, the substitution

w=w+rvy, v=v, ", ) (11.31)
leaves the invariant form of the Poisson equation in (11.5), transforming it to
A4+ wxy =0, (11.32)
while the areas integral in (11.6) takes the form
I = (WT+1+vD) - y=f. (11.33)

Substituting in the Eulerian part of the equations of motion, using (11.32) and
rearranging terms, we get

ov B ov

WT+w x (WT+ p+ 2vyI — v(trD~y +~1 - 787 (Pyl-%

)7Y)
av 0
— X [ZL ) = AL+ W) X, (11.34)
2 oy
On the level I3 = f (say), we substitute w 'T - 7 from (11.33) and after some manip-

ulations write the equations of motion in the final form:

’
oy’
Y+ wxy=0, (11.35)

W+ W x(WI+ p) =~ x

where
, 0 0
W= pt—wl-v) == @Dy,
Oy oy

- v
= p—=2vyI +~Ix(— x7)
oy
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’ 1 2
V' = V—i—u(f—lo’y)—gy ~I-~, (11.36)

and i:%tr(l)é—l. From the first of Eq.(11.36) and comparing with (11.4), we can
also write the transformation law for the vector I as

U =l+v9L (11.37)

Thus, the transformation (11.31) preserves the form of the equations of motion
on a fixed level of I3, changing only V, g (orl) to V', pu’ (or1’). The value f of I5
enters in the potential V' as a parameter. The solution of the transformed equations of
motion (11.35) can be obtained from that of (11.5) through the substitution (11.31).

The system of Eq. (11.35) admits the linear integral

L= WI+l)v=f,

equivalent to (11.33), and also the energy (Jacobi’s) integral
1 / / /
Ew I +V =h.

On the one hand, the transformed system (11.36) can be viewed as the equations
of motion of the original system as in (11.5), as seen by an observer resting in the
reference frame moving with the position-dependent angular velocity v (71, 2, 73)-
The new terms that appeared in the transformed system are the inertial forces due to
the rotation of the frame.

On the other hand, there is a different and more constructive way of looking at
(11.36). We shall make use of the situation that the transformation preserves the
form of the equations of motion to understand the transformed equations on their
own as describing the motion of a second body in the inertial frame under the forces
determined by V', i’. In other words, we consider the system (11.36) as formally
generalizing (11.5) to which it reduces when v = 0. However, this will not prevent us
from relating the solutions of the two systems by the (formal) transformation (11.31).
This duality in interpretation is the key to understanding the present method. From
now on, we will mostly regard the system (11.36) as a generalization of (11.5) rather
than a transformed form of it.

Remark 17 A curious note may be in place here. In certain cases, it is possible from
Eq.(11.36) to choose the function v so that V' vanishes. This means that in those
cases, when the resulting v (v) is a real function, the original forces with potential V
can be replaced by purely gyroscopic forces in a properly chosen rotating coordinate
frame. However, we shall not follow this line, since it seemingly has no practical
consequences.



11.7 Maximal Reduction of the Order of the Equations of Motion 331

11.7 Maximal Reduction of the Order of the Equations
of Motion

The method used in Chap.9 Sect.9.2 and an exercise of Chap. 10 can be used here
in the most general case of potential and gyroscopic forces to obtain a second-order
orbital equation connecting two of the geometric variables ;. The Lagrangian of the
problem of motion will be taken in the form (11.1), namely

1
L:Ewl-w+l~w—V, (11.38)

in the redundant configurational variables 1, 71, 72, 773, subject to the holonomic
condition
NHMm+n=1 (11.39)

The angular velocity may be written as
w = Py+N, (11.40)
where

— _L(COS Y, — sin @, O) + wk
YT

Jy1-7
s e — )
1= '

(11.41)

As aresult of cyclicity of the Lagrangian in the variable ¢, we have the integral

OL 0L Ow
—=— - —=(WI+D) -~v=f (11.42)
9~ 0w 09 Y=

Multiplying (11.40) scalarly by 4I and using (11.42), we obtain

1
wzﬁ(f_l.v_,yl.N),Dzyl.fy, (11.43)

Then, ignoring 1) we construct the Routhian

ABC . .. .
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where

V*

1 2
V(7)+5(f —-1-v),

l*

1 B)
S+ f%('yl-N)]. (11.45)

Just as in the preceding chapters, applying Maupertuis’ principle to (11.44) and
eliminating ,, we arrive at the following second-order differential equation in
~v3(71), to which the equations of motion of the problem are reduced on the integral
level (I, =h, I, =1, 1 = f}* [384]:

D(1 =7 =195 + (1 =23)
—7[A = (A+ 200313 +1IC = (€ + 2477 15

!
—Av(1— 712)733

__ _ PP - .
13D (CBlA—BYA+B -0 + BB -0 -]
+AYI(B-C)(B+C — A)'y32 +B(A-B)(1 - 7’%)]’Y§}
—r LV* Iy — ﬁ ’
T oaBcth— v 73 A+ p73) o 1+ 9]
3/2

e
ABCvaD3(h — V*)
X{fI(A—B)A+B—C)y —B(A—B+C)+(C—B)B+C — A3

+A}
=0, (11.46)

where

p =X+ 2u7; + 175,

A = C[B(1 —3) + (A — B){],

/\2 = AC"Y]’Yg,,

A3 = A[B(1 — ) + (C — B)»3], (11.47)
and

* L 7. 2
4 —V(’Y)+2D(f -y,

0 I x~I
e 2 o | —
A =Dy [a x ( ) )]
=D23-[i x (yIsx1D)] (11.48)
= By ny ~. . .

2 The positive sign of the square root in (11.46) corresponds the choice of positive sign of the root
in (11.49). If this choice is reversed, Eq. (11.46) is not changed, provided the signs of f and [ are
reversed. This is a consequence of the invariance of the system (11.5) with respect to the replacement
fw, p—> —t, —w, —l.



11.7 Maximal Reduction of the Order of the Equations of Motion 333

As should be expected, one can verify that a gauge term I, (11.8) does not contribute
to the two functions V* and A.

Now, having a solution 3 = ~y3;(7;) of the orbital Eq. (11.46), one can obtain the
dependence of ~y; on time by inverting the integral

A+ 2007, + A3
t:/\/ L2y B, (11.49)
2D(h — V(1 =72 =2

and substituting in ~y3, the last is determined in terms of time and then +, is found
from the geometric integral. This completes determination of « and hence the two
Eulerian angles 6 and ¢ as functions of ¢. Thus, we have shown the equivalence of
the reduced Eq. (11.46) to the equations of motion (11.5) on the integral level {&, f},
provided 5 and 'y; are well defined, i.e. excluded are only trajectories along which
~; takes a constant value.

It should be noticed here that the three functions V*,1* and A, which occur in
(11.44) and (11.46), are all invariant with respect to the transformation (11.31). This
can be easily verified by replacing the pair (V, [) in them by the pair (V’,1"). This
means that, on the integral level {4, f}, the Routhian (11.44), the orbital Eq. (11.46)
and the expressions of v, 6 and ¢ do not change by the variable rotation transforma-
tion (11.31). We shall use this property later in several situations.

To completely determine the position of the body in space, one has to find an
expression for the precession angle 1) by integrating (11.43), which involves the
vector potential /. Using (11.40), one can express the angular velocity w in the form

1
w= B[’VX71+ (f =1-v1 (11.50)

Not only all the Euler—Poisson variables are thus determined as functions of time,
but also the vectors «, 3. For the transformed system (11.35), regarding (11.37),
this process gives

1
V' =—(f=1"-y—~ILN)

D
= w — V,
w=w-r7, (11.51)

which coincides with (11.31).

11.7.1 The Case of Complete Dynamical Symmetry

For the purpose of future use, we now write down in expanded form the Routhian
(11.44) in the special case when the inertia ellipsoid of the body at the fixed point
becomes a sphere. Then, from (11.44) we have
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L yon oy
R=SAGT +5 +4)

=LY =192 + (s —n¥) + U+ %)(7172 — 72}
"M t”

1
VO + 5 —hm = by - LT (11.52)

11.8 Extensions of Integrable Problems

As a direct application of the transformed equations, we can readily deduce the
following theorems which construct integrable extensions of the known integrable
problems and connect the solutions of the generalized systems to those of the original
problems.

Theorem 11.1 Let the system (11.5) with certain V () and j(7y) corresponding to
vector potential [(vy), be general integrable, for arbitrary initial conditions, with the
complementary integral 14 = F(w, 7). Then, upon replacing V, u by

1
V' = V+1/(b—l-7)—§1/2'yl-’y,
, o) o)
w o= pt—@vLy) — [ - wyDly (11.53)
o~ o~

where v = v(7) is an arbitrary function and b a new parameter, the new system is
integrable on the level
I = (WT+l+vAl) -y = b. (11.54)

This theorem allows one to generate from an unconditional case (integrable for
arbitrary initial conditions) a conditional case integrable on a single level of the areas
integral /3, but with additional potential and gyroscopic forces involving an arbitrary
function v(y) and an arbitrary parameter b more than the original integrable problem.
To illustrate the feasibility of the generalized problem, one can calculate for it the
reduced potential. One gets

* _ L _ 7. 2
VISV A b= Hrtgs(f 17 (11.55)

The extra-parameter b enters in Eq. (11.35), in the equations of motion derived from
the Routhian (11.44) as well as in the orbital Eq. (11.46). The extended problem may
not be integrable for arbitrary initial conditions. However, on the single level f = b,
the reduced potential reduces to that of the original problem. The extended problem
involves one more physical parameter b and under the dynamical condition f = b,
it becomes integrable and its solution has the same number of parameters as in the
solution of the original problem.
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A quick example can be readily given by the simplest extension of Euler’s case
of the motion of a body under no torques. Let us take V = 0,7 = 0 and choose
v =n+ nyv, so that

1
V' =bv— Eyzfyl-'y, ' = vyl (11.56)

A family of solutions of the transformed problem can be written down generalizing
formulas (10.111), (10.112) of Chap. 10 by replacing n by v in that solution. The
resulting solution is valid on the level f = b.

Theorem 11.2 Let the system (11.5) with certain V() and p(vy) corresponding
to vector potential L(vy), be general integrable (for arbitrary initial conditions). Let
also V have the structure

V=W+bVi+..+bVi, (11.57)

where V;,i = 0...k and l are functions of «y not involving any of the parameters
by, ..., by and the complementary integral be

Iy = F(w,~; by, ..., by). (11.58)
Then, upon replacing V, u(l) by
’ 1 2
Vi=Vo+bVi+ ..+ b Vi —vle~y — EV .7,
, 0 0
o= pt—wyL-y) — [~ @D,
o o
(' = 1+vA91), (11.59)

where v = n V| + ... + n Vi and n; are new constants, the new system is uncondi-
tionally integrable with the areas integral

L=WI+l) -v=f, (11.60)

and for it the complementary integral is
Iy = F(W +vvy,v; by —n1 L, ..., by — ni Iz). (11.61)
In fact, comparing the reduced potentials for the original problem characterized
by the pair {V, I} with that of the extended problem characterized by the pair {V’, I'}

in (11.59), we find
=
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1
V¥=Vo+bVi+.. +kak+E(f —-1. ’7)2,

, 1
V*=Vo+bVi+ ..+ b Vi — f(n Vy + ... +nka)+E(f —1-7)?

1
= Vo+ (b = fr)Vi+ ot (b = fr)Vik o (f =1 sy (11.62)

The potentials V*, V'* in (11.62) are identical in form. The only difference is that
each b; is replaced by b} = b; — fn;,i =1, ..., k, and hence follows integrability
and the form of the integral (11.61). The set of solutions of the extended problem is
the same as that of the original problem. Notable here is the coupling between the
constants which characterize the physical problem, and hence appear in the equations
of motion, and a dynamical constant of motion /3,which appears in the process of
integrating those equations. In fact, the phase portrait and phase trajectories of the new
integrable problems are different from their original counterparts provided f # 0.

Theorem 11.2 generates from an unconditional case integrable for arbitrary initial
conditions another unconditional case also integrable for arbitrary initial conditions.
The new system involves k + 1 parameters ng, ny, ..., n;y more than the old one
and renders to it when one puts no = n; = ... = n; = 0. According to the problem
setting, the new parameters invoke additional forces in the equations of motion,
which can be given concrete physical interpretation.

The presence of I3 in the expression for I in the transformed problem may lead
in certain cases to notable changes in the structure of the integral. For example, we
shall see below a case in which the degree of the quadratic /4 is raised to 3 because
of the appearance of I3 in the coefficients of the quadratic terms.

Theorem 11.3 If {w = Q(¢, w°,v°), v = (¢, w°, v°)}, is the general solution of
the first system satisfying the arbitrary initial conditions {w = w®, 7 = +°}, then
for arbitrary v(y) the solution of the second system, satisfying the initial conditions
{W=uWw"°, y=T°}, is

{w/ — Q(L w/o + V(’Yo)’)’o, ’YO)
—v(T(t, W + vV, AN, W + vV, 7°),
v =T, +vH)7°, ¥} (11.63)

Theorem 11.4 If the first system admits any particular solution {w = Q(t), ~ =
['(¢)}, then for arbitrary v() the second system admits the solution {w’ = Q(t) —
v(CENT' @), v=T®}

The last theorem follows from the fact that the solution of the second system for
the Poisson variables -y is not affected by the function v(-y).

In the following chapter, we discuss the consequences of the above theorems
in application to known solvable problems of rigid body dynamics. Theorem 11.1
ensures the integrability of the problem (11.35) onthe level f of the cyclic integral and
for arbitrary v(v) whenever the corresponding problem (11.5) is integrable, either
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for arbitrary initial conditions or only on a fixed level of the cyclic integral. Theorem
11.2 relates the explicit solutions of the two problems. Theorem 11.3 enables the
generalization, by means of including the function v, of particular solutions of (11.5),
i.e. solutions not involving any arbitrary constants or involving a number of constants
of motion less than needed to guarantee integrability.

11.9 Transformations of Cyclic Variables

In Sects. 11.6 and 11.8, we have introduced the variable precession transformations
that leave the invariant form of the Euler—Poisson equations of motion. We were also
able to use this transformation, specially designed for rigid body dynamics under
the influence of axi-symmetric forces, to construct integrable extensions of known
cases. It turns out that the same transformation can be attained in a completely differ-
ent way, applicable to any system whose structure involves cyclic coordinates. The
basic idea is that for such system to be integrable, all that matters is the structure
of its Routhian equations of motion after ignoring the cyclic coordinates. We use
a simple observation that several Lagrangian mechanical systems that have differ-
ent Lagrangian and Routhian functions can be reduced to one and the same set of
Routhian equations in the palpable part of the generalized coordinates. Clearly, this
will be the case if the Routhians of those systems differ only by constant terms that
may depend only on the cyclic constants, but not on any of the palpable coordinates
or velocities.

Consider the mechanical system of n + k degrees of freedom, of which k degrees
are cyclic, characterized by the time-independent Lagrangian

L=1L(G1 s qu> G1es Gu> Ot ovs Q). (11.64)

The system admits the cyclic integrals

oL _ fi,  i=1,..,k (11.65)
00

Let us consider another system with the Lagrangian

k
L/ = L(Cll, s qns qls sy qﬂ» Q.ll + Vly eeny Q/k + Vk) - Zﬁiyi(ql'"v Qn)v

= (11.66)

where [3; are certain constants and v; are certain functions of the palpable coordi-

nates qj..., ¢,. We notice that the system (11.66) is time-independent with the cyclic

variables Q' , ..., Q}. This system can be considered as a transformation of (11.64)
through the linear time-independent transformation of the cyclic variable rates
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Oi = 0!+ vi(q1s s @n)- (11.67)

Consider the motion of the system (11.66) on the same level of the cyclic integrals
as in (11.65), i.e.
oL’ )
— = fi, i=1,.., k. (11.68)
00;
This is the transformed form of (11.65) according to (11.67).
Now, let R and R’ be the Routhians of the two systems, then their difference

k k k
R—-R=L-Y Bi—Y 0fi—L~-Y 0if)
i=1 i=1 i=1
k
= Z(Qi — O fi — Bivi
l;l
= (fi = Bwi. (11.69)
i=1

The Routhian equations of motion (see, for example, [305, 368]) of the system char-
acterized by (11.64), (11.65) will be identical to those obtained for the transformed
system (11.66), (11.68) if we set {f; = 5;,i = 1, ..., k}. In other words, under the
last conditions, the arbitrary functions 1; do not affect the solution for the non-cyclic
coordinates.

From the above considerations we draw the following theorems:

1. For constant {v; = n;,i = 1, ..., k}. In this case the right-hand side of (11.69)
is constant, and one can take {§; = 0}. Equations for ¢;..., g, are identical from R’
and R.

Theorem 11.5 [fthe Lagrangian (11.64) is general integrable (for arbitrary initial
conditions), then the Lagrangian

L' = L1, s Gus 415 ooor Gy Q1 + 1115 ooy Qi +112) (11.70)

is also integrable for arbitrary initial conditions.

It is not hard to see that this theorem applied to the problem of motion of a
body about a fixed point under the action of axi-symmetric fields, i.e. with one cyclic
coordinate v (the angle of precession), leads to the uniform precession transformation
introduced in Chap. 10. Note that in this method, we have not used the property of
invariance of the form of Euler—Poisson equations.

Exercise [405]: Apply the last theorem to exercise 5 of Chap.9, using the trans-
formation ¢ — w +n, ¢ - ¢+ N, n, N constants. Show that the transformed
integrable Lagrangian is
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1 . . .
L' = S[(A+me)(@* + sin® 0%) + C(eos b+ §)° + 2]
+n[(A + mzz) sin’ 01[) + C cos 0(@& cos + )] + CN(1[) cosfd + )

2
(V@) - %[(A +mz?) sin? 0+ Ccos? 0] —nNCcos).  (11.71)

Note that the transformation engenders, among other effects, the presence of a
gyrostatic momentum CN along the axis of symmetry and uniform field potential
—nNC Y3-

2. For variable {v; = v;(q1..., qu), i = 1, ..., k}

Theorem 11.6 [f the system with the Lagrangian

L= LG Gn G1oves Gus Q1 -ons Q) (11.72)

is integrable for arbitrary initial conditions, then the system whose Lagrangian is

k
L'= LG Gue 1 oo G Q1+ 010 Qi 0) = Y Biti(qre gn)  (11.73)

i=1
is integrable for arbitrary functions v; and arbitrary constants {(3;} on the level
oL

- Bi, i=1,.. k) (11.74)
00;

of the cyclic integrals.

It should be stressed again that the integrability of the system with Lagrangian
(11.73) in the last theorem is conditional, i.e. valid only for initial conditions consis-
tent with the restriction (11.74), even though the original system (11.72) is integrable
for arbitrary initial conditions. In application to dynamics of a rigid body about a
fixed point in an axi-symmetric field, this theorem reproduces Theorem 1 of the
previous section, which generates a conditional integrable extension from a general
one.

There are, however, very important situations when the new system can be made
integrable for all initial conditions. This depends on the structure of the potential part
of the Lagrangian.

For the sake of clarity and for future applications, we consider in detail the case of
a generalized natural system with three degrees of freedom, of which one is cyclic.
Let

1 ) .. ) ) T
L= 5(61116]12 + 2a1241G2 + a0ng?) + (c1g1 + c262) O + 56 0?
+b1G) + bagy +b30 — V, (11.75)
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where a;;, b;, ¢;, V depend only on ¢, g», so that Q is a cyclic variable. On an
arbitrary level of the cyclic integral

cgi + g +c0+by=f (11.76)
the Routhian has the form
R = %(011412 +2a1241G2 + ang3) — %[Clql +cagp + b3 — f1?
+b1g1 + brgr — V. 3 (11.77)

Now we perform in (11.75) the transformation

O=v+0.,v=uviq,q). (11.78)

According to the last theorem, we get the new Lagrangian

I .. : . S 1.
L= 5(“116]12 +2a12¢12 + ang3) + (141 + €2¢2)(Q' +v) + 563(Q/ + v)?
+b1G1 + bago + b3(Q +v) =V, (11.79)

integrable on the level of the cyclic integral
c1q1 +626}2+C3(Q'/+V)+b3 = f. (11.80)

Now, ignoring the cyclic coordinate Q" in (11.79) with the aid of this integral,
one obtains the Routhian

1 ) )
—Ilc1g1 +c2go + by — 1
2c,

+b1g1 + baga =V + fr. (11.81)

1 ) .. )
R = 5(6111«’/]12 +2a1241G2 + ang3) —

Note that
R' =R+ fv. (11.82)

Let the system with the Lagrangian (11.75) be integrable. This implies the inte-
grability of the system described by the Routhian (11.77), which should admit a
complementary integral, independent of the Jacobi integral (the Hamiltonian). The
transformed system with Lagrangian L’ is not necessarily integrable. This is clearly
seen from the relation (11.82) between the Routhians R and R’. When v is not a
constant, the two systems have different Routhian equations for the palpable coor-
dinates. The following curious situation arises, which enables us to construct a wide
class of extended integrable problems.

Let the potential V in (11.75) have the structure
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V=Vo+ Y ap; (11.83)

where {a;} are arbitrary constants and Vj, v; are certain functions in the palpable
generalized coordinates gy, ¢». Let, further, the system (11.75) be integrable for
arbitrary initial conditions. This means that, besides the three general integrals, the
Routhian equations of this system admit a complementary general integral, which
will depend on the set of constants {a;}, say

Iy = F(q1, 92, 91, 42, f; a1, az, ...). (11.84)

If, moreover, we choose v in the transformation (11.78) in the form

y:Zn,-u,- (11.85)

and substitute this and (11.83) in (11.77) and (11.81), we put the two Routhians in
the form

1
2c,
+bi1g1 +bado = Vo — ) aivi, (11.86)

1 ) .. ) ) )
R = E(anq]z + 2a1241G2 + ang3) — [c1g1 + c2ga + b3 — fT

and

L1 ) .. ) 1 ) )
R = E(allqlz + 2a12¢1¢2 + ang?) — %[leh + g+ by — f1P
3

+bi1g1 + baga — Vo — ZAivi, (11.87)

where A; = a; — fn;. The only difference between the two is that {a;} are replaced
by {A;}.

The Routhian equations of motion for the transformed problem are also generally
integrable. They admit the integral

I, = F(q1,92, 41,42, [ A1, Az, ..)
= F(q1,92, 491,42, fsai — fni,a — fna, ...). (11.88)

Moreover, the corresponding Lagrangians are also integrable. The integrals /3 and
I can be obtained by substituting the parameter f from (11.76) and (11.80), respec-
tively. It is remarkable that this substitution replaces some constant coefficients of
the complementary integral of the transformed problem by ones depending on f,
which can be replaced by its expression involving the velocity variables. The pres-
ence of the added parameters {n;} changes the structure of the integral. Naturally,
the transformed system is a physical generalization of the original one and when all
{n;} vanish one goes back to the original system.
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The above three ways of generalizing integrable systems with cyclic coordinates
can be applied to rigid body dynamics. In the particular case of axi-symmetric fields,
they give the same results as described in the theorems of the last section. The method
using cyclic variables furnishes a great advantage. It does not require invariance of
the Euler—Poisson equations and it will be used in various situations in the sequel,
while dealing with the motion of the body in an asymmetric combination of fields.



Chapter 12 ®)
The Most General Integrable Cases s
in Rigid Body Dynamics

In this chapter, we present a small, but most exotic, set of general and conditional
integrable cases, which constitute currently the uppermost level of the hierarchy
of integrable cases in rigid body dynamics. That level is inaccessible for all direct
methods used in mechanics in the past. Methods which investigate the existence of
analytical or polynomial integrals and the existence of single-valued solutions of the
equations of motion are equally hopeless in facing such a wide class of problems.
Here, we speak about several-parameter generalizations of six of the seven integrable
cases in the dynamics of a body in a liquid in two different ways, general and
conditional, by applying Theorems 2 and 3 of the last chapter.

12.1 General Integrable Cases

Listed in Table 12.1 are the most general and most exotic integrable cases known
up-to-date of the problem of motion of a rigid body about a fixed point under the
action of an axi-symmetric combination of conservative potential and gyroscopic
forces. Their generality results from the extra number of parameters (an arbitrary
function in case 7) included in their structure. The first five of the seven general
integrable cases, namely cases occupying positions 1-5 in Table 12.1, are obtained by
applying Theorem 2 of the preceding chapter to construct unconditional integrable
generalizations of all but one of the integrable cases of Chap.10 concerning the
motion of a body in a fluid. Depending on the structure of the potential, a number of
additional parameters, ranging up to 4, is added to the structure of each case. The case
number 6 of Table 12.1 is obtained by applying the same Theorem 2 to a general
integrable case found by Yehia and Bedwehy. The latter generalizes the classical

I3

Kowalevski case by adding a singular term —=— to the heavy body potential.
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Table 12.1 General integrable extensions of general integrable cases
1 Yehia [398] (1997),
Oreshkina [301],
Clebsch [55]: n; =0,
Brun [47]: n = n; =0,
Tisserand [354]: n =n1 =0
V = (Av} + BY2 4+ CyD){b — 3[n + ni(Ay} + By3 + CvDH12,
v =n+n1(Av} + B73 + CH3),
I =[n+n(Ay} + By3 + CyHINL,
1 =71{(A =B = C)[n+ni(Ay} + B33 + C3)]
+2n1[A(AY] + B3 + C3) — (A*4] + B3 + CPD]),
p2 =72{(B = C — A) [n+n1 (A} + B3 + C43)]
+2n1[B(A7] + B3 + C73) — (A% + B*3 + CHDl,
113 =3{[(C — A= B)[n+ni(Av} + B33 + C3)]
+2n1[B(AY] + By + C3) — (AP + B*y3 + CH))
I3 =Apy1 + Bgy +Cry3
+[n + n1(Ay? + B2 + CYDI(AV? + By + CH3)
Iy = AX{p + nln + n1(Av} + By + CyH1)?
+B2{g + nln +n1(Av] + By + C¥)1P?
+C*r + p3ln + n1(Ay] + B3 + C)?
—2(b — n1B)(BCy} + CAY3 4+ AB~3)
Iz = My -g—M2772+MZ3’Y3,
H=1/28 + 2% 1+ X 4 b (43 + B3 +C)
— (M v1 + Maya + M3 73) [n + ni(Ayf + By3 + C3)]
Iy = (M} + M3 + M3)
—ABC(b —n3)(BCy} + CAY3 + AB~3)

The last of those cases, number 7, is the ultimate generalization of Lagrange’s case
to the most general case in which the proper rotation angle ¢ is a cyclic coordinate
and the fourth integral is the cyclic integral.

We also give relevant supplementary information and some characteristic proper-
ties of the cases provided in the table of the last section. Some clarifications are made
about the present status of the explicit solution of each of the generalized cases as
per the progress made in solving their primitive counterparts at the lower levels of
the hierarchy.

12.1.1 Table of General Integrable Extensions of General
Integrable Cases

This case includes one parameter n; more than Clebsch’s case and two parameters
n, ny more than Brun’s problem. As established in the last chapter, the explicit solu-
tion for this case in terms of time can be obtained by the variable precession transfor-
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mation (11.31) from the basic solution n = n; = 0, given by Kétter in terms of theta
functions of two arguments for the first integrable case of Clebsch (see Chap. 10).

In [301], an integrable case of M. Kharlamov’s equations was constructed. It
admits a fourth integral quadratic in the angular velocities, with coefficients depend-
ing on ~y. To this end, the author used an ansatz for the quadratic integral, and used
consistency conditions with the equations of motion. The resulting expressions are
quite complicated and lack transparency. The author has neither noted the possibil-
ity of transforming this case to Clebsch’s case of motion of a body in a liquid, nor
even any relation to Clebsch’s case as a special case. Consequently, to the end of
her paper, the author states that the existence of the fourth algebraic integral “means
the possibility, in principle, to reduce the problem to quadrature”. Our method gives
an effortless constructive way to build the explicit solution by applying the variable
precession transformation to Kotter’s solution.

2 Yehia [398] (1997),
Kharlamova L. [214] (1990): Z ”‘ =2 - ﬂ

(&)

Clebsch’s case of spherical symmetry [55] n| =ny =n3 =0.

B = C A,

V=1 [cw] +6272 +cm (n+niyi +nays +n3vd)?,
v=n —l—nwl —l—nzfyz + n3“/3,

I = Avy,

p = —Aviln+n1yi +93 Bny — 2n1) +93 BGnz — 2n1)],
2 = —Av2ln + 77 Bni — 2n2) + n273 + 3nz — 2n2) 131,
p3 = —Ay[n ++7 3ny — 2n3) +3 (3nz — 2n3) + n373]
I = pyi + g7 + 1y +n+ny? + s +n33,
Iy = (c1 = 2n113) (p + vy)? + (c2 — 2n213) (g + v72)?
+(c3 = 2n383) (r +vy3)?
—[@nal3 — c2) @n3l3 — c3) 7 + 2n313 — ¢3) 2nil3 — 1) 73
+@nils —c1) @nals — ¢2) Y]
I3 =Mivi+ My + Mz,
H = 32 (M? + M} + M3) + (17} + 292 + e392)
—(n +n1yi + nay3 +n3v3) (Mivi + My v, + M3 73)
I = (Aci = 2m I{) M} + (Acy — 2n2015) M3 + (Acs — 2n315) M3
—A[(2n21F — Ac2) (2n31F — Ac3) v} + (2n315 — Acs) (2n1 1} — Aci) 3
+ (2n1 1 — Acy) (2n21F — Acz) 73]

In this case, the body has spherical dynamical symmetry. The basic case n; =
ny = n3 = 0 is a case of the motion of a body in a liquid (Case 3 of Table 10.1 of
Sect. 10.15). It is closely related to the other Clebsch’s integrable case with a tri-axial
body in the same problem. The solution of this case can be expressed in terms of
theta functions of two variables [233] (see also [71]) and so, in principle, will be
the present generalization. However, this point needs a closer examination, as the
present case presents some unusual and rarely met characteristic properties.

(1) The presence of the three extra parameters ny, n,, n3, which we assume dif-
ferent, raises the degree of the polynomial potential V (vy) from 2 to 4 and the degree
of the components of p from 1 to 3. The combination of forces acting on the body
has turned into a much complicated one, compared to the original.
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(2) The presence of the same parameters raises the degree of the complemen-
tary polynomial integral I, as a function of the angular velocity components in the
six-dimensional phase space {w, <y} of the three-dimensional problem from 2 to 3.
However, on every level of the integral I3, say, Iz = f, the complementary inte-
gral I, becomes of the second degree. This may be reformulated in the language of
analytical dynamics in the following way: The reduced equations of motion of the
problem under consideration after ignoring the cyclic coordinate ¢ admit a quadratic
complementary integral /4 in the other two Eulerian angles {6, P}

(3) An exceptional case arises, when the two sets of constants are proportional

E:Q:E:)\(say).

(& (&) C3

Then I, takes the form

L= (1=2\) {c1(p +v1)* + ca(g + v1)* + c3(r + v3)°
— (1 = 2X\L) [c20377 + c3¢173 + crea73 1)

For arbitrary value of I3, one can cancel the first factor (1 — 2\ /3) to obtain for I4
the expression

L =ci(p+vy)*+ g +vn)? + e +vy3)?
— (1 = 2X\I) [c2c377 + 3¢173 + c1eam3],s

which is quadratic in the velocities, but has some linear terms. This is the case of a
quadratic integral found in [214] in a more complicated and less transparent way.

3 Yehia [398] (1997),
Rubanovsky [317]: ny =np, =n3 =0
Lyapunov [267]:n) =ny =n3 =a; =ay; =a3 =0
B=C=A,
v=n+niy +nay2 + n3vs,
V = Alaim + axy2 + azy3 — $(bey? + cay? + aby3)
+%u[(b +c) 712 + (c +a)7§ + (a +b) 732] — %Vz},
1= A[—3((b+ ), (c+a)72, (@ +b)y3) + 1]
1 = Alny +y1(a +n —2v)],
2 = Alna + 720 +n —2v)],
u3 = Alnz + y3(c +n —2v)]
L=pn+agn+yr)—3lG+ori+Cc+a)y3+@+b3l+v
Iy = %{ (b+0) (p+vy)?+ (c+a)(g+vn)*+ (@+b) r+vy)?
+(—nilz +a) (pt+vy +am)
+ (—nal3 +a2) (q +vy2 + b72)
+(=n3l3 +a3) (r + vy3 +cv3)
—(bepy1 + caqyy + abryz) — v(bei + cayi + aby3)
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I3 = My + Maya + M3ys,

H = 3 (M} + M3 + M2) + 3[(b + My + (c + @) Moz + (a + b)M373]
+(Aay — n1 1) + (Aay — naI$)y2 + 3 (Aaz — n3l})]
—2[(a® + 2bc)y} + (B* + 2ca)y3 + (c* + 2ab)y3]

Li=0b+0M +5G+nP+ (c+a)M+ 5 (c+anl?
+(a+b)[M3 + 3@+ b
+(Aay —nIPH[2My + AQa + b + c)y1]
+(Aay — mIF)[2M> + A(a + 2b + ¢)»]
+(Aaz — n3I)[2M3 + A(a + b + 2c)7s]

—A{ben1[2My + A(D + )il + cana[2M + A(c + a)72]
+aby3[2M3 4 Aa + b) 3]}

Lyapunov’s case s; = s, = s3 = n| = np = n3 = 0 [267] was solved by Kotter,
as well as the related Steklov case, in terms of theta functions of two arguments
[235]. This solution will cover the case s; = s, = s3 = 0 for arbitrary ny, ny, ns.
It is obvious that to express the solution in the most general case by applying the
variable precession transformation, it suffices to obtain the solution for the basic case
n=n; =ny=n3 =0, s;5553 # 0. This was not done up to the present time.

4 Yehia [398] (1997),

Yehia [383] ny =ny =0,

Yehia [380]: n = n; =ny =0,

Kowalevski [238]: k =n =n; =n, =0

A=B=2C,

V = Claim + axm2 — kv — 32 (07 + 293 +43)1,

v=n+nyy +nm.

= C (=nm —m} +2m93 + i3 = 3mmmn)

2 = C (—yan + 2129 — nays + nays = 3mimima)

pu3 = C(k —3nvy3 — Sniv1y3 — Sn27273)

I=2py +2q72+(+r)y3+V (2712 + 27% + 732)

Iy =[(p+vy)* = (¢ +v72)* — (@1 —nil) 1 + (a2 — nal3) ]
+2(p +v)(q +v72) — (@1 — ni1 ) 72 — (a2 — mal3) 1 1
26 (r +vy3 — K) [(p + v1)* + (g + v12)*]

—4rysl(ar —ni3) (p + vy1) + (a2 — n213) (g + v72)l

I§ = My + Moy + M3y,

Mi+M3
H = 50 (Z52 + M3) — kM3 + Clary + ax)

—(n +nim +nayv2) (M + Mayz + M373)

2

MZ—MZ
Iy = [Phg> — (@ = B Iy + (a2 — RIDT
HHEE — (a1 = I — (@ — B IHm P

+2 (58 —RMF + M3)

—Zyllar — H )M, + (a2 — B IH)M;]

In view of the presence of the coefficients a;, a; in the linear terms of V and ny, n,
in the function v, it is evident that by rotating the xy axes one can eliminate one of
those four coefficients. Suppose we have eliminated a;, then n, will remain there,
although it will not appear if we apply our method to the basic potential without a;.
Thus, we shall keep the four terms and the resulting case will neither repeat nor be
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included in the other generalization of Kowalevski’s case in the line leading to case
number 5.

The Euler—Poisson variables in Kowalevski’s case were expressed by Kowalevski
herself in terms of hyper-elliptic functions of time [238]. The solution was some-
what simplified and systematized by Kotter [232, 234] (see also [256]). Explicit
expressions for the six variables in terms of the separation variables can also be
found in [113, 256]. Many qualitative and global properties of motion are discussed
in [240] The same problem was treated in a large number of recent works using
methods of modern algebraic geometry and the inverse scattering method (e.g. [71,
145] and references cited therein). Of special interest is the work [152], which relates
the Kowalevski case to a special version (f = 0) of Clebsch’s case by means of a
rational transformation and thus explicit solutions for the first can be obtained from
that of the other. The same idea was realized for our generalization of Kowalevski’s
case to the gyrostat by Gavrilov, who related it to the full case of Clebsch (f # 0)
solvable in Theta functions of two arguments [110]. Thus, it becomes evident that the
generalized case under discussion here is, in principle, solvable in terms of the same
class of functions. However, a direct separation of Yehia’s gyrostat is not achieved
yet (see Chap. 5, Sect.5.6).

5 Yehia [411]

Sokolov [336]n =n, =0

Yehia [380]n =np, =c=0

Kowalevski [238]n =np =c =k =0

A=B=2C,

v=n+nm,

V = Clken + a2 — vk +cy1)y3 — %(%2 +293)

—5 QR+ 23+,

Il =CQuy1,2vy, k+vy3 +cm),

1 = Cleys —ny1 — 3n27172),

p2 = Cl—ny2 +n2 (297 — 73 + 7)1,

3z = C(k+cy1 —3ny3 — Snay273)

I =2py1 +2qv2+ ( +K+cy)ns
+n +mm) 29 + 293 +43).

L={(p+vn)*—(q+v7)* + (a2 —maB)m + 3 + en(r + vy — )}
H2(p + vy (g +v1) — (a2 —ma Iy — i + e +vy — K)P
+26(r + vy3 — K+ eyDI(p + v7)? + (g + v12)? 4+ 2¢(p + vy)3]
—4ry3(a2 — nal3)(g +vy2)

—2&c2[273 I; — /i’732 — ("yf + 7% + 27%)(r + vy3 4+ )l

I3 = Miy1 + M2z + M3,

Mi+M3
H = 5= (71572 + M3) — (5 + cy) M3 + Clazyz + 2cky1 — ¢273)

—v(Miy1 + Myys + M33)

I =12 4 (@ — B 1) + (M — 20m — (37 — D)
HHEE — (a2 = BRI + (BB = 20072 — 22y
+r(% - 2%)[M‘;Z§WZZ + 203 28] = 26m3(ar — B IF + 22 BB

.2
— 2 2913 My — (v} + 43 M3]

2
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Variable separation for the basic Sokolov’s case, n = n, = 0, was obtained in
[227] and explicit expressions for dynamical variables are constructed in [70], in
terms of two intermediate variables, which are expressed in genus-2 Theta functions.
At the present level of the hierarchy, after the introduction of the parameters n, n,,
the solution is obtained by applying the relevant precession transformation.

6 Yehia [398] (1997),
Yehia—Bedwehy [419]: n =n; =ny =N =0,
Kowalevski [238]:e =n=n;=n; =N =0
A=B=2C,

v=n+ny +nxy2+

2
1-2

— 12 2 2 2
V= Clam +am + e = 517 (2974295 +93))

I = Cv(2v1,272,73)s

p1 = Cl—nvy1 +n (27% —%2 +732) = 3mmy2 — 0 Nﬂg)% ,
-2
Ny

p2 = Cl=ny2 +n2 (297 =73 +73) = 3mmn - etk
o

= —C[Bn +5n171 + 5n272)73 + \/72]
73

I =2py1 +2q7 + vz + V(277 + 295 +73)
Li=[(p+vy)? = (q+v1)? = (@ —nmbB)y + (@2 — nalz) 121
+2(p + vy)(q + v ) — (@1 —nB) 2 — (@2 — n2 ) 1

AR+’ + g+ v+ N
-

I¥ = My + Mayyz + Mz,

M24+M2
H = %( 5 +M32)_V(M1’Yl + Mzvyz + M37y3)
+Claiy + a2y + =1
‘/l—wg
— M2 _ _npogx _ h2 g% 2
Iy =[Z2 — (@ — % IHm + (@2 — B IH7]
"'[Mz]cﬁg2 (a1 = ﬂ13 )v2 — (a2 — *13*)%]2
M+M2 =X - %P

2C? [F]+ 1-73

Separation variables and expressions of the dynamical variables in terms of them
are constructed in [218] for the conditional case 11 of Table 13.1 of Chap. 13, which
covers the Yehia—Bedwehy only on the level f = 0. To cover the present full general
case, explicit solution of the full Yehia—Bedwehy case for f # 0 is needed. This was
not achieved until now. Note that in cases 1-6, the constant /3 (or I5) figuring in the
expression for I can be substituted by its expression in each case as a function in
the components of w( or M) and ~.

Remark: It would be highly interesting to study how this phenomenon of coupling
constants changes many results and conclusions obtained for all integrable cases of
motion of a body in a liquid and, in particular, the portrait of the integrals of motion,
bifurcation diagrams and the topological classifications of integral manifolds. Those
questions are presently open for all the above six cases in Table 12.1.
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7 Generalization of Lagrange’s case. Two cyclic coordinates 7/ and (.
B=A,
vV =V(3),

I=(ty1, ty2. 1),

= by, =y, 3 — 2930 + (7 + 430,
Vo(73), £(73), [3(73) arbitrary functions, and

15, £’ denote derivative w.r. to 3

L= A(pn+971) +Crys+ 2+ D+ by
I4=Cr+13

I3 = MI’YI + Mm + M37s,

M}+M3 M?
H =" 4+ 3) — (S (M + Mam) + B M3

12
+V0(’73) + 5 (3 + 9 + 5=
Iy = M3

This is the most general case of Lagrange’s type. The body admits not only
dynamical but also physical symmetry about its z-axis. The equations of motion can
be easily reduced to quadratures. In fact, the integrals /3 and 14 can be written as

= A(py1 +q97) +LOE +73) + (Cr + )y = f,

where f, j are the integral constants. The first can be reduced to the relation

. 1 —
%= [f % _ g, (12.2)
1-— 73
while 1, gives )
CWrn+o)+h=. (12.3)

From here we find, using (12.2),

3 f Js . (12.4)
A 1—73

1
S (i
Y=z (—h)—
Thus, we have expressed 1/) and ¢ in terms of ~y3. To obtain the relation with time,
we use the energy (in fact, Jacobi’s) integral

1
E[A(p2 +¢H+CrA1+V =h.

That is
A2 . 202 (J - 13)2 _
A(6” + sin 9¢)+T—2(h—V),
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which can be given the final form

i —13)? 1
%1 Sl — =t =P (125)

. 1

=50 =DR0=V) -
Denoting the right-hand side of this relation by F(y3), one can make a separation of
variables and find the quadrature

f= dv;
VF(3)'

which may be used to express y3 = cos 6 as a function in time, and hence (12.2) and
(12.4) can be integrated to obtain the angles ¥ and ¢, respectively.

The above formulas are direct generalization of their lower counterparts in the
hierarchy, beginning from Lagrange’s top to Kirchhoff’s case of the motion of a body
in a liquid (Case 1 of Table 10.1 of Sect. 10.15). For Lagrange’s top, as we have seen
in Sect.4.2, F(3) is a cubic function and 73 can be expressed in elliptic functions
of time. In the case of a multi-connected symmetric body in a liquid, we have

(12.6)

1
V= ayy + 5lbi(1 - V2 + b33l
=K, I3 =K+ K, (12.7)

so that
1
Fp) = 21 - Y)[2h + by — 2a3ys + (by — b3)73
1 1 .
—cU—r- K373)*] — lf —im— K- I

is a polynomial of the fourth degree and hence 3 is also an elliptic function of time.

Kirchhoff reduced the case of simply connected body (a3 = x = 0) to an elliptic
quadrature and expressed some particular motions in terms of elliptic functions [219].
Detailed analysis of the general solution of the last special case in elliptic functions
was performed by Greenhill [135]. This solution was not extended to the case of
multi-connected body, but it can be noted that the presence of the constant gyrostatic
term x and the parameter a3 changes the distribution of the roots of F and hence
affects the picture of motion. As far as we know, this case was not studied in detail.

Thus, of all known results remains without the present type of generalization only
one case, namely the case of a body in a liquid found by Rubanovsky [317] that
includes as special versions an earlier case due to Steklov [345] and the case of a
torque-free gyrostat considered by Joukovsky [163] and Volterra [366]. Due to the
situation that in this case the basic potential is zero, no more terms can be added by
the present method. However, as we have seen in Chap. 11, a generalization involving
an arbitrary function and a parameter has been applied to this case in the next section,
but to produce a conditional integrable case from it.
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12.1.2 About the Hamiltonian Formulation

‘We have shown in Chap. 10 that, when v () = n = const, the transformed problems
are generalizations of the original ones, without bringing any mathematical compli-
cation to the solution process. The original and transformed problems are described
by one and the same set of Hamiltonian equations. This is a consequence of the fact
that the Hamiltonian after transformation is H' = H + nM-~, i.e. a combination of
the original Hamiltonian and the areas integral.

We shall show now that when v(y) is chosen according to one of the two proce-
dures described in Theorems 11.1-2, the Hamiltonian flow of the generalized problem
is really different from that of the original problem and hence the first problem is a
genuine generalization of the second.

In the tables of extended integrable cases, we have adopted the choice to identify
every case by the expressions of functions V and p, which are unique and completely
characterize the physical setting for that case. An expression for the vector potential
[ is also given in the tables, so that the Lagrangian for each case can be readily
constructed. The Hamiltonian of a problem can be obtained as described in previous
chapters. To this end one can write

H=w-— —1L, (12.8)
W

and eliminate w using the momentum variables

OL
=—. 12.9
o (12.9)
The equations of motion take the form
M= M OH n H
=Mx — X —,
oM " oy
Y= OH (12.10)
and their integrals are
I, = H,
12 = "}’2 = 1,
L=M-~=f (12.11)

In order to illustrate our point of view described above, we now give examples of
the extended cases in the Hamiltonian formalism.

(1) The first example is case 1 of Table 12.1, which involves one parameter n;
of the new type in addition to the uniform precession parameter n. The Hamiltonian
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for that case is

M?  M?  M?
H:1/2(71+ ?2+ ?3)+b(A712+B7§+C732)
— (M1 + My s + M3 ;) [n +ni(Ay + By; + Cy3)]

= H, — (M;y + Myya + Ms3) [n +n1(Ay 4+ B2 + Cy3)], (12.12)

where H, is the original Hamiltonian of the Clebsch case. The equations of motion
are

OH,
oM

OH. 2 B2 4 M
+7X{a—y [n +n1(Ay; + By; + Cy3)IM — 2n (M)~}

OH,
oM

M =M x {—— — [n+ni(Ay} + B3 + Cy)1v}

=M x

OH,

+ X [— —2n1(M-y)~I], (12.13)
o

and

: aHC 2 2 2
¥=7X {8_M —[n+n1(Ay] + By, + Cv3) v}
OH.,

T (12.14)

:’7)(

The fourth integral is

1
Iy = E(Mf + M2 + M3)

—ABC[b —ny (My 1 + My 7> + My y3)1(BC} + CA~S + ABA2)
= Lse + niABC (Mi 1 + Myyy + M3 %) (BCHi 4+ CAy; + AB73). (12.15)

From (12.13), we see that when f # 0 and n; # 0, then H, and I, are no more
integrals of motion. The Hamiltonian flow is deformed and the overall picture of the
trajectories in the phase space of the new problem is different from that of Clebsch’s
case.

On the other hand, when n; =0 (v = n)

H=H. —nl,

so that the Hamiltonian is a linear combination of the two integrals H, and I3 with
constant coefficients. In that case, from (12.13), (12.14), we see that the flow defined
by the Hamiltonian (12.12) is identical with the flow corresponding to Clebsch’s
Hamiltonian H, and the integral takes the form of Clebsch. The same holds also if
consideration is restricted to the level Iz = f = 0.
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(2) The second example is the extension of Clebsch’s spherically symmetric
case. That is case 2 in Table 12.1. Let H, and I, be the original Clebsch spherical
Hamiltonian and the corresponding fourth integral. We have

H; = H;(M,~, c1, 2, ¢3)
=£TMH4@+M5+%@%+q%+@%L
L, = clMl2 + 62M22 + C3M32 — (62C3’}/12 + C3c1’y§ + 61C2"}/§). (12.16)
For the extended integrable system with three different parameters ny, n,, ns,

H = H, — (n +my{ +navy; +n373) (Myy1 + Maya + M3 s),
= HiM,v,c1 —2n113, ¢co — 2na13, ¢3 — 2n313). (12.17)

The equations of motion have the form

M = Mx OH, +9 X [% = 2(M-vy)(n171,1272, n37Y3) ]
oM oy 272, 1378,

4 = o OB (12.18)
oM’ ’

and the complementary integral is

L = (c1 — 2n13) M{ + (c2 — 2n213) M3 + (c3 — 2n313) M3
—Al@nals — ¢2) @n3ls — c3) v + nsls — ¢3) @ny Iz — ¢1) 3
+ @I —cp) @nals — ) 73] (12.19)
= L;M,v,c1 —2n113,¢c; —2ny 13, c3 — 2n3l3).

The deformation caused by the presence of the three parameters n,n;,, n3 and I3 in
the Hamiltonian flow on any level I3 = f # 0 is obvious. The solution of the new
problem of motion is obtained from that of the original case by replacing the origi-
nal physical parameters cy, c3, c3 by their new values involving three new physical
parameters and the dynamical parameter f.

Itis remarkable that the fourth integral (12.19) is cubic in the momenta in the whole
phase space, due to the presence of I3 in the coefficients but becomes quadratic in
momenta on any fixed level of /3. It also reduces to Clebsch’s quadratic integral when
ni=n, =n3 = 0.

12.2 Conditional Integrable Deformations of General
Integrable Cases

By Theorem 1 in Chap. 11, Sect.11.6, all the general and conditional integrable
cases of integrability of the previous hierarchy of problems admit a generalization
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using the transformation (11.31) to conditional cases involving the arbitrary function
v(7v1, Y2, 73). The explicit solution of the equations of motion in each case can be
obtained from the solution of the original case, if the last is known, by Theorem 3. We
apply this procedure here to all the general integrable cases, which were the subject of
generalization in the preceding chapter, but this time including the case of Steklov—
Rubanovsky, which was not amenable to the generalization as an unconditional case.
As the structure of potential in the basic cases is not significant for the present type of
generalization, we consider only one branch of the Kowalevski—Sokolov hierarchy,
so that the total number of cases is still 7.

12.2.1 Table of Cases

In Table 12.2, we list the deformations of the known general integrable cases as
conditional cases on a fixed level of the areas integral. For each case we provide

— conditions, if any, on the inertia matrix of the body,

— the pair of scalar potential V and vector p, figuring in the equations of motion,

— the vector I which enters in the Lagrangian or Hamiltonian of the problem and
in the structure of the cyclic integral,

— the cyclic integral /3 itself,

— and, finally, the complementary integral.

— Each of the systems in the following table is integrable on the level I3 = (. For
each case, we also add the forms of the Hamiltonian function and the complementary
integral in terms of momenta. In the Hamiltonian formulation, the cyclic integral has
the same form for all integrable cases

Li=M v+ My + My = 0.

Table 12.2 Conditional integrable extensions of general integrable cases, valid on the level I3 = (.
v = v(71, Y2, 73) is an arbitrary function

1 Case of Clebsch’s type
V = (b— v (AY} + B73 + C3) + B,
I=v4I,

=207 -2 Dy

L =wl v+ v(AY} + By +C3) =13

Iy = S[A%(p + vy)? + B2(q +v72)? + C2(r + vy3)?
—b(BC~? + CAY2 + AB+?)

Iz = My + My + M3 s,

H= 1/2(’”712 + MT% + Mé)+b(mf+37§+c7§)
+[B — (M1 1 + M2 + M3 y3)lv

Iy = M? + M3 + M?
—b(BCy} + CAY3 + ABY3)
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In all the cases under consideration, one can show that

dl
= (- AP, ),

dt
where @ is a different function for each case. Thus, /4 becomes an integral under the
condition I3 = 3. As examples we give explicit results for two cases from the table.
Remark: For the conditional integrable cases presented in Table 12.2, the Hamil-
tonian of the extended system is

H = H+v(—M-v),

where H is the original Hamiltonian (before the transformation). The equations of
motion are

: OH OH v
M = Mx —— = - M =
XaM+7Xa~y+(ﬁ '7)7X37’
S OH (12.20)
= X —. .
7= oM

Although the equations of motion in all cases of Table 12.2 depend on the parame-
ter (3 and the (non-constant) function v(y), on the single level f = [3 the Hamiltonian
flow of the new conditional integrable problem becomes identical with the flow in
the original unconditional integrable problem. In the last problem, the parameter f
is arbitrary, while in the former the additional parameter (3 is present but regarding
the dynamical condition f = 3 both problems have the same number of parameters.

2 Case of Clebsch’s type of spherical symmetry
A=B=C,
V = Bv+ 3017} +bavd +b3nd) — 3C07,
1=Cvy,

p=CI% — v+ §)]
L=Clpyi+tqrn+ryn+v)=0
Iy = C[b1(p + v1)? + ba(g + v72)? + b3(r + vy3)%]
—(bab3y? + bib33 + bi1b2y3)
H = 50 (M} + M2 + M3) + 3017} + 0273 + b373)
+[B — (M1 y1 + My + M3z y3)lv
Iy = biM} + byM; + b3 M3 — C(bab37i + bi1b3y; + bibay3)

3 Rubanovsky—Lyapunov type [317]
A=B=C
V = Claiy + axya + azyz — %(bc%z + ca7§ + abv%)
+{B + A[(b+ )V + (c +a)y3 + (a+ b3} — 512}
I =Clry— 3((b+ 1. (c + @72, (@ + b)73)],
p=Cll@y, by, ) + F = v+ §)7]
L=pn+gn+trp+v)—3lb+or7+cc+a)3+@+by3l=4
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Li=3[b+0) (p+v1)*+(Cc+a)(g+v1)* + (@+b) (r+vy3)?]
+ailp + v +a)nl +axlg + (v + b)v2] + azlr + (v + )73l
—[be(p + vy + calg + vy2)v2 + ab(r + vy3)13l
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H = 5= (M? + M3 + M3) + Y[(b+ oMy + (c + @) My, + (a + b)M373]
+C(a1y1 + axy2 + azvs)
—£1(@® 4 2bc)y} + (b* + 2ac)73 + (¢* + 2ab)¥3],
+B = (Myy1+ Myy, + M3 y3)lv

Ii=(b+)M] + (c+a)M3 + (a + b)M3
+C{[(B? + A + 2a11M1 + [(@ + D)7z + 2a21Ms + [(@ + bH)vs

+C2[(a + b + o) (@171 + a2y2 + azy3) + 2(a1an + azby, + azeys)l

+2a3]M3}+%2[(b +0)(b — 0?7} + (¢ +a)(c — a)*2 + (a + b)(a — b)*43]

Case of Steklov—Rubanovsky’s type

V=vlB—k-v+altrA DyP—I" 4] — 17417,
I =k—ay] +vyL ) =[trd~1)6-17"]
p=rt 201" + 1) — [ D]y

L = [wl+k—ayJ +vyl]l -y =73

Ity = 5 | wi+vyI+k > +2a(w - +v)

H=iM-k—-~vDI""- M-k — 7))
+[B — (M1 1 + M2y + M3 y3)]v

L=3|M—ay] ? —ayI"'- M-k — avJ)

For this case, one can show that

dI P )
= (I = Bl@HYIHR) - (5= x 7) +ayI (5= x P
! v oy

(1) For any function v, I, is an integral on the level /3 = § and the dynamics is
conditionally integrable. On the other hand, when v(v) = n (a constant) the
terms in the square bracket vanish and this case becomes integrable for arbitrary
initial conditions and coincides with the Rubanovsky—Steklov case of motion of
a body in liquid.

Case of Kowalevski—Yehia—Sokolov type

A=B=2C,
V = Bv + Clkey + axya — vEy3
2
—S O +293) —venn
2
—7 (277 +27% +93)]

I = CQcys + 2071, 202, K — eyt +v73),
p=Cl(em, 0,k +c73) + £ 2] +293 +73)v]

—I5v 2 g% + P + g,
L=CR2pn+2n+r+r)p+enn+@i+28+13vi=8

L=[(p+v )2 =@+ +am+ER +ene+vy—n]
+[2(p + v71)(q + v72) — @y — i+ enlr + vy — )]
+26(r +vy3 — K+ ) [(p+ v + (g + v72)* + 2c(p + v11)73]
—dazk(q +vy2)73
=2k 29312(p + vyD™ + 173 4+ 2(g + vy 72 + (r + vy3)7]

+r73 — (0 +93 + 2930 + vy + en))
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I3 = My ;i- Mzz’yz + M3y3 = 3,
H= MY M2y — (k4 ey1) M3 + Clarys + 2chm1 — 292
+v[3 - (M171 + M2’Yz + M373)]

MZ
I =[ ;CZ 2 baym + (M —20m — 203 D1
+14 2c2 — a1 + (% = 2m)m2 — 2172
2 2
(M — 20 [0 4 2093 2] — 2y3(an + 2677) M2

2
— 2 29193 M1 — (72 +2)M3]

6 Yehia [398],
Yehia-Bedwehy [419]: v = 0,
Kowalevski [238]: v =a =0
A=B=2C
V =By +Clam + a2+ 4= — 50 (297 + 293 + )]
2
I = CV(ZE;n, 2792, 73)s )
p=C{g5 vy} + 27 + 31— [5v + 5 - @71, 272, 13) 1)
I =CR2pyi +2qm2 +ry3 + v} + 293 + )1 =
L=[p+v1)? —(q+v1)? —am +apl
+2(p + v)(g +v72) —ary2 — am]2
\/—[(P +vy1)? + (¢
7 Case of Lagrange’s type

B=A,
V = Vo) + Br — v[(v} + v + 13731 — 32[A + (C — A)H3],
l = ((13 + Av)y1, (L4 Av)ya, I3 + Cry3),
9
= 5 a-v- (3‘7 D,
VO('y3) £(v3), 3(73), (71, 72, 73) arbitrary functions

= A(p +972) + (Cr + 1)1 + (Of + B+ VIA+(C— A3l =0

Iy =C(r+vyz)+13

I3 = Mm + Mﬂz + M3,
M M2 M?
H=1"02+ ) -1 (M171+M2W2)+1‘Mz]
+V0(73) + 5P+ D+ 2c + B — M1y + Mz v + M3 v3)]

Iy = M3

Note that the precession angle ¢ is cyclic and the corresponding generalized
momentum is the integral of motion /5. The proper rotation angle ¢ is no longer
cyclic in general, but becomes cyclic on the level I3 = (3. In fact, one may calculate

oL (I — B) v
do } 0o’

The cyclic integral 14 is conditional on the level I3 = 3. One can easily find

4 ov ov
T (I — ﬂ)(’yza—71 — 716—72). (12.21)
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This expression vanishes when either I3 = Sorv = V(’yl2 + 7%), which is equivalent

to v = v(73). Case 7 is integrable for arbitrary function v (v, 72, v3) on the level
I = 3, but becomes unconditional when v = v/(73).

12.2.2 Example of Physical Application

Consider the simple original case of Kowalevski, obtained from case 5 of Table 12.2
by setting £ = ¢ = 0. We shall transform this case using

v =M\, =Cla.

The generalized case will be characterized by

A=B=2C
V = Claim + Aavs — 572 (297 + 293 +43)]
I = CM;32v1, 272, 13),
p=CA(=271713. —212713.2 = 373)
L=CR2pyn+2912+ri+13Q2y+29 +43)]1=Ca
L =[(p+ 117)? — (@ + 273)? —ain 12
+2(p + A1) (g + Ann) —arml?
H = 30 (M} + M} +2M7) + C(aiy1 + Aav3)
+AplCa — (Myy1 + M2 v2 + M3 3)],
Iy = [M? — M3 — 4C%a 1 )?
+4[M 1 M, — 2C% a1y 1

The potential is modified by the addition of two terms. The first C Aay; means
a displacement of the centre of mass of the body in the z-direction (normal to the
equatorial plane) to the point (xo = Ca; /Mg, 0, z9 = %) and the second term is
quartic in «y. The last may be written as

A2 A2
S ) = - SR 2 - ).
The new problem involves also the gyroscopic moments described by the vector [
and p and it is integrable on the level I3 = Ca. On setting A = 0, one recovers the
general integrable case of Kowalevski.

Note that the parameter A does not appear in the Hamiltonian form of 5. Note
also that from the Hamiltonian function of the new problem one cannot recognize
the acting potential and gyroscopic forces, which are clearly defined by the potential
V and the vector .



Chapter 13 ®)
Miscellaneous Cases Integrable on a Giese
Single Level of the Areas Integral

In this chapter, we collect certain sets of conditional integrable cases of different ori-
gins and of various characters, which do not belong to one of the problems discussed
in previous chapters that have definite physical interpretation, but they are unified
only by being valid on a single level of the areas integral, and mostly on f = 0.
The first set consists of the separable cases investigated in Chap.9 above. Another
set began to appear in a work of Goryachev [117], who used an inverse method to
find potentials that admit existence of a complementary integral of the third or fourth
degrees in the components of the angular velocity, as modifications of the known
cases at that time. Those are Kowalevski’s case of a heavy body with a fixed point
and Chaplygin’s case of a rigid body in a liquid and Goryachev—Chaplygin’s case of
the classical problem. The search led in [117] to the new cases:

(1) A conditional case, on the level f = 0, under the condition A = B = 2C, with
the potential

A
V =aiy +a +bi(vi — ) +2byyiv + 7
3

This adds the singular term 3 2 to a former result of Chaplygin [53], which

combines the potentials of Kowalevski’s classical case and Chaplygin’s case of

abody in aliquid. The complementary integral for this case is of the fourth degree.
(2) Another case under the condition A = B = %C , with the potential

a+bm

2 )

%

which admits a cubic integral.
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A variety of modifications and generalizations of known conditional integrable
cases have accumulated in the last three decades, mainly in the works of the
author and coworkers, as a result of the introduction of a new method of con-
struction of two-dimensional integrable systems living on Riemannian manifolds
and whose integrals are polynomials in velocities [381]. The resulting systems
usually involved a large number of parameters, which could be adjusted to iden-
tify the metric of the problem with that of the reduced system of rigid body
dynamics after ignoring the precession angle as in Chap.9. Here we shall not
try to make any physical interpretation of the potential and gyroscopic terms
in each case, even though they are mostly generalizations of some of the cases
presented in the previous chapters in natural physical settings.

The most natural and comfortable classification of the relatively large number
(22) of known conditional integrable cases is the classification by the degree of the
polynomial complementary integral in every case. We shall follow this classification
here. We also give full-time sequence of each hierarchy of overlapping cases.

Although most of those cases do not have physical interpretation, due to strange
singularities in the potentials, we give full up-to-date list of them. As known cases
are scattered in the literature, we believe this step, made here for the first time, can
play a definite role in future development of the subject. As will be seen below, some
of those cases have already stimulated further studies on the separation of variables
and also on topological classification.

Remark 18 We have used the uniform and variable precession transformations in
some previous chapters. In the present one, those transformations will not be applied.
The reason is that in conditional cases on the level f = 0 this transformation may
be easily applied using an arbitrary function v(vy) as discussed in Sect. 12.2 of the
preceding chapter.

13.1 Cases with a Quadratic Integral

It is well-known that a natural (time-reversible) mechanical system of two degrees
of freedom which admits an integral quadratic in velocities and independent of the
energy integral must be Liouville separable system in some generalized coordinates.
The dynamics of arigid body acted upon by pure potential forces is time-reversible on
the zero-level of the cyclic integral. When gyroscopic forces are present, equations of
motion become irreversible and Liouville separability is lost. In the present section,
we list the three known types of potentials that admit a complementary quadratic
integral and hence admit Liouville separation and also three non-separable cases
with a quadratic integral.
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13.1.1 Separable Integrable Potentials

From the Minkowski analogy between the motion of a rigid body about a fixed point
and the motion of a material point on the inertia ellipsoid of the body at the fixed
point, it follows that certain potentials exist, which allow separation of variables on
the zero level of the areas integral. Those are of three types:

(1) Potentials separable in elliptic coordinates on the tri-axial ellipsoid (A # B #
C) Chap.9 Sect.9.7.2.

(2) Potentials separable in spherical coordinates for a dynamically symmetric body
(A = B), including the case of dynamical spherical symmetry at the fixed point
Chap.9 Sect.9.7.1.

(3) Potentials separable in sphero-conic (elliptic) coordinates on the sphere of inertia
in the case of complete dynamical symmetry (A = B = C) Chap.9 Sect.9.7.3.

For all three types of separable cases u =0, f = 0 and u, v, F, G, g are arbitrary
functions of their arguments (Table 13.1).

Table 13.1 Conditional integrable cases. The first 20 cases are valid on the level f =0

1 | Separable in elliptic coordinates on the ellipsoid of inertia [31, 224, 381]

V= w[u(cwrfﬂrv(a—f)],

a=AB+BC+CA— ABC(7 + F + %3) = ABC[tr(I71) — 171~
B=0a>—4ABCD, D =Ay}+ By} +Cy:=917.

Iy = A’p? + B¢* + C?r? + 2= [(a — VB)v(a — V/B) + (a+ VBu(a + V/B)]
2 | Separable in spherical coordinatés on the Poisson sphere B = A

A-d-C A-(A—C s
V:F(PB)_’_A((?W%))%G(M)_F(’Y3)+(T)%g(n) (L) = n

—Cr? ik
Iy =Cr +2G(72)

3 | Separable in sphero-conic coordinates on the Poisson sphere [390, 391]

A=B=C,
v = @ =8 v /)]
o =a+b+c—(a712+b722+6'y32), [ﬁ, =a”? 4abc(w‘ ”)

Is = (ap® +bg* +cr?)

+J‘§,[<o/ +Vu =)+ (@ =)@ + V)l

A special case of this separable potential, equivalent to F(v3;) = 0, was pointed
out also by Kolossov in [224], but the general potential seems to be unnoticed in the
literature. This type of potential appears as a part of the potential in some integrable
generalizations of Kowalevski’s case, which admit an integral quartic in velocities.
The quartic integral in those cases can be written as the square of the quadratic
integral in the separable
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13.1.2 Non-separable Cases with a Quadratic Integral

4 Yehia [414]
Separable (K = 0),
Subcase of Steklov’s (s = 0)

_ sS
V= 2ABC~/S?—4ABCD’
S = A(B+ C)72 + B(C + A)y2 + C(A + B)?
p=-K&H. F. 2.
= 55 (A(B+ Oy, B(C+ Ay, C(A+ B)y3)

Iy = %(A2P2 + B2+ C*r?) — K(pn + g +ri) + \/ﬁ
5 Yehia [394]
" A(B+C)N}+B(C+A)3+C(A+B)73

V =
oF AV} +B3+C3
H=o ¢72 2 2
F=]J A(B+C)y{+B(C+A)y; +C(A+B);
JABC(AG+B3+C)
2 2ABC
2(A+B+C)U0—3vo+m
& =7 i +813+C%

JABC(A7]+B3+C2)

I3 =Apn +Bqn+Cry3+ F
14 constructed in elliptic coordinates and not in Euler-Poisson
variables. See [394]
6 | Yehia [401]
Separable (N = 0)
Subcase of Lyapunov’s (K = 0)
A=B=C
V = C[_Nabe i % K

= ][f 5 (7+7+7)+ﬁ]
I=—5C((b+ ), (c+a)n, (@a+Db)y)
p=Clam, by, cv3)
Li=3lb+0)p*+(c+a)g* + (a+b)r?]

—Nabc(p%‘ +q 772 + I”Y?%) + %K a+b+c+a712+b7%+m§

Vi

13.2 Cases with a Cubic Integral

The list of such cases comprises only three items:

7 Yehia and Elmandouh 2016 [424] (c1, ¢ added)
Yehia 2002 [409] ci=c=0
Sokolov and Tsiganov 2002 [337] eqp=e; ==
Yehia [395] 1996 (Independently of [226]) eg=ej=ci=c2=0
Komarov and Kuznetsov [226] 1987 ep=e1=c1=cr=a=0
Sretensky [341] 1963 epg=e;=c1=c=X=0
Goryachev [118] 1916 ep=e1=c1=c=k=0
Goryachev-Chaplygin [115] 1900, [52] 1901 ep=e;=c1=cy=k=X==0
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A=B=4C,
— 2 1 el
l=C <O,O,k+c171 +62’72+€0(7§ 732)+ 712+7%>,

(4 ) 2¢
e 2 ne—3) 17172 ,
[c17s + 2eo (712_‘_722)2]

72(4 ')3) _ 2@17172 ]
O7+1)?
=Clk+cim +am -|-€0M +
7 M+
V =Claim +axy2 — cioommn

3.2 G2, A
t3rt3nt s

p2 = Cleays + 2ep

2 amntern 24 8%+5'h
+e -2 -
0(v3—2) P €0 27
ktep—vici—mer _ 1 i+
+e1 2,2 - 7 }
R > i)

Iy =4pm +49m
+r+k+cm+eorn+

_ 1 _
2+’y2 + O( 4 75)]73 =0,

2 8

Iy = |:r —k+cm+oyn+ % - %] {[P+ ’73]2

2—
( 90(2 473))r

ﬂ 6’0(2 73) _ 30(371 673+4)
+(im+ Cm)[ P ] P
e per(l— 8*/1) 811 (13—2)—274+913 -8

+ail + e ]
—13lQerer = crk +an(p + 95*)
+Qercr — 2k +a)(g + $3)]

Ha+ HP + 2 k(G - 4

eg , e1=29) . deiyi(en—2e173)
+k {(C171 + CZ’YZ)[%Z + 712+’y22 1+ ’Y%(’Y%ﬁ“f%)
_ 461"/3
T (Pm +q72)}
8e081L2 /271 4 L’o
“/3(’71 +l@m +a272)[ ’)2+ 71+ 6171[ 3 + “/3(’71+72)]
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+ple1(3r} +43) — 2027172]}
_ 16eimim

e1ca ]+8€1(’Y1 72) 2

[pg — 5>

M+ M+

The second case with a cubic complementary integral is due to Goryachev [117].
It is characterized by the following

8 Goryachev 1915 [117].
A=B=3C,
|l = n= 0,
Y1+b
V = a/1+272+5,

3
k)
L=3(pn+q7) +rp= 0

I4—2r(p —|—q2)—|—r —Zaw p+r

a+b'y1

"/3
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Although having no obvious physical meaning, this case has received a growing
interest in the last years [45, 361]. It turns out to be the first example of a mechanical
system whose complex invariant varieties are strata of Jacobians of a non-hyper-
elliptic curve, here a trigonal curve of genus 3 [45].

Goryachev’s case 8 has been generalized to the following one involving two
(vector and scalar) potentials (Yehia 2002 [409]):

91(2+ 13)

8% | 1=(0,0,k+ - 2[3/€+e(w3 + D,

+byy+ ’h
any C
1% %

W’3
_l’_

2 [e0<4 773) el(13*,§748'y§+4)
(CF +W2) 6A3 27
3.*{272 2
—6061(5;/3 -2+ 473(73 —4)
—3e0/$'y3§ — ?mew; (’y% +2)].

where k, ey and e are arbitrary constants. Note that the constant gyrostatic momen-
tum « is a coupling constant for some potential and gyroscopic terms.
For this generalization, one can easily write

1 12+ )
=—(1771+q72)+{r+f-£+7 n [3H+eo% +—73]}

1 72 '7 3

but the complementary cubic integral is not yet expressed in the Euler—Poisson vari-
ables (See [409]).

Cases 7 and 8 were constructed as special cases of an integrable many-parameter
system with a cubic integral under some restrictions on those parameters.

9 | Yehia 2000 [404].
Gaffet 1998 [96, 97] (The equivalent problem for a particle on a sphere).
A=B=0C,
v=—=~X _1=0.
(1172713)3
L=pn+aqntrp=0,
Iy = Apqr —2K(mmy3)3 (5 + L + ).

13.3 Cases with a Quartic Integral

The thirteen presently known cases with a quartic integral are characterized by the
Kowalevski configuration A = B = 2C. They are mostly (but not all) generalizations
on the level f = 0 of the two classical cases: Kowalevski’s case of a heavy body and
Chaplygin’s case of a body in a liquid. It is curious to note that the main potential
in most of those cases is composed of the basic potential present in Kowalevski’s or
Chaplygin’s cases or both of them and some additional terms that belong to separable
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potentials discussed in Chap.9 Sect.9.7.1. When alone, the last terms give rise to a
quadratic integral, instead of the quartic one.
Those cases are divided into five types, presented in the following subsections.

13.3.1 Cases Stemming from Kowalevski’s Case

Four cases of this type are listed here:

10 Yehia 1996 [396],

A = 0 Yehia-Bedwehy 1987, (unconditional case) [419] (unconditional case),
A = ¢ = 0 Kowalevski 1888 [238] (unconditional case).

A=B=2C,

V=Clam+an+————+ A1,
Y3 7
l=p=0.
I=pn+gn+tri=0 L
A2 —
L=[p*—q* —aim +ay - 72 ’2'7!2)]2
+[2pg — a1z — axy1 — A%‘gz]z

2.2

+6[(p+n7’1)2+(q+n'vz)2 + e 2y /l+73]
— 77 2
o +'y3 NN 73

11 Yehia 2006 [413]
v) = 6 = 0: Yehia-Bedwehy 1987 [419]

A=B=2C.
V=Clam+3+—+——+ 22 (5, + a2,

’\/I% l—fy% '722 /1_,@
l=p=0.

13=p71+q72+r%=0,2 ,
A7 — M1y
L=[p*—q* —aim — %lz +[2pg —ary2 — 2373%’2]2
3 3
2 e+rim i 5 ) A,z e+ -
+02 % + 2 ]2p° +29° + 623 + 2
[27,22 2 ][P q 27,22 ﬁ]
2)e,/1—42
+ 2T

-3
— — Z (@173 + )G +viy/1=22)
73 )

The main result of [413] was the construction of an integrable system of two
degrees of freedom living on a Riemannian (or pseudo-Riemannian') manifold and
admitting an integral of degree four in velocities. Cases 11, 14 were obtained as
special cases under suitable restrictions of this twenty-one-parameter system that
render the metric to that of the Routhian of the rigid body dynamics. Case 18 below
was obtained by further development of the method of [413].

Separation variables and expressions of the dynamical variables in terms of them
are constructed for case 11 in [218] (See also [137]), without treating the inversion
of the resulting quadratures.

!In differential geometry, that is a manifold whose metric is not necessarily positive-definite
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12 Yehia, Elmandouh 2011 [422]

¢ = 0. Yehia-Bedwehy (unconditional case) [419]
A = 0. Sokolov (unconditional case)
A=B=2C,

2
V=Clay + S0 =) +

A
=1,

BRI
p=Cc(0,7v3,72),
2 2 2.2 _ A=) 2
Iy=(p~—q~—ayi —crpp—c™y _T)
X
+(2pq — ama +cry — Ay — 2U0)?

202 —¢%
+e[=F—= + +2 + %32+ )]
/T_MZ + 7 'Y1 72 Pl

13 Yehia, Elmandouh 2011 [422],
A = 0: the integral /4 becomes unconditional and gives Sokolov’s [336].
A=B=2C,
— a2 A2y 4 A
V=Clekenn+an+ 50 —73) + ')’32]’
I1=C(0,0,k+cy),
p=C(c3,0,k+cm),

2
AT —3)
Iy = [Pz P +am+d —onk—r) — w]

3

+ [217!1 —am — Ay — ek —r) — 2?7'72]

3

+26(r — £+ cy)[P* + % + 2cpys + M1+ 2) — 73 (2qaz + 2kv3)]
=262 [4v3(p71 + q72) — (1 =) + ey

13.3.2 Cases Stemming from Chaplygin’s Case

Four cases of this type are listed in the following table:

14 Yehia 2006 [413]
81 = &, = 0, Yehia 2003 [411]
61 = 9» = p =0, Goryachev [118]
01 = 6 = p= A =0, Chaplygin [53]
A=B=2C,
vV =Clbi(vf —72>+ T+ (s~ 38
2D+ )],
l=p=0,
Iy =2pyi+297+ry3 =0,
I =1 =2 + b2 = 250 4 dgpg - Jupap
N 2 212
+2(p* + 4" ol - —] + AL+ B0+ p T (0 - 200
2pb1(y 72
+ A0 2 va[“—‘ - %1+ 4[‘51 5
“2p+ D RS + % :
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Together with case 11, this case was constructed in [413] (See comment next to
case 11). Separation variables and quadratures were constructed for this case (and
for case 11) in [137].

15 Yehia-Elmandouh 2013 [423]

K =0 Yehia [411] (Sect. 4.2.3) 2003

K = p = 0 Goryachev [118] 1916

K = p = X = 0 Chaplygin [53] 1903

A=B=2C

V = Clk[2dnv2 +c(vi —73)]
+K2[2cd71'yz('yl 'yz) + L (4 +49243)
—F(30F + ) + 271 + % + p(% - %)},

1=C(0,0, K[d(v3 — 7] + 2cm1m2)).

n=CQCKy(cy2 —dm), 2Ky3(dy2 + e,
K[d(3 = }) + 2c7172)).

I =2py1+2972+ {r + K [d(3 —7}) + 2en72 ]},
Iy = {p? — ¢* + ck73 + AKdr + cK?(c(v} — 73) + 2d717)]
A 12
73
+{2pg + dk73 + [dK*(c(v] —73) + 2dmiy2) — Kerlyd
_ 2)\7172 }2
2
{2@; 1))

+p P> +4°]
— 2K [267172+d(72 ]
+(1 D () — 22)

2
+K2[262(74 2)+8(d ”)/172“; n720f w]
+%[C(71 -7) +2d7W2]}

16 Yehia and Elmandouh 2016 [425]
k = 0 : Special case of Yehia and Elmandouh [423]
A=B=2C
V = Clrlc(r; — ) + 2d71’¥2] + /-eK[chwz - d(vl - 72)]
+K2{26d'm 7207} - 72) =27 +93) +2913]
2 (’Y3 +471’Yz)} + 2 A4,

1=C(0,0, 5+ K[2cv172 —d(vi — ),

p=CQRKY3(cy2 —dv). 2Kv3(em +dm2). &+ KReyim2 +d(v3 — D)),

I =2py +2q97 + (r + 5+ K[2cv172 +d(43 — DD,

Iy = {p2 —-p*+ ck’y% + cKzfyg[c('yl2 - ’y%) + 2dv172]
2.2
+dK (26 =3 (3r — )] - 20512
3
+{2pq + kd"3 + dK*32d 72 + (i — )]

+cK[3 Bk —r) — 2K] — ”3#}
3

+26[r — k — KQeiya +d(y3 — )] {,,2 +q%+ 21+ %)
+3 KA +dD) (03 — 1) = 2dKK + kel
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—4ky3 {[2K k(cy1 + 2d72) — k2eya — dy)1(g + ny2)
+%2(p + nv1)(2ckK + dk)}
—8k {P KKK (43 — 1) — kyi7]
+c{2kd K%y 727% + K[%kdﬁ -2\
+dk (v} — D)1 — 3kr3)
—2kd?K?73y3 + K[2Xdy} + d (52 + M)A31)

17 Yehia 2003 [411]
Goryachev 1916 [118], p = 0.
Chaplygin 1903 [53] A = p =0.

A=B=2C,
V =Clc(} =3 +2dnm2 + 2 + p( — )1,
3 13 73
l = n= 0,
I3 =2pyi +297v2+rv3 =0,
A(2—12) 2 2
L=1p* —q* + % — 7(71% 2} 1 2pg +di -2 A
200k — L) (P2 +4%) + i3 g /\(1—75)2]
4 , 7S + Vi B
1— 2
+pz( 7723) _
3

Elmandouh (2015) [73] introduced a two-parameter generalization of this case
by adding singular terms into the vector and scalar potentials:

* _ 2_ 2 A 1 1N, 3D o w2
17 V = Cle( ’72)+2dm’72+7§+p(w§ 7g,)-i- 7 Gy + 370,

2% u w»
(“11 + Y2 )-

1=C(0,0, =

The fourth integral is also given in the Euler—Poisson variables in [73].

13.3.3 Cases Combining Kowalevski’s and Chaplygin’s Cases

Two cases are listed in the following table:

18 Yehia 2012 [415],

6 = 0 Goryachev 1917 [118],

6 = A = aj; = 0 Chaplygin 1903 [53],

6 = A = ap = 0 Kowalevski 1888 [238],

A=B=2C,

2_2
V=2Cla +a:0f =93 + 5 + 6=,
l=p=0, ’

I3 =2py1 + 2972 +rv3 =0,

L=[p*—¢*>—am + a3 -
2172 )2
,‘7,2

A0 =3) )2
p”:

+2pg —a1m2 —

5 4
+5 2P + 4713 —2am73 =207 + 202 + TH).
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The Goryachev subcase (§ = 0) of case 18 has led to complex separation variables
in [337, 359].

19 Yehia 1996 [396],

A = 0. Yehia 1987 [386],

k = 0. Goryachev [118],

k = ap = A = 0 Chaplygin 1903 [53],

k = by = by = X\ = 0 Kowalevski 1888 [238],

V = Claivi + a2 +bi1(v —3) +banye +5 ]
I =pu=C(0,0,k).

I3 =2py1 + 2972+ (r +k)y3 =0,

L=[p*—q¢> —aim + a2 +b173 —

/\( /1 /2)]2

+[2pg — a1z — axm + ba3 — ”"2 ]2

+{(r — DR2(p* +¢%) + A1 + 2)]
—4yl(a1 + b1y +bay2)p + q(az + byy1 — bi2)1}-

Elmandouh (2015) [74], added a parameter e, which engenders singular terms in
the vector and scalar potentials, as follows:

19% |V =Claim + @72+ blwf -+ b+ 2y

I=C (0 0,k + 6(”’2))

M

—2ey 2eny e(1493)

The complementary integral was also provided in [74].

Separation of variables for the Chaplygin level of the above hierarchies was
attained by Chaplygin himself. For detailed solution see Chap. 10 Sect. 10.16. The
version k #% 0 of this case was considered in Tsiganov’s work [358], where an
assertion is made that separated variables are constructed for what the author calls
“the Kowalevski—Goryachev—Chaplygin gyrostat”. However, the proposed separated
variables are complex functions of the physical variables. It remains an open problem
how to construct real solutions using complex hyper-elliptic quadratures [358]. Note
that the title and references in that work have brought certain confusion, which was
commented in our note [410].

In [416], it was shown that the problem of motion of a rigid body, with A = 2C
and arbitrary B, subject to forces with potential containing one Kowalevski term,
one Chaplygin term together with the singular Goryachev term

V=am+b(F -2+ —, (13.1)

73

under the additional restrictions g = 0, f = 0, is solvable in elliptic functions of
time. The solution is the same incase 17, whenA =B =2C,n=xk=a, = b, =0
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under the additional restriction g = 0. Without this restriction, the solution corre-
sponding to the last potential (13.1) is not known at this moment.
The subcase with the potential

C
V=b0}-7)+ 7; (13.2)
3

common between hierarchies #14-19, has attracted more attention. It is called by
some authors the “Goryachev system”. Ryabov found real separation variables for
this case in [323], reduced its integration to hyper-elliptic quadratures and studied the
phase topology for positive values of the parameters, i.e. when the integral surfaces
are compact. The case of negative values of the parameters, when the integral surfaces
become non-compact, is treated by Nikolaenko [297], who has also shown that
Goryachev’s system is Liouville equivalent to other integrable cases in rigid body
dynamics, according to the value of the energy parameter on the admissible energy
interval [A,,;,, 00) [296].

13.3.4 A Case with a Quartic Integral Outside the Above
Classification

20 Yehia 2003 [411], f =0,
A=B=2C,
v o b 73\/ en+dy+ /(@ +d) (3 +73)
Cobebt hied R+ '
pn=0.

This is a case of algebraic potential, which involves three singular terms of dif-
ferent fractional powers. It reminds the case of fractional power potential and third-
degree integral due to Goryachev. The fourth integral for this case can be expressed
in terms of Euler’s angles, using formulas provided in [411], but it is not constructed
yet in the Euler-Poisson variables.

13.3.5 Two Conditional Cases Valid on a Single, Not
Necessary Zero, Level of the Linear Integral [421]

This case adds to Yehia’s gyrostat the parameter m, figuring in potential and gyro-
scopic terms, and turns into it when m = 0. The quartic integral is expressed in terms
of Euler’s angles, but not in Euler-Poisson variables [421] (Table 13.2).
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Table 13.2 Conditional cases on a single level of the linear integral f = a(aarbitrary)
1 A=B=2C,

_ __m _ ) — _m__
V =avy + by D) |:2(k m) —2ay3 + Wf-*—"/%]’

_ m
[=0.0.k+ =)

2| v= byy — —F—| =2 .
an + by 233 +43) |: ays+ 712+722:|

2.2 2 2
/\+73\/‘ 3[R+ 55 ted
+

N

_ k
1=0.0.k+ 4.

)

Case 2 generalizes the case of Yehia and Bedwehi. In both cases, the added new
terms are all singular at the two positions v = (0, 0, £1).

13.4 Integrable Extensions of Conditional Integrable Cases

As remarked in the beginning of this chapter, the method of transformation with an
arbitrary function v (v, 72, v3) used in Sect. 12.2 of the last chapter is also applicable
to all conditional integrable cases, valid on the zero level of the cyclic integral, i.e.
to the 20 cases of this type listed in the last three sections.

We shall not give here a list of generalizations of the conditional cases. Most of
those cases involve singular terms that are not likely to get acceptable physical inter-
pretation. Physical effects of the transformation are here immaterial and will remain
at present just as parts of mathematical models. Moreover, unlike the generalized
cases introduced in Chap. 12, the flexibility offered by the presence of the areas con-
stant as an arbitrary parameter is here lost. The transformed integrable problems and
their original counterparts share the same Hamiltonian. To this kind of extension of
conditional integrable cases applies the argument of Borisov and Mamaev [41], men-
tioned in the last section of the preceding chapter and they need not to be considered
unless for some reason it becomes necessary to use a concrete form of the function
v in the transformation.



Chapter 14 )
The Rigid Body Acted upon by a Skew s
Combination of Fields

The difficulties encountered in the study of the classical problem of motion of a heavy
rigid body have not been a stimulant for systematically considering problems of rigid
body dynamics in more general settings. In spite of its actuality and importance for
scientific and technological purposes and although it is a direct logical generalization
of the classical problem, the problem of motion of a rigid body under the action of
asymmetric forces was left aside and was considered only occasionally.

In what may be called a historical exception, the quest for integrable cases began
with constructing the set of integrals in Brun’s problem of motion of a body in an
asymmetric gravitational field [48]. This is one of the most complicated motions
of a rigid body. More than seven decades elapsed before Bogoyavlensky made a
resurrection of this problem, completing the proof of its integrability and indicating
a way for its integration [29]. He also gave a general integrable case, in which a
spherical body moves under the action of three skew fields. The first general integrable
case of a gyrostat acted upon by two skew uniform fields was found in [380] for the
body with Kowalevski’s configuration and under a restriction coupling the intensities
of the fields. Shortly later, this problem was shown to be integrable without that
restriction.

In this chapter, we consider the most general problem of motion of a rigid body
about a fixed point in an essentially new and general setting, comprising all types of
asymmetric, but conservative force fields. We give the first ever systematic presenta-
tion of this topic together with exhausting lists of presently known integrable cases,
which far exceed in number the three cases described above. Those new integrable
cases were obtained mainly by two methods, both depending on the existence of a
cyclic coordinate. The first is based on the equivalence between two problems on the
level of Routhian reduction after ignoring a cyclic coordinate in each. The second
uses the transformation of cyclic coordinates, as explained in Sect. 11.9, to construct
a generalization of known cases. We shall get acquainted with those methods along
the way.

© Springer Nature Switzerland AG 2022 375
H. M. Yehia, Rigid Body Dynamics, Advances in Mechanics and Mathematics 45,
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14.1 Equations of Motion

Assume that the moving body is acted upon by the most general combination of
conservative potential and gyroscopic forces, described by the Lagrangian:

1
L = Ewl-w +lw-V, 14.1)

where I = diag(A, B, C) is the inertia matrix of the body. The scalar and vector
potentials V, I depend only on the Eulerian angles through the nine direction cosines
i, o, o3, B, B2, B3, 11, 725 73

The Lagrangian (14.1) describes a conservative system with three degrees of
freedom, which admits the Jacobi integral (the Hamiltonian of the system)

1
L =H= Ewl-w + V = const. (14.2)

The equations of motion of a rigid body are usually written in the Euler— Poisson
variables w, a, 3, . For the present problem this form, corresponding to (14.1), is
written as

. v ov
wl+wx (Wl+p)=ax —+0x —+'y
oo B oy’
d+wxa=0B+wxB=054+wxy=0 (14.3)

where I is the inertia tensor of the body at the fixed point and

0 0
_l—i—(axa——i—ﬁ %—l—'yx—)xl

0
——(l a>+%<l 6)+—(l ) - (— l>a—<ﬁz)ﬁ Gy D

-2l (14.4)

Equations (14.3), (14.4) were derived in [390]. They generalize to the case of
arbitrary forces Eq. (11.3) derived in Chap. 11 for the case of axi-symmetric forces
and can be seen to reduce to them when I and V depend only on «. Moreover, it is
not hard to show that a part I, of the vector I has no contribution to the vector u, if
it is derived from a scalar function x (e, 3, «y) by the formula

ox ox Ox
ly = - - 14.
0= X £ + B x 93 + v x 8’)/ (14.5)

This part adds a gauge term 1n the Lagrangian. The last formula generalizes (11.8)
for axi-symmetric fields.
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Exercise: Show by direct calculation that the special form of the vector potential
Iy (14.5) gives zero gyroscopic vector g in (14.4).

The number of integrals of motion necessary for solving the equations of
motion.

The system (14.25) is composed of 12 first-order differential equations. It can be
easily checked that they satisfy the Jacobi (zero divergence) condition. According
to Jacobi’s theorem, one must find 12 — 2 = 10 integrals, of which we know only
seven, Jacobi’s integral and six geometric integrals

lal=118=1|v=1,a-8=0,8-vy=0,a-v=0. (14.6)

The areas integral, which played an important role in our study of the classical
problem, does not exist in the present problem. Thus, it remains to find three more
integrals of motion.

Another approach widely used in analytical mechanics applies only to Hamilto-
nian systems, but it has proved more effective for our purpose. That is applying a
theorem due to Liouville (see, for example, [368]), which states that “For a Hamil-
tonian system with n degrees of freedom, the knowledge of n integrals of motion,
which are in involution is sufficient for completely solving the equations of motion”.
Such systems are usually named “completely integrable systems”.

To apply Liouville’s theorem, we first note that the mechanical system under
consideration, i.e. the rigid body in the most general fields, is a Hamiltonian system
of 3 degrees of freedom. In principle, one can use the three Eulerian angles as
generalized coordinates and the generalized momenta conjugate to them to write
equations of motion in the Hamiltonian form. In those coordinates, the geometric
integrals turn into identities, and we are left only with one general integral of motion
I,. In our case n = 3, so that three integrals are sufficient for integration of the
problem. As one integral is known, we need only two other integrals for integrability,
independent of the energy integral /; and in involution, instead of three demanded
by Jacobi’s theorem.

It turns out to be more advantageous to keep writing equations of motion in
the symmetric and in most cases algebraic form (14.3). Compared to Hamiltonian
equations in canonical variables, this form is found to be of greater help in finding
expressions for the integrals of motion and in constructing explicit solutions to the
problems under consideration.

14.1.1 Interpretation of Forces

Different terms of Eq. (14.3) in their general form may be interpreted in most cases
in one or more of the following (or other) ways.
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The potential V can be understood as due to the scalar interactions of a gravita-
tional field with the mass distribution in the body, an electric field with a permanent
distribution of electric charges and a magnetic field with some magnetized parts or
steady currents in electric circuits on the body. A constant term & of the vectors p
and [ is the gyrostatic momentum, while the variable terms of p may appear as a
result of the Lorentz effect of the magnetic field on the electric charges. Let 5 and
A be the intensity of the magnetic field and the vector potential of this field at the
point r of the body where the current charge element de is placed. In that case, one
can write the vector 1 as (for details, see [382])

l=n+/rx,4de,

while g can be derived from 1 according to (14.4 ) or constructed directly in the form
[382]:

u:n—/(rB)rde
o
=K+ /(r~ —)rde (14.7)
or

where €2 is the scalar magnetic potential. In several cases of interest for future appli-
cation, €2 can be expressed as a sum

Q(Xa Y5Z)=QI(X3 Y,Z)+'+QN(X, Y’Z)v (14'8)
of homogeneous harmonic polynomials up to the Nth degree; the formula (14.4) can

be replaced by

N
n= H+ZS f (X, Y, Z)rde.
s=1

Now, expressing r in the moving body axes xyz, we get

N
/,a=n+2s/§25(r-a,r-a,r-a)rde, (14.9)
s=1

i.e. components are polynomials in the direction cosines. In most cases of physical
interest the functions V, p are polynomials in the direction cosines, but this will
not be assumed in general, since we shall deal also with some cases involving non-
polynomial terms.

In the following sections, we survey the few known integrable cases in asymmetric
fields. In case of existence of a cyclic variable, we show some tricks that enable
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constructing integrable extensions of those cases. Several cases of definite physical
interest are obtained in this way.

14.1.2 The Motion of a Magnetizable Rigid Body in an Ideal
Fluid and In a Uniform Magnetic Field

Under the assumption that the body and the fluid are linearly magnetizable, it was
shown in [50] that the equations of motion may be derived from a Hamiltonian,
which generalizes that of Clebsch’s Hamiltonian (10.10) for the Kirchhoff problem
(see Chap. 10). The equivalent Lagrangian may be written as

1 1 1
L= wlw+Bwt Cy+6D-6+1]:4, (14.10)

in which the additional matrix D and vector J are determined by the shape of the
body and é denotes the magnetic field intensity, constant in space.
A direct generalization of this Lagrangian is

1
L:Ewl~w+(n+aB/+ﬁB”+7B)~w

1 1 1
+5aC’~a+EBC”-ﬁ—FE'yC-7+a~a+b~,8+c~'y. (14.11)

This generalizes all physical problems discussed above in this book, including the
motion of a multi-connected body in a liquid and the motion of an electrified body
in a superposition of three classical fields, whose potentials are at most quadratic in
the direction cosines. Some integrable problems introduced below fit as integrable
versions of the last Lagrangian.

14.1.3 Example: The Motion of a Satellite in a Circular Orbit

The centre of mass of a small satellite is moving in a circular orbit around a spherical
planet with angular velocity 2. We now write down the equations for its rotational
motion in the orbital frame. Let R be the radius of the satellite orbit and ;. be Gauss’
constant of the planet. Designate by «, 3, =, respectively, the unit vectors in the
directions of the tangent to the circular orbit, the orthogonal to its plane and the
radial in that plane from the centre of the planet. The condition of balance of the
satellite in the radial direction is

(QR)? _
R ~ R2

]
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so that we have

2 M
Q= ok (14.12)
The kinetic energy of the satellite is
1 , 1
T = EM(QR) + zwl-w, (14.13)

where w is the angular velocity in the inertial frame. On the other hand, the potential
of the satellite may be written, regarding Eq. (6.5), in the form

3
V= 59271-7. (14.14)

Neglecting a constant term, the Lagrangian may be written as

1 3,
L=§wl-w—§§2 ~I-~. (14.15)

This Lagrangian describes the motion in the coordinate frame with origin at the
centre of mass of the satellite and axes with fixed directions in space.
Denote by w’ the angular velocity in the orbital frame. We have

w=w +QB. (14.16)
For detailed history of the “uniform precession” transformation (14.16) in rigid body

dynamics, the reader is referred to Chap. 10, Sect. 10.11.3. Substituting in (14.15),
we obtain the new Lagrangian in the orbital frame

1 3
L= 5(w’ + QA1 (W + 95)—59271-7
1 1
= Ew’l-w/+9ﬁl-w’— 592(37I~7—ﬁ1~ﬁ). (14.17)
Here, one can introduce Eulerian angles in the orbital frame and obtain three
equations of motion in terms of them. Alternatively, one may derive the equations of
motion from the Lagrangian (14.17) using (14.3) and (14.4) to obtain, as in [382],
G+ w x (WT-2981) =3Q%y x yI-Q?8 x AL (14.18)

Augmenting this equation with two others, expressing constancy of the two unit
vectors (3, -y in the orbital frame:

B+wxB=04+wxy=0. (14.19)



14.1 Equations of Motion 381

In this way, the problem of motion of a satellite in a circular orbit is reduced to
the problem of motion of a body about a fixed point, governed by Eqs. (14.18) and
(14.19), i.e. to a special version of (14.10).

14.2 The Rigid Body (Gyrostat) Acted upon by More than
One Uniform Field

We shall first make some clarification. In classical physics, there are three distinct
force fields: gravity acts on mass, magnetic field acts on magnetized parts of the body
and electric field acts on electric charges. However, the presence of electric charges
leads to the appearance of two new effects:

(a) Accelerated electric charges produce electromagnetic radiation. This causes
attenuation of the total energy of the body carrying them, from the classical point of
view.

(b) Moving electric charges interact with magnetic field and result in velocity-
dependent Lorentz forces.

If the velocity and acceleration of points of the body are small enough to be
neglected over some period of time, then over that period we can consider the motion
of the heavy, magnetized body carrying electric charges subject to the three uniform
fields, gravity, magnetic and electric.

We first write down the potential of the system

V=Mr;-g+m-H+Q-E

where ry, m denote the position vector of the centre of mass and the magnetic moment
of the magnetized parts of the body and Q =Xgr is the dipole moment of electric
charges carried by the body and g, H, E are the three fields: gravity, magnetic and
electric, respectively. The first three vectors ry, m, Q are fixed in the body, while the
field vectors g, H, E are fixed in space. If we fix a system of axes in space with the
orthonormal basis a, 3, 7y, the potential can be rewritten in the form

V=aa+b-8+c-v. (14.20)

This is the most general form of the potential of a rigid body in the three classical
fields. It is the potential of three irreducible fields, i.e. that cannot be reduced to two,
as long as the vectors a, b, ¢ are not coplanar. This means that the matrix

a ap az as
M=\|b|=|bbbs (14.21)
Cc

€l C2 C3
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has rank 3. Equivalently, the determinant

ayp az as
det(M) =| by by b3 | #0. (14.22)
C1 C C3

Expressing (14.20) in Euler-Rodrigues’ parameters using expression (2.25) for the
rotation matrix, one converts the potential V to a quadratic form in Ay, A\j, A2, A3.
In the generic case, a rotation of the four-dimensional axes, which is equivalent to
rotating both space and body axes, determines a single coordinate frame in the body,
in which only diagonal elements of the rotation matrix are present. This means that
the potential in those axes has the form

V =aa; +bBr + cvs. (14.23)

This process is completely independent of that of determining the principal axes of
inertia and thus simultaneous use of the last formula of the potential with principal
axes of inertia requires some restrictions on the parameters of the body. However, for
a body with complete dynamical (spherical) symmetry, the general potential (14.20)
can always be reduced to that form.
When rank (M) = 2, the potential is due to two fields and in the general case can
be written as
V=a.-a+b-g3, (14.24)

and, without loss of generality, one can take a = (a;, a, 0) and b = (by, by, 0)
provided
ay dy

biby| 7 O

Lastly, when rank (M) = 1, the potential is due to only one field and in the general
case can be chosen to be the gravity field. The problem reduces to the classical
problem discussed in previous chapters.

The equations of motion of the body (gyrostat) moving about a fixed point in the
presence of three physical effects can be written in the form:

wl+wx WwWI+kr)=axa+B8xb+~ xc,
d+twxa=0B+wxB=0%4+wx~vy=0. (14.25)

The system of Eq. (14.25) admits the energy integral

1
11=§wl-w+a-a+b-,5'+c'7~ (14.26)

Thus, to obtain a general integrable case of motion of the body acted upon by two
or three uniform fields, one must know two more integrals independent of /;.
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The classical problem has benefited from the interest of several eminent math-
ematicians, who investigated analytical properties of the solution of Euler—Poisson
equations in the complex 7-plane and conditions of existence of first integrals with
various analytical structures: polynomial, analytic or meromorphic or single-valued
in the Euler—Poisson variables. In contrast to all that, no effort was made to extend
any of those lines of investigation to problems involving more than one field.

In the following two sections, we give a brief description of the integrable cases
and particular solutions in both versions of the problem.

14.2.1 The Motion of a Body Acted upon by Two Uniform
Fields

This is the case of motion of a heavy magnetized rigid body (gyrostat) about a fixed
point under the action of two uniform gravity and magnetic fields. Equations of
motion can be written in the form:

wl+wx (wWwl+K)=axa+Gxb,
d+wxa=0B+wxpB=0. (14.27)

The investigation of such system and construction of integrable motions seem
to be initiated by Bogoyavlensky. In [30, 31], he has shown that Eq. (14.27) under
the Kowalevski condition I = C diag(2, 2, 1) for a = (a, 0,0), b = (0, b, 0), k=0
is completely integrable on the invariant relation (written here in our usual notation)

21=p*—q°—ao +bp =0,
722 =2pg — (acz + b)) =0. (14.28)

It turned out that this is a particular case of the unrestricted integral (14.31) below
and reminds a generalization of the Appelrot families of solutions to the case of a
simple body in two fields (without a gyrostatic moment).

In a much later work [69], it was claimed that the conditional classical integrable
case of Goryachev and Chaplygin admits a generalization to the problem of two fields
with two conditions of the areas integral type. It was shown in [406] that conditions
of this type lead only to pendulum-like motion and that the presence of the second
field has no significance.

14.2.1.1 The Hierarchy of Yehia and Reyman and
Semenov-Tian—Shansky

We now turn to general integrable cases of the present problem. In our note [380],
we have considered the problem of motion of the gyrostat acted upon by forces with
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the unsymmetrical potential
V =Claion + aron + b1 51 + a5 + c11 + c2m2)- (14.29)
The gyrostatic moment was taken in the form
n = CkKk, (14.30)

directed along the axis of dynamical symmetry of the body. It was found that this
problem admits the general fourth-degree integral

L=[p*—q*—ajoq +axas — b1 + b — cim + el
+[2pg — (@100 + azay + by By + ba By + €172 + )T
+250r = )P +¢7)
—4k[plaras +b153 + c173) + q(azas + baffs + cay3)]. (14.31)

The integral (14.31) generalizes Kovalevskaya’s integral by including two arbitrary
constant fields and a gyrostatic momentum. However, the knowledge of this integral
is not sufficient to establish complete integrability of the case (14.29-14.30) since
the potential (14.29) does not allow a linear integral in general. Another integral
is needed. In the same work [380], two integrable cases have been pointed out,
characterized by the existence of a linear integral in each case:

(a) The case of axi-symmetric potential V = ¢y, + ¢, admits the familiar areas
integral
L =2(pn1 +q72) + (r + K)7s, (14.32)

corresponding to the angle of precession v as a cyclic variable. This case is
discussed in detail in Sect. 5.6.
(b) The case V = a;(a; — x2) + ax(az + x051) (x = 1) is characterized by the
integral
Lo =2(py1 +qm) + (r + K) (3 + X). (14.33)

which is also linear in velocities and corresponds to the cyclic variable ¢ =+ 1),
according to the chosen value for x. Those cases are equivalent and can be
obtained from each other by reversing the sign of the vector fi. Thus one can
consider only the choice xy = 1. Note that, unlike case a, this case does not include
Kowalevski’s case as a special version. The two fields are coupled together and
can vanish only simultaneously.

An explicit solution for case (a) is commented in Chap. 5. Case (b) in its full
generality is not solved yet. In [189], the solution of a special version of this case,
namely when I, = f = 4k, was reduced to real elliptic quadratures. We shall return
to case (b) later in this chapter. It is in fact closely connected to another problem
of a completely different nature, namely Chaplygin’s case of motion of a body in
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liquid, modified by the Goryachev singular potential term % This connection will
be extensively studied in Sect. 14.5 below. ‘

The full system with potential (14.29) and gyrostatic momentum (14.30) turned
out to be integrable. This result was established by Reyman and Semenov-Tian—
Shansky in [311] (see also [26]), where a quadratic integral was constructed for
arbitrary parameters of the two fields. In the present notation, this integral can be
written as

L =[G -aa+(G-Bb+(G-yel
+2(r — K)[AIG-a+ AG - B4 A3G-v]
+4k-[Ai(bx v+ 8 xcec)+ Ar(e X a+ v x a)
+Asz(ax B+ a xb)], (14.34)

where G = wl + k is the total angular momentum and A; = bjc; — bycy, Ay =
ciday — Caq, A3 = a1b2 — azbl.

The three vectors a, b, ¢ in (14.29) are not redundant, since we deal with only
two irreducible fields, this form is symmetric and also comfortable in obtaining the
above two limiting cases. In case a) we have I, = ¢*(G - )2, which reduces to the
linear integral (14.32). In case (b) one can easily show that

L = —ad’[I3, +4xklh, — 41 +2r7],

so that I, , is really an integral.
To put the integral (14.34) in its simplest form, one can normalize the potential
to the form
V =aa; + bps.

The integral takes the form
L =ad*(G-a)* +b*(G-B)* +2ab[(r — k)(G -¥) +2(ba; +af)]. (14.35)

To construct this general integrable case, the authors of [311] introduced a Lax
representation of the equations of motion, using a Lax pair with a spectral parameter.
The solution of the complexified equations is pointed out in terms of Theta functions.
However, without a real separation of variables, those results are not useful in the
study of bifurcation and qualitative properties of motion. Some works were devoted
to the topological analysis of this case, e.g. [177, 187]. It is worthy to mention also M.
Kharlamov’s work, where a generalization of the second and third Appelrot classes
was pointed out as a two-parameter family of doubly periodic motions [175] and
generalization of the fourth class in [188]. Separation of variables for generalized
fourth Appelrot class is discussed in [179, 180]. Extensions of the Appelrot classes
for the generalized gyrostat in two fields were investigated in [182]. The stability of
the stationary motions in some special versions of this problem was studied in [149]
and recently in [159].
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Worth mentioning is the work [84], in which the authors put forward a systematic
way of the derivation of the algebraic curves of separation of variables for the classical
Kovalevskaya on top and its generalizations, starting from the spectral curve of the
corresponding Lax representation found by Reyman and Semonov-Tian—Shansky.
Recently, ina conference! the author learned from Yu. N. Fedorov that further results
were obtained including expressions of the physical variables in terms of separation
variables for the generic Reyman and Semenov-Tian—Shansky case and its special
cases of symmetry (the case a of a single field and the case b of two fields of equal
intensities). However, most of these results are not published yet.

14.2.1.2 A Generalization of the Last Hierarchy

Strictly speaking, the case presented here does not belong to the above hierarchy of
cases in two uniform fields with the Reyman Semenov-Tian—Shansky on its top. The
deformation parameter €; simultaneously evokes forces with quadratic potential in
addition to achange in the application centres ry, r; of the two uniform fields to become

ri =¢goa(1,0,0) +£1ax(0, 1, 0),
eob(0, 1,0) — e1bk(1, 0, 0).

I

Note that this change keeps the application centres of the uniform fields in the body
orthogonal to each other. The changes are coupled by the gyrostatic moment parame-
ter x and disappear when x = 0. We list this case here in the most suitable place for it
in this section, since it is, like its predecessor R-STS case, of three degrees of freedom
(withno cyclic coordinates). The remaining two sections will be devoted to integrable
problems with cyclic coordinates.

Sokolov and Tsiganov [337] 1 introduced (2002).

Reyman and Semenov—Tian—Shansky [311] 1 = 0, ab # 0 (1987),
See also [26] (1989).

Yehia [380] 1 = 0,b = £a and 1 = 0, ab = 0 (1986).

A=B=2C,

V = —{eg(aar +bB) + e1r(aar — bPy) + ejla*a3 + b2 + 3 (aan + bFD?1),
I = (22103, —2¢e1aa3, k + €1 (aay — bB1)),

p=(e1bB3, —e1aas, k — 1 (aay — bBy)).

I = a2[2pa1 +2qap + (r + k) a3 — 1 (baz B + aazay — 2balﬂ3)]2

+b% [2pB1 + 293 + (r + &) B3 + £1(acy B3 + bB1 B3 — 2aa337)1°

+2[r — K +ey(aay = bBI2py1 + 2972 +73 (r + k) +e1(aag — bB1 — aazyz + by153)]

—4eo (0B +aay)

+4e1[2aga3 — 2bps — (aay — bPy) (k + 1) — 1 ((acy — b31)? +2a%a3 +2b°33)]

(continued)

1 “Classical mechanics, dynamical systems and mathematical physics” on the occasion of Aca-
demician Valery V. Kozlov’s 70th birthday. Steklov Mathematical Institute of RAS in Moscow,
20-24.01.2020.
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I =[p*—q¢>+¢? (*aza% + bzﬁ%) —e1 (aay +bBy) (k — 1) + g (acy — b))
+[2pg — e}(aay + bp1)(aay + bBy) +e1(aat — bf) (k — 1) +eglaas + b
=2k (k—r+erany —e1bP1) (172 + 612)
~2(—e1rler ((@ar — b5 + (@az +bB?) +2bpfs — 2aqas)
~2g[ey? (— (aas + bBy) aaz — 2b% B ﬁ3> +e1kaas + bz ]
+2p [512 ((aaz + bB1) b33 + 202041 a3> + ke1bf3 —egaas ]
+e12l{e) (aay — bBy) + kM{(acy + bp1)? + (aay — bBr)?)
+2i (a203 + b2 32 )1}

The integrability of this case was established in 2002 by Sokolov and Tsiganov who
constructed a Lax pair for it. Although explicit forms of the integrals of motion fol-
low from the Lax pair, no effort was made towards constructing those integrals, a step
taken later by Kharlamov and Ryabov. The two integrals are written here following
Ryabov [324], but as usual in this book, we normalize the two fields and do some fur-
ther simplifications. The deformation parameters €, €, are arbitrary, so that the above
formulas unify the two cases listed in [324] as different, in a form from which they are
obtained as special cases g = 1 and e = 1, respectively.

This integrable case, which occupies the top of its hierarchy, has been studied only
in very few works. Neither separation of variables nor the phase topology was investi-
gated in the full case. In certain circumstances, the full system of three degrees of free-
dom can be reduced to a lower dimensional system on invariant manifolds. In [324]
two invariant four-dimensional submanifolds were pointed out, on which the original
system reduces almost everywhere to a Hamiltonian one with two degrees of freedom.
The system of equations specifying one of the invariant submanifolds is a generaliza-
tion of the invariant relations (14.28) for the integrable Bogoyavlensky case, which, in
turn, generalizes the first Appelrot class. The method of critical subsystems, devised
by M. Kharlamov in [175, 176], is used to this end. The phase topology is described
and bifurcation diagrams are given for those subsystems.

Further study of the bifurcation diagrams led in [304] to the construction of certain
periodic solutions of the problem of motion in two fields. For those solutions, phase
variables are expressed as algebraic functions of a single auxiliary variable and a set
of constants. This auxiliary variable satisfies a differential equation which can be inte-
grated in elliptic functions of time.

It can be readily seen that when b = 0, the integral I, reduces to the simple form of
the areas integral

2(pay +qan) + (r + Kk — ag )as.

It may be also shown, using the energy and geometric integrals, that in the special cases
b = Fa, I, renders to the linear integral
2[(p £ae1B3)m + (@ —aciaz) 2] + [r + £k + agi(aa + B)](y3 £ 1).

The last expression generalizes (14.33) and reduces to it when € = 0.
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14.2.2 The Motion of a Body Acted upon by Three Irreducible
Uniform Fields

It seems that the general problem of motion under the action of three fields has escaped
attention and is still in that state. This may be caused by the very limited advancement
in its apparently simpler version of just two fields. The problem was not investigated
for integrability, so that no integrable cases are known and it is not known if they exist.
The only exception is the case of a body whose ellipsoid of inertia at the fixed point is
a sphere.

As far as we know, the list of works dealing with this problem for an asymmetric
body consists exclusively of three papers [149, 417, 418]. The first is concerned with
the determination of equilibrium positions in the potential of the special form (14.23)
and studying their stability in the case of a dynamically symmetric body. The other
two deal with regular precessional motion of Grioli’s type, studied in Chap. 8 in the
presence of a single gravity field. It turns out that this type of motion persists to exist,
under certain conditions, in the general problem of motion in three irreducible fields
and even when one of the three uniform fields is replaced by a linear one [153].

In this subsection, we give a brief description of the only known integrable case of
a spherical body acted upon by three irreducible uniform fields and two of its special
versions of definite interest. Interested readers may find the particular solution in the
above-mentioned papers.

14.2.2.1 Bogoyavlensky’s Case of Dynamically Spherical Body in Three
Uniform Fields

Bogoyavlensky has noted that the dynamics of the body of spherical dynamical sym-
metry A = B = C is integrable for the general potential (14.20). The problem was
reduced in quaternion variables to Neumann’s problem on the sphere 3 [31]. In the
quaternion space, the integrals of motion are all quadratic in the velocities and the
explicit solution can be found in terms of the Riemannian Theta functions in three vari-
ables, as follows from that of the Neumann system [290-294].

It is possible, as explained earlier in this section, to choose the axes of the space
frame to reduce the potential to the much simpler form

V =C(aaj + bBy + ¢v3), (14.36)

containing only three parameters. This simple form of the potential enables us to express
the integrals of the problem in the Euler—Poisson variables, which was not undertaken
in [31]. We get, as in [407],
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1
L = E[apP +bqQ + crR] + becoy + cafB, + abys,

1/2{a®[p* + P21+ b*[¢* + Q%1 + 7 + R*])
+bcpP + caqQ + abrR
+2a (b* + ) a1 +2b (P +@°) B+ 2¢ (@ +b7) v, (1437)

I3

where P = w-a, Q = w- (3, R = w-~.Twospecial cases of particular interest arise.
14.2.2.2 Case of a Linear Integral [407]

When |a| = |b|, without loss of generality, we can assume the potential in the form
V =Cla( — 32) + ¢l (14.38)
This choice makes the variable 1 + ¢ cyclic and leads to the linear integral
L=w-v+r, (14.39)

and the complementary is

1
b= 3la(pP = qQ) +crR] = calon — ) — a’vys.

14.2.2.3 Case of Three Linear Integrals [380]
When the three coefficients are equal in modulus |a| = |b| = |c| = a, one can take
V = Aa(a; +mBy +m'vy3), (14.40)

where m? = m> = 1. In that case, along with the energy integral

I = SAG" +¢> 4 )+ Aa(or +m 4 m'y),
one can write three linear integrals
Lh=wa-mp=c,h=w-B-mg=cy), s =w-~v—mm'r =c3. (14.41)
As shown in [385] (see also case 1 in Table 14.5 of Sect. 14.5.4 below), explicit solu-
tion of this case can be written in terms of elliptic functions of time. It can also be noted

that this case is super-integrable, i.e. it has one superfluous integral (say) /4 more than
the three needed for integrability. The trajectories of the integrable rigid body motions
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are closed curves in the space of phase variables w, «, 3, -y, resulting from the inter-
section of Liouville tori with the integral surface I, = c3, and hence motion on them
is generically periodic.

14.3 Integrable Cases of a Body with a Homogeneous
Quadratic Potential

14.3.1 Brun’s Case of the Asymmetric Body in an Asymmetric
Gravitational Field

Let an arbitrary body fixed from its centre of mass be acted upon by a gravitational
field whose potential is Vy = N1 X? + N>Y? 4+ N3Z2, i.e. a three-dimensional gener-
alization of (6.7) in the elementary Brun problem of Chap. 6. The potential of the body
in that field can be written as

1
V= E(aal-a—l—bﬁlﬁ—i—c'ﬂwy). (14.42)

This potential can be interpreted alternatively as an approximate form of the potential
due to three sufficiently distant centres of Newtonian or Coulomb interactions. How-
ever, unlike the problem of motion in three skew fields, the three terms in (14.42) are
redundant. In fact, we have

al-a+8lL-8+~1-v=X1;j(a;aj + 5 8 + viv;j)
= El,jé,j =tr(D),

so that the potential can be equivalently written as

V= %[(a —co)ad - a+ (b—0)pl - Bl (14.43)

Nevertheless, keeping all terms preserves an obvious degree of symmetry and easily
gives all special cases of axial symmetry.
Brun found three integrals of motion [48]. The first is the total energy integral

1
I, = 5(Ap2 +Bg*+CrH 4V, (14.44)

and the second is

L= (A’p* + B?¢> + C*r*) — ABC(aod™' - a+bBI7! - B+ AT - ).
(14.45)
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As the field has no axis of symmetry, the areas integral does not exist in this problem.
Brun found the third integral which turned out to be also quadratic and can be written
in the form

L =a(wl-a)®+bwl- ﬁ)z + c(wl- '7)2
+ ABC[bcad™ - a + caBI™" - B+ ab~yI7! - ). (14.46)

This integral is written in a more complicated form in [41]. It is easy to check that the
integrals I; and I3 reduce, respectively, to one integral of Tisserand’s type (6.13) and
an areas integral in cases of axial symmetry of the gravitational field, i.e. whenever
two of the parameters a, b, ¢ are equal (or vanish).

In 1910, Goryachev [116] pointed out several cases in which all three integrals of
motion are quadratic. However, all of them turn out to be special cases of Brun’s gen-
eral problem described above.

Although Brun has indicated the three integrals of motion, sufficient for integrabil-
ity in the sense of Liouville, he did not state that the problem of motion is integrable.
This step was completed long later by Bogoyavlensky in [29] where he used Lax pair
formulation of the equations of motion to prove integrability and to obtain explicit for-
mulas expressing angular velocities of the body in terms of §-functions of four vari-
ables restricted to a three-dimensional manifold. As may be expected, the complex
formulas obtained are too complicated to have any impact on the study of qualitative
properties of the motion. In contrast to the case of a symmetric field, no further studies
were performed on this case using the integrals of motion obtained more than a century
ago.

Remark: Brun’s problem of Chap. 6 has a curious generalization as follows [29]:

Assume that a rigid body moves freely in a gravitational field with homogeneous
quadratic potential

|
Ve = 5(ag +bn* +cC®)

in the inertial frame. Let (X, Y, Z) be the coordinates of the centre of mass and r be the
position vector of the element of mass dm referred to the body system. The potential
of the body is

V= %/[a(X+r»a)2+b(Y+r-ﬁ)2+c(Z+r-’y)2]dm

1 1 _
= EM(aX2 L by 4 cZ2) + 5 Z(aoziaj + b33 + cvivplij

1 1
5M(ax2 +bY? 4 7% — E(aal o+ bBI - B4 cyL-7)

3
+ S M@ +b+o). (14.47)

The last term is constant and can be omitted. The Lagrangian of the motion takes the
form
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1 . . . 1
L= EM(x2 +Y24+ 25— EM(aXZ +bY? +cZ%

+ %wl~w+ %(aal-a+b51-ﬁ+c’yl-7).
Thus, the equations of translational motion of the centre of mass and the rotational
motion about the centre of mass are completely separate. The first is solved as simple
harmonic motion and the second is Brun’s case just discussed above in this subsection.

Remark: Burov and Subkhankulov [50] pointed out anew integrable case of (14.10).
Since in this case B = J = 0 and C, D are proportional to I, the effect of magnetiza-
tion brings the same term as a gravitational source and the case is equivalent to Brun’s
case in asymmetric gravitational field.

14.3.2 Case of Dynamically Spherical Body

Bogoyavlensky [30] pointed out the integrability of the motion of a spherical body in
the fields whose potential may be written in the form

1
V= E(klaJ-a+k2BJ-ﬂ+k37J~"/), (14.48)

in which J is an arbitrary (nonsingular) symmetric matrix and k 3 are arbitrary con-
stants. Explicit expressions for integrals were not given in [30], but were provided in
[380] in a form that keeps non-diagonal coefficient matrix. Without losing generality,
we diagonalize that matrix here to be diag(k, ks, k3).

L=Cw] -w—detkiaJ - a+kBI " - B+k~yI -~
L= Clki(w-a)? + khw-B)* +k(w-7)°]
— [koksaJ - o + ksk 1 BY - B + kikoyd - ). (14.49)

It can be easily shown that, as in Brun’s case, the three constants k; can always be
reduced to two, so that one term of the potential is redundant. Also, the integrals I, I3
reduce to Clebsch’s type of spherical body in a liquid and an areas integral as two of
the coefficients k|, k; become equal.

The Lagrangian of the last problem can be writtenas L = %C 12 — V.Inquaternion
space, using (2.46), this reads

L=2CA>+V(A), AP =1, (14.50)

where V is ahomogeneous quartic polynomial in A, obtained by substituting (2.25) in
(14.48). This Lagrangian describes the motion of a particle on the three-dimensional
sphere S3, pointed out simultaneously by Bogoyavlensky [32] and in a more detailed
direct way, by Kozlov [243].
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14.4 The Motion of an Axi-Symmetric Body Under the
Action of Asymmetric Forces

In the last two sections, we collected the well-known integrable cases of more or less
classical problems of motion of arigid body or a gyrostat under potential forces having
linear or quadratic asymmetric potential. In this section, we present integrable cases
of motion under more general potential and gyroscopic forces. The body is assumed to
have physical, not only dynamical, axial symmetry about its z-axis, so that B = A and
the proper rotation angle ¢ is a cyclic coordinate. In order to keep aside generalization
of Lagrange’s case, we assume that the precession angle v is a palpable coordinate. We
first search for versions satisfying this condition among the known integrable cases.
The next step is to apply the transformation of cyclic velocities established in Chap.
11 Sect. 11.9 to build more general integrable cases.

14.4.1 Description of the Problem

For such problem, the Lagrangian can depend only on the angles 6, 1) or, equivalently,
on the three direction cosines a3, O3, 3. It can be written as

1
ngwl-w—i—Lw—V, (14.51)

where the potential V and the quantities! -+, [ - n, I - k depend only on a3, 33, 3. We
denote any vector v by v when it is referred to the inertial reference frame, so that

V=VR=(v-a)a+ -8B+ 7).

Then L becomes

1 -
L=cwlw+l-&= V(e b5 %) (14.52)

and the cyclic integral has the form
Cr+l=Cr+l-k=f. (14.53)

In order to describe the motion of axially symmetric body, we shall use, in addition
to the cyclic angle of proper rotation ¢, the direction cosines a3, 33, 3 of the z-axis
of symmetry of the body, as redundant coordinates. Those are the components of the
unit vector Kk referred to the inertial coordinate frame. We know that the space time
derivative of k is
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dk _
— =w x Kk,
dt
so that
- d -
w =k x =—+rk. (14.54)
dt
We also have tan ¢ = —(;—j and hence
.oy — Badn
Y= ———"—. (14.55)
043 + ﬂ:;

After some manipulations, using both equations in (14.52), we obtain as in [390] the
Routhian

= _A(O‘3 +5% +'Y%
f

3

+ 1 (B33 — 733) + Lo (365 — az¥3) + (I3 + 2)(04353 B3ci3)

V4 (f — Loz — s — I3y3)?

- °C 1. (14.56)

The problem thus reduces to that of motion of a particle of mass A on the unit sphere
kI? = o3 + 05 +93 = 1, (14.57)

under the action of certain potential and gyroscopic forces.

Comparing the last Routhian, describing what we shall call problem 1, with another
Routhian (11.52), one easily realizes that both Routhians have the same structure. The
second Routhian describes problem 2, the reduction of the problem of motion of a
spherical body in an axi-symmetric combination after ignoring the cyclic angle of pre-
cession. The two problems can be identified by applying the transformation

f— fit—> —t,
¥ =7 73) = k=(a3, 5,73),
l:lli+lzj+l3k—>l_=l_1a+l_2,3+l_3~y,

A —
V(v) — V(K) — W(f — Lz — LB — y3)°. (14.58)

Thus, the problem of motion of an axially symmetric body in a skew combination
of fields is brought into equivalence with that of motion of a body of spherical dynam-
ical symmetry in a coaxial combination of fields. However, equations of motion are
isomorphic for the two problems on the level of Routhian reduction of each. The full
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Lagrangian systems of equations are not necessarily isomorphic, and hence also the
explicit solution in terms of the time of those systems.

14.4.1.1 Applications

Maximal reduction of order of the equations of motion. As done in Sect. 11.7, the
equations of motion can be reduced, for arbitrary V and / and on an arbitrary fixed
integral level {h, f}, to a single second-order differential equation for 3 in a, say.
This may be accomplished by using Maupertuis’ principle and eliminating 35 in virtue
of the geometric integral (14.57). An explicit form of the reduced equation is given in
[390], where an example of the reduced equation is given for the problem of motion
of a symmetric satellite on a circular orbit. Interested reader is referred to that work.

Equivalent integrable problems. The analogy just established can be used to con-
struct integrable cases in problem 1, which is much less studied, from well-known
integrable cases of problem 2. From the lastrelation in (14.58), it is clear that in general
the resulting cases will be conditional one, since the cyclic constant f figures in the
potential in a significant way. However, a general integrable case produces a general
equivalent one in two circumstances:

(a) When ’l_ ‘ = 0. Then the constant potential term f? can be ignored, or

A—C
2AC

(b) when the body has spherical dynamical symmetry, and then the extra terms in
the equivalent potential disappear.

We shall meet both circumstances in the application below.

In the next subsection, we shall construct two integrable cases by applying the
above method. For space considerations, we write down these two cases after the
application of atransformation of the cyclic velocity p = ¢’ + v, wherev = v(az, 53, 73).
This is equivalent to the change

r=r'+v. (14.59)

This transformation, as established in Chap. 11, Sect. 11.9, generically leads to con-
ditional integrable cases, but for suitably chosen v leads to the construction of general
integrable cases. Note that the choice ¥ = n = const adds a gyrostatic moment Cn
along the axis of symmetry of the body.

14.4.2 General Integrable Cases

14.4.2.1 A General Integrable Case Relevant to Brun’s Case

Among the integrable cases presented hitherto in this chapter, only one admits an axi-
ally symmetric version amenable to the application of the transformation (14.59). In
the case due to Brun (Sect. 14.3.1), the body is in general asymmetric and moves under
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forces whose potential has a certain quadratic form in the nine direction cosines given
by Eq. (14.42). The restriction of this problem to the case of an axi-symmetric body
B = A gives

1
V= E(aa% + b5 +c73)
1=10,0,0), (14.60)

where a, b, c are certain constants. If we transform this case using
- 2 2 2
v=n+na;+n0; +n3y (14.61)

we get a new integrable one that is listed in Table 14.1 case 1.

Note that /I3 is, in general, of the third degree in the angular velocities, since coef-
ficients of quadratic terms involve I, linearly. However, whenn; : np :n3ta:b:c
a constant factor can be cancelled out and /3 becomes of the second degree. If we set
ny = np = n3 = 0 then the new case generalizes the original one merely by the addi-
tion of a gyrostatic momentum x = Cn along the axis of dynamical symmetry. The
present case was first obtained in [407]. A restricted version of it, in which the body
exhibits spherical dynamical symmetry, was obtained in [400] by a different method.

14.4.2.2 A General Integrable Case Relevant to Lyapunov’s Hierarchy

The second integrable case is valid for a body of spherical dynamical symmetry A =
B = C.Itcorresponds to choice nu as in (14.61). The obtained new integrable case is
inserted in Table 14.1 case 2.

Note that the parameter n engenders an arbitrary constant gyrostatic momentum
x = Cn along the axis of symmetry z of the body. This case was obtained in [400]
using a transformation of the case 3 of Table 12.1 in Chap. 12. The solution of this
version is not known, except in the very specialcase s; = s, = 53 =ny =np =nz =
0 analogous to Lyapunov’s case of motion of a body in liquid solved by Kétter in terms
of Theta functions of two arguments [235].

Physical interpretation of the special versionn; = n, = n3 = Ois givenin [390] as
motion of an axi-symmetric body carrying electric charges fixed in it, in the presence
of a magnetic field whose potential has the form V,,, = %(J 1 X2+ LY?+ 1Z2).

14.4.2.3 Examples of Physical Interpretation

From the considerations of Sect. 14.1, we see that a physical interpretation of the
obtained cases is possible within the framework of motion of charged, magnetized
bodies in the presence of non-uniform combination of the three classical fields. Due to
the abundance of physical parameters representing the three distributions and the coef-
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Table 14.1 General integrable cases
1 Yehia [407] (2001)

C = A (The spherical body) Yehia [400] (1998)

n =ny =ny = n3 = 0. Yehia [390] (1988).

V = {Cl(@a3 + b +¢73) — 3(n +n1ad +n2f53 +n373)71,

1=(0,0,C(n+na3 +na32 +n3yd)),

w1 = —2C(njaraz +n28183 + n3yiy3),

p2 = —2C(n1azas3 +n2 B3 + n3273),

3 = C(n+n103 +n233 + n3v3).

L=C(r+n+ nlag + n2ﬂ32 + n3'y32),

Iy = (a — 2n1 L)[A(po1 + qa2) + C(r + v)as]?
+(b = 2mD)[A(pB1 + q) + C(r + )31
+(c — 2n3L)[A(p71 + g72) + C(r + v)3)?

—Al(b — 2n2 1) (¢ — 2n312)a3 + (¢ — 2n3 1) (@ — 2n1 o) 32
+(a =211 L) (b = 2n21)73].

2 Yehia [400] (1998)

n = nj = np = n3 = 0. Arbitrary body axes. Yehia [392] (1989)

n =ny = ny = n3 = 0. Yehia [390] (1988).

V =C{s1a3 + 5203 + 5373 — %(bca% + caﬁ% + ab732)

—1(n + a3 + nafBs +n3m3)?
+im+niaz +nBs +n3)b + o) od + (c+a) B3 + (a+b) A1,
I =C{=5lb+)aza+ (c+a)hB+ (a+ bl
+(n +niaz + n2 03 + n3y3)k}

w1 = —=Cl(nia1 +n2f1 +n3m) + aazar +bB3G1 + ey,

p2 = —=Cl(n1az +n2f2 +n3y2) +aazaz + b5 + cy372l,

3 =Cn+njas +ny83 + n3ys — (aa% + bﬁ’32 + 6732)],

L=r+n—3[b+c)ad+(c+a)B3+ (a+b)1]

+n1a3 +n233 +n3v3,

L= b+ [wa+ n+nos+nfs+nzys)asl
+(c+a)[w.B+ (n+niaz + nafs + n3y3) 31
+(a+b) [wy+ 0+ njaz +naBs + n3y3)131%
+(s1 —n1h) [w.a+ (@ +n+nja3z +ny03 + y3n3)az]
+(s2 —n2Dp) [w.B + (b +n +njaz + n2f3 + 3n3) 3]
+ (3 —n3bh) [wy + (c +n+njaz +naf3 +y31n3)73]
—abc{lw.a + (n +nya3 +naf3 + y3n3)a3] 2
+Hw.B+ (n+n1az +naf + 73"3)53]%3
+Hw.y + (n+n1a3 +naf3 +y3n3)v31 LY.

ficients of the three potentials, it should be easy to adjust those parameters to match
the potential in each case and, moreover, in a variety of choices.

We shall carry out detailed examples of the less obvious adjustment of the scalar
magnetic potential €2 and the charge distribution to meet the Lorentz effect giving rise
to the vector p in each case. This will be done for the two cases of Table 14.1 in this
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section. Itis easy to verify that the most general harmonic second-degree polynomial
potential can be reduced by a rotation transformation to the form

1
Q =a1X+a2Y+a3Z+E(a11X2+a22Y2+a33ZZ), (14.62)
with coefficients subject to the single condition

ay +ax +ax =0, (14.63)

insuring that €2 is harmonic. According to (14.9), one can write

I =/xF(r-a,r-B,r-7)de,
,UQ:/\yF(r'a,r'ﬁ,r'ﬁ/)de,
13 :o’—}-/zF(r-a,r - B,r-v)de, (14.64)

where o is a gyrostatic moment directed along the z-axis and
FX,Y,Z)=a1 X + @Y +a3Z + anX? + an¥? + ann Z*. (14.65)

To guarantee that ¢ is cyclic, we assume the distribution of electric charges on the body
to be axi-symmetric around the z-axis. In virtue of symmetry f x°1y®2z%de is sym-
metric in €| and &5, and it vanishes whenever €, or €; is odd. We denote the remaining
integrals as

fxzde=/y2de=J,/zzde=J’,/xzzdezfyzzdezK,/z3de=K’.

One finally gets

w1 = J(aroq + ax By + azy) + K(anoszag + anBs81 + asz vy,
o = J(aron + a5y + azyn) + K(anazon + anB36: + asysya),
ps = o+ J'(a105 + a5 + azy3) + K'(ana3 + anfs + ayy;). (14.66)

For case 1. Comparing the components y; in case 1 to (14.66), we find that the uni-
form part (a,, ay, az) of the external magnetic field must vanish, so that the potential
(14.62) should be homogeneous quadratic. In addition to the symmetry around the z-
axis, the charge distribution should satisfy the single condition K" = — % K,ie.

/ (x? +2z%)zde = 0. (14.67)
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The coefficients in case 1, in terms of the parameters of the body and field, have the

form K K K
g ar ann ass
=N =— )=, n3 = — . 14.68
"=t 2c " 2c 2C (14.68)

This completes interpretation of the first case. Note that the transformation parameters
n,ny, ... have their distinct contributions to the physical problem.

For case 2. Equating the coefficients in case 2 and (14.66), we find that the charge
distribution must satisfy the following two conditions J' = —J, K’ = K, i.e.

/ de = — f x2de, (14.69)
/ x2zde = / Zde, (14.70)

and, without any loss of generality, one can express the parameters of case 2 in terms
of the parameters of the body and external magnetic field in the form:

Ja, Jas Jaz
n=—-np=—,N3 = ——,
1 A 2 A 3 A
g
n=—,
A
a = —Ka”,bz—Kagz,c=—Ka33. (1471)

If we define the moments of inertia of the distribution by A., B,, C., then from
symmetry we have the equality A, = B,. The condition (14.69) imposed on the sec-
ond moments of the charge distribution can be putin the form A, = B, = 0. Thisisnot
a serious restriction, since electric charge distribution, unlike mass, can take positive
and negative densities.

14.4.3 Conditional Integrable Cases

14.4.3.1 Two Cases Valid on a Single Level of the Cyclic Integral

The integrals I, I5 can be verified directly for each case (Table 14.2).

14.4.3.2 Conditional Case on the Level f =0

For example, the special cases F>(x) = F(x) = % and F>(x) = F1(x) = }C lead,
respectively,toV = %Al, 21T2'The complementary integral /5 in the two cases, respec-
tively, is
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Table 14.2 Cases valid for arbitrary v(a3, 53, y3) on the level I, = ¢

1 B=A,v=v(a3, [3,73),
V =4} + b3 + ) +ev— $CV2,
1 =1(0,0,Cv),

p is found from I according to (14.4).

L=Cr+v)=c¢

I3 = a[A(pou + qa2) + C(r + v)az]?
+0[A(pB1 + qB) + C(r + 1) B3]
+e[A(py1 +g72) + C(r +v)3)
—A[bca% + caﬁ32 + ab'yg]

2 A=B=C,v=v(as, B3, 73),

V =C{sia3 + 5235 + 5373
—%(bca% + caﬁ% + abﬁ/g) +ev— %Z/
+3v[(b+ )2 + (c +a) B2 + (a+b) 31},

I = C{—1[(b+ )aza+(c + a)B38+(a + b)y3y] + VK]

p is found from I according to (14.4).

L=r— %[(b-{—c)a%+(c+a)/8§+(a+b)'y32]+1/:e,

I =3+ 0) (wa+va3)?+(c +a) (w.B+v3)? + (a+b) (wry+vy3)%
+s1(w.a +vaz) + s2(w.B + vF3) + s3(w.y +vy3)
—abe{(w.a +va) % + @B+ v E + wy+v) L.

2

L= Alaw - @) +bw-B)+ cw )] — As
= Ala(pai +qa)* +b(pBi +qB2)* + c(py1 + 1) — Ay, (14.72)

and

L=Alaw - )’ +bw - B +cw - v+ ”J“b“;;m. (14.73)
2

The above case is separable in sphero-conic coordinates on the sphere. Another
type of potential separable in spherical coordinates can be written as

TR LA (14.74)
=u =u SR .
Y3 1 —’)/% Y3 ﬁ%

where u, v and v; are arbitrary functions. This potential, analogous to that of Chap. 9,
Sect. 9.7.1, will not be considered further here (Table 14.3).
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Table 14.3 A separable case valid on the level I, = 0

1 Bogoyavlensky [31] (1986): F> = F} is polynomial
B = A’
v = h@ =) R +/F)
VB* ’

af=a+b+c— Ay,
B* = a*2 — dabe s,
Ay =aal +bBE +c3,
Ay = bca% + 041532 + abyg.
L=r=0,
L=Alaw-a)? +b(w-B)? + clw -7+
+= (" + VB Fi (0 — V) — (aF — V) P + /)],

14.5 Motion of a Body with Combined (Quaternion)
Symmetry

14.5.1 Introduction

Hitherto, we have studied integrable problems of two types of symmetry:

1- Symmetry of the fields around an axis fixed in space corresponding to a cyclic
variable 1 and leading to the areas integral.

2- Complete or physical symmetry of the body about an axis fixed in it. The last
symmetry corresponds to a cyclic variable ¢ (the angle of proper rotation), and it leads
to conservation of the generalized momentum conjugate to this angle.

In the present section, we present some integrable cases of motion of a rigid body
acted upon by a combination of non-coaxial fields under a different condition. We
assume that the Lagrangian of the problem admits the type of symmetry met earlier
in case b of Sect. 14.2.1.1, corresponding to a cyclic variable ) & . For determinacy
we consider only the case when 1) + ¢ is a cyclic variable. The other case is com-
pletely analogous. A useful interpretation of this symmetry follows easily from for-
mulas (2.41). It is symmetry with respect to rotation of the plane A3\ about its origin
in the space of Hamilton—Rodrigues’ parameters (the quaternion space restricted to
the unit sphere). Similar rotation in the plane A\; A, corresponds to ¢ — 1) as a cyclic
coordinate. We have used for those types of symmetry the name “combined symme-
try”, since it combines the condition of dynamical symmetry of the body and a certain
condition of symmetry of the applied fields. In several works, M. Kharlamov referred
to it as “singular symmetry” (see, for example, [189]) or S'-symmetry [213].

Systematic treatment of this type of symmetry was initiated in [391]. That was
based on the observation that one of the new integrable cases introduced in [380],
namely case b of Sect. 14.2.1.1, concerned a problem of motion of a heavy magne-
tized body-gyrostat with the Kovalevskaya configuration A = B = 2C in a combi-
nation of uniform gravity and magnetic fields admitting this symmetry. Following up
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the general case when the problem of motion admits this type of symmetry, it turned
out that the reduced Routhian equations of motion of such problem in the space of
Hamilton—Rodrigues’ parameters can be brought into isomorphism with the reduc-
tion of the, much better studied, problem of motion of a dynamically axi-symmetric
body in a coaxial combination of fields. This situation revealed exotic relation between
known integrable cases in both problems and also furnished a way to construct new
integrable cases of the first problem based on the analogy with known ones of the sec-
ond. This will be detailed in the coming subsection. However, the lists here are not as
complete as for the former two problems. Since the isomorphism is only on the level of
reduced problems, the determination of complementary integrals of the original prob-
lemis not an easy matter. Some of the integrable cases listed below are left without this
integral explicitly written down. Though it certainly exists, its determination needs
further work.

Finally, as systems with cyclic variables are amenable to generalizations of the type
introduced in Sect. 11.9, in the following subsection we apply what we called cyclic
velocity transformations to obtain new cases involving a larger number of physical
parameters—or a function—in their structure. For such application, we have chosen
those cases for which the complementary integral is known in the Euler—Poisson vari-
ables. To have complete lists one needs some additional work.

14.5.2 Routhian Reduction

Let a rigid body-gyrostat with A = B be in motion under the action of forces with
potential V' admitting combined symmetry and gyroscopic moment /3 compatible
with the present type of symmetry (This may also include a gyrostatic moment directed
along the axis of dynamical symmetry.). In terms of Hamilton—Rodrigues parameters,
we have

V=V, A, M), I3 =1(A1L A2, A,

where A = /A3 + \3. We shall use the redundant coordinates \;, A, and the polar
coordinates A, W in the A\g\3 plane, satisfying the condition

MAN+N=1. (14.75)
The Lagrangian of this system is
1 2, 2 2
L=§[A(p +q)+Cril+Lr—-V. (14.76)

In terms of the quaternions, it can be put in the form
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=AM+ M+ N+ 02— (A - C)()\o)\3 Asho + A — M)A
+2l3()\0)\3 — )\3)\0 + /\2)\1 — )\1)\2) —

:2Md?ﬁ%+¥+¥¢%—@—€ﬂ&%—M&+V¢ﬁ
+2I3(M A — A As 4+ N2 — V. (14.77)

The variable W is cyclic and corresponds to the cyclic integral
= N{4[A + (C — AN +4(C — Aot — M) + 20} = £ (14.78)

Ignoring the cyclic variable, we obtain the Routhian [391]

R:lu—fm
A2C )\2 )\2 /\2 1 A .
=SS Ty D[f;(c )+ SEI00A — M)
_ K 1 Sl
[4 207 2)\ 13)7], (14.79)

where D = A(A\] 4+ A\3) + CAL.

Reduced equations of motion in quaternions (A;, A2, \) as redundant coordinates
may be derived simply from the last Routhian subject to the geometric condition (14.75).
However, this is of secondary importance. This Routhian may be used in various ways,
keeping in mind the obvious resemblance to the Routhian (11.44) in redundant coor-
dinates (1, 2, v3) if one adds to the latter the dynamical symmetry condition B = A.
Simple examples are

(1) The analog of Staude rotations: Stationary solutions of the system described
by (14.79) are those for which A\; = A, = A = 0. This may berewrittenas§ = 0, ¢) =
, which characterizes a precessional motion of the body, whose figure axis is the z-
axis and precession axis is the Z-axis fixed in space.

(2) The maximal reduction of order: Exactly as in Sect. 11.7, the equations of
motion can be reduced, for arbitrary V and /3 and on arbitrary fixed integral level
{h, f}, to a single second-order differential equation in A\, A;. This may be accom-
plished by using Maupertuis’ principle and eliminating ;. An explicit form of such
reduced equation for the case /3 = const = k3 (a gyrostatic momentum along the sym-
metry axis) is given in [391], where some applications of it are pointed out. Interested
readers may consult that work.

14.5.3 Egquivalence of Two Problems

Now, we turn to the most useful application of the Routhian (14.79). Denote by R’ the
Routhian of the problem of motion under coaxial fields considered in Sect. 11.7, but
with potentials V'(v) andl’ = (0, 0, 15(7)).If we add Setting A = B in the Routhian
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(11.44), resulting from ignoring the angle of precession, takes the form

AC AP+ 73 /'Cv
R = ——Al )
5 D,( 1 )+ (Al + p +7§)(7m 71Y2)
—[V' + —(f —1 14.80
[ -+2Dxf 173)%1, ( )

where D' = A(y? + 43) + C3.

Now, if we compare the Routhlans (14.79) and (14.80), we note a curious simi-
larity in their structures. They can be made identical, through a change of variables
— (A1, A2, A), if we add the following conditions on the potentials of the two prob-
lems:

f A f'ca
—(cfA>+fls=Al§(A1,A2,A>+A2 v
Y, (1—421 2 =V, A /\)+—[f—)\l 0L A2, V1 (14.8D)
4 2)\2D 4 15 A2, 2D 3(AL, A2, . .

For the time being, one would regard f, f’ as the constant values of the linear inte-
grals of motion in the two problems (not the integrals themselves, which depend on
the phase variables). Note that if /5 () is a smooth function on the Poisson sphere, then
the potentials /3 and V have a singularity on the great circle A = 1(A\J + A3 = 1) on
the unit quaternion sphere. Since such behaviour is not favourable for a real problem,
then, for the sake of simplicity, we shall impose the additional condition ' = 0.

Finally, let a case B (say) of the axi-symmetric problem be given, on the level f' =
0 of the linear integral, with the pair (V", ). Then the corresponding problem A (say)
with combined symmetry will be characterized by the pair (V, /3) given by

f(A=C)

l3=21;+T,

L f, P
V=4V 4+ =, — ——. 14.82
+A3 SA)\Z ( )

Here the \’s are substituted, using formulas of Chap. 2, from the table

2o l+ar—06—m7
=7
N2 l—ar+6—m
2 4 ’
az +
AN = 2451’
)\ZZM
5

Thus, in problems amenable to the above construction the potentials V, I3 are func-
tions of the three quantities: oy — 35, ap + (1, V3.
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The inverse of the transformation (14.82) may be written as

, 1 f(A-0)
= — 120
2 4A
1 2
vty L T (14.83)
40 84" 34

The dynamical parameter f figures in the two functions, so that the integrable case is
generically conditional. However, in certain cases it is possible to construct also gen-
eral integrable cases. This occurs mostly when the potential V' contains in its structure
some arbitrary parameter, so that f can be absorbed in it. Examples will be provided
below.

The isomorphism of problems A and B was first established in [391] (1988) for
the simpler case when both /3, [} are constant gyroscopic momenta directed along the
axis of dynamical symmetry. In the same work, the appearance of the Goryacheyv sin-
gular term % in problem B was associated with the cyclic constant of problem A. In

[403], the isémorphism was extended to the case when /3, [5 are variable quantities. In
both works, the isomorphism concerned the two problems A and B on the level of their
Routhian reductions. The original full problems, before ignoring the cyclic variable in
each, are of course equivalent, but, in general, they are not isomorphic. In [37] of 1997
(see also their book [38] of 1999), Borisov and Mamaev found explicit transformation
between the phase variables in the two reduced problems, and thus established isomor-
phism between them. However, their result was applied only in two cases of purely
potential forces (/3 = 0), because they usually do not write equations of motion for
the asymmetric fields problem A in the presence of skew gyroscopic forces (the Pois-
son bracket equivalent of Eq. (14.3)). It may be noted here that the comment in [41]
(Sect. 4.1) “... a little earlier H. Yehia [623] (1988) had used a restricted version (for
M5 + N3 = 0)” is misleading, since the real condition was f' = 0. The latter is the
areas integral in problem B.

Alternative formulation:
When written in terms of Euler’s angles, the Lagrangian (14.76) becomes

L= %[A(é2 + sin? 09%) + C(cos 0 + ©)*] + (Pcosl + P)ls — V. (14.84)

We shall now introduce a change of variables
0=20,=V—->,o=V¥+ . (14.85)
This will change (14.84) to

L = 2{A[®? + sin’ O cos’ O (¥ — ®)?] 4+ C(sin® O + cos’> OW)?}
+215(sin® O + cos®> OW) — V. (14.86)
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Note that V and /3 are now functions of ® and ® only. The cyclic integral correspond-
ing to the cyclic variable W is

4cos> @DV — 4(A - C) sin® © cos’> O + 215 cos® ® = const = f (14.87)
where D = A sin? ® + C cos? ©. Thus one can write

. f —2l3c08* © 4 4(A — C) sin® © cos? Od

v 14.88
4cos2®D ( )
This can be used to ignore the cyclic variable ¥ and construct the Routhian
R = ! (L — f¥)
4
= lA((é)2 + < sin?> @®?) + sin®> O[ f(C — A) + 2Al3]i
2 D 4D
Vv — 2cos? Bl3)?

(f —2cos” Oh)7 (14.89)

[ 4 + 32cos2®D
Itis curious to remark that the linear term in this Routhian (14.89) (and also in (14.79))
vanishes whenever f(C — A) 4+ 2Al; = 0. That is, for a body with constant gyro-
staticmomentum! = (0, 0, k3), onthelevel f = iA_kg ,thereduced equations of motion
become time-reversible. This property is characteristic of the motion of the body in
pure potential forces as was shown in Chap. 9. On the other hand, it may be said that
the parameter f partially engenders a gyrostatic momentum component along the axis
of dynamical symmetry, enough to annul the effect of the existing gyrostatic moment
on the motion of the reduced system. This situation is used in [189] to get a real sep-
aration of variables and reduce the solution of the reduced equations of motion of the
body in two coupled uniform fields to elliptic quadratures. We shall return to this point
shortly later.

The Routhian of problem B in Euler’s angles is

1 ., C :
R = zA(é‘2 +5 sin? 0¢?) + %(fc cos 0 + Al sin® )

, —lgcosﬁ)2

-V 14.90
v+ L= (14.90)

Formulas corresponding to (14.81) are
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f(A—=C) 2Cf'cos®

l; =2l + ,
ITs 24 Asin? ©
;G 2
V=day 423 <
+ A 8Acos2®
f/ 2Cf/
_I_—
AZsin e

(14.91)

In terms of the Euler angles of the original problem A, the last formulas read

’ [
13_213(9 o=y, JA-C)  ACf cosh

3 24 A(l —cos®)’
1 f, 0 p— f2
V =4V’ (7 7)4-*11(* B ) - 4A(1+cos€)
+‘42(12ffc[2f (A+CO)+(Cf - 4Al3(* J”“’S**lw (1492

Those formulas turned out to be useful and fast in converting integrable cases of prob-
lem B to their counterparts of problem A, especially when f’ = 0. They were effec-
tively used in the construction of most of the integrable cases listed below.

14.5.4 Basic Equivalent Integrable Problems

The most useful application of the isomorphism established above is that for any inte-
grable case of problem B there corresponds an integrable case of problem A, and vice
versa. As problem B is much more studied, the isomorphism will mostly work in the
direction from B to A. Among the conditional integrable cases of Chap. 13, all cases
valid for B = A and /| = [, = 0 satisfy the requirement for problem B and all have
equivalent cases in problem A. However, not all the resulting cases are equally sound.
As noticed in Chap. 2, potentials in problem A that involve terms odd in the quater-
nion variables A, A, are double-valued on the group of rotations S O3. This fact ren-
ders of no physical significance the equivalent of the two classical integrable cases of
Kowalevski and Goryachev—Chaplygin. In fact, those cases have the same potential
V’ = a7 + by, and hence the equivalent cases have the potential V = a\; + bA;.
It is curious that the full general integrable case of Kowalevski has as its equivalent a
conditional integrable case, valid only on the level f = 0, while its conditional ver-

sion with f’ = 0 containing the singular Goryachev term 2 is a general integrable
case. The cyclic constant f and the arbitrary constant € are connected by the relation
€= 3-2 — - Integrable cases involving quaternion (double-valued) potentials are first
met in [391] (see also [403]). They are considered in more detail in [41],where they
are called quaternion integrable cases.

One of the integrable cases equivalent to the well-known case of problem B exhibits

at once several characteristics of the correspondence between the two problems. Con-
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sider case 17 of Table 13.1 in Chap. 13, i.e. the case characterized by the potentials:

1=C(0,0,r),

A
V = Clam +ayy — sy + 517 =23) + 2 + 51
3

to which we applied the condition n = 0, in order to make it amenable to the above
transformation. For this case, formulas (14.82) give

, S
1 =C0,0,1+ 1),
0,0, +4C)
V = 4C[ai M\ + ashs + bi(O2 — A2) + 230 Ay + 2%2]
f f f?

[ — / JE— [ —
16" T ic) Taac

Renaming arbitrary constants and ignoring the constant term in V, one gets

I =C(0,0, k),
V = Clap\ +bo)y +2a(\] — \3) + 4bA \p + ﬁ], (14.93)

in which all parameters are now arbitrary and free of any conditions. This signifies that

(1) No restriction is there on f, i.e. the integrable case (14.93) is unconditional. It is
valid for all feasible initial conditions,” though the equivalent integrable case of
problem B is only conditionally integrable, on the zero areas integral level.

(2) The parameter f is absorbed with «’ in the arbitrary gyrostatic momentum ~ =
K + 4%.

(3) The two terms 2a(A\} — A3) + 4b\; A, engendered by Chaplygin’s potential for
the body moving in aliquid yield in problem A, after expressing them in direction
cosines, the terms

a(ar — Ba) + b(aa + By). (14.94)

This is the potential in case B of Sect. 14.2.1.1 above, the first case of its type,
discovered in 1986 [380].

4 'Ijhe last.term in the potentigl gives 207 = m. = Hﬁ This t.erm presents a
singularity at y3 = —1. An interpretation will be given below for it.

(5) Finally, there remain the first two terms, namely

agA + boXs.

2 When ¢ # 0, one has to exclude the positions that satisfy A = 0(¢ = 7) from the configuration
space.
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Table 14.4 Conditional integrable cases for which ¢ + 1) is cyclic. For all cases, the cyclic integral

is A(py1 +g72)+Cr(y3+1) =0

1 Separable in spherical coordinates ©, ®.
Analog of case 2 Chap. 13, using the Routhian (14.89).
B=Al=p=0,
V= F1(0) + z 25 P2 (®)
= Vi(y) + AR P (R,
V1, F arbitrary functions.
L =A(pn +g7)+Cr(z+1) =0

I3 Not constructed.

2 Separable in sphero-conical coordinates on the reduced quaternion sphere (14.75).

Analog of case 3 Chap. 13.
A=B=C,l=p=0,
V=1V —v) + Vatu + )],

b =A(pn+972)+Cr(yz+ 1) =0
I3 Not constructed.

If alone, those terms designate a general integrable case that imitates
Kowalevski’s potential in the quaternion space. Since those terms are not
single-valued on the group of rotations, no physical significance can be adhered
to them. In the tables of integrable cases below, we shall ignore such terms (odd

terms in the rotation quaternion) from consideration.

Inthe present subsection, we list some equivalent integrable cases corresponding to
different cases tabulated in Chap. 13. Cases are presented in their basic form as implied
by corresponding cases of problem B. Some generalizations are left to the next subsec-
tion. We ignore cases that degenerate under the dynamical symmetry condition or the
condition/; = I, = 0 and, in other cases, we also ignore terms that are double-valued
in the direction cosines. Regarding those considerations, the total number of different

cases is much less than cases of type B (Table 14.4).
Vi, V, are arbitrary functions of their arguments,

u=a+b+c—(@\+b)\+c)3)

3 c 1 1
= é_t(a +b) + 5 + é_l(b —a)(a; — B) + Z(a +b—20)7,

V2 = u? — 4(be\? + ca)3 + ab)?)

=u? —2ab(1 + v3) 4+ c(a — b) (o) — 32) — c(a + b)(1 — y3), (14.95)

a, b, c are arbitrary constants. For example, the choice V,(x) = —Vj(x) = —x?leads

to a potential of the form
V =d'(a = 3) + b
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Another example is V,(x) = —V;(x) = 1/x. This yields the potential

d
V= ,
2ab(1 +v3) — c(a — b)(ayr — %) + cla + b)(1 — 73)

where d is a constant.
The solution is reduced in [385] to quadratures, elliptic for linear V and hyper-
elliptic for higher degree polynomial potentials.

2 [ Yehia [407] (2001) \
A=B=C, \
l=p=0, \
V = Alai(a1 — B2) + a2l \
h=w-:~v+r, ‘
I=a(pw - a—q! i) + arw -y —2ailaz(a; — B2) +a1y3] \

Although this is a special case of that of Bogoyavlensky with three quadratic inte-
grals (see Sect. 14.2.2.2), this case was not noticed in [32]. It was singled out in [407],
where the integrals were also given.

3 Yehia [403] (2000), Borisov and Mamaev [40]

Yehia [380] (1986), [391] (1988) ¢ = 0.

A=B=2C,

I=p=C0,0,r),

V = Cla(ai = ) + bla2 + B1) + 51,

L =2(py1 +qv) + (r+K)y;+r,

I =[p? —q* —alar + o) + blaz — B + [2pg — blar + B2) — alaz — B)I?
+26(r — K)(p? + q%) — 4k[p(aas + bBs) + q(baz — af33)]
507 442 = R )

History: The full case 3 (¢ # 0) was presented in 2000 with integrals in the Euler—
Poisson variables. In 2001, it was independently found, but in a different set of Hamil-
tonian variables based on quaternions as configuration variables [40].

The special case ¢ = 0 was found first in [380], together with its integrals I, and
I5. Neither the full nor the special integrable case has known general explicit solution
yetin terms of time. An exception is the case when, in addition to the condition ¢ = 0,
one can rotate the xy-axes in order to make b = 0. Then the potentials become

V =Cala; — 52,1l =C(0,0, k). (14.96)

The integration of the Routhian reduction of the problem characterized by the last
potentials was investigated in [189]. It was reduced on the level I = f = 4« to two
hyper-elliptic quadratures. When f = 4x = 0, the quadratures become elliptic, and
resemble those for Chaplygin’s case of a body in a liquid (see Chap. 10, Sect. 10.17).
It can be seen easily that the equivalent case in problem B corresponds according to
the choice
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Iy =0,
,@2

Vi=d (i —v)+ g2 +const. (14.97)
V3

This is the subcase of case 17 of Table 13.1 in Chap. 13 that was considered by Ryabov
in [323] and reduced to hyper-elliptic quadratures.

It should be noted that the two types of separation of problem B in [323] and prob-
lem A in [189] are quite different. In the first, all phase variables in the (generalized)
Euler—Poisson equations of motion are determined in terms of the separation variables
and then the cyclic precession angle is found by integrating equation of the type (11.7).
In the second, separation is performed only for the reduced (Routhian) equations and
the cyclic coordinate is determined by another quadrature. The angular velocity is to
be derived from the Eulerian angles for the original problem A.

Physical interpretation of the full case 3 may be given as follows [403]:

(1) Letan axi-symmetric gyroscope with axial moment of inertia / placed along the
axis of dynamical symmetry of the body be kept rotating with uniform angular
velocity €2. The vector p is the gyrostatic moment due to this rotor, provided we
take Ck = I 2.

(2) Letthebody have total mass M, centre of massry = (xo, yo, 0) lying in its equato-
rial plane. Suppose the body also contains some magnetized parts with total mag-
netic moment m = (m1, m», 0). Let the system be moving in the presence of a
uniform gravity field g and a horizontal magnetic field Hfi. Its potential will be

g(xoay + yoa) + H(m 51 + maf32).

This expression can be identified with the first two terms of V if we take
m - ro = 0and |gry| = |Hm|, sothat Ca = gxo, Cb = gyy.

(3) Consider two points P (0, 0, 1) fixed in the body on the z-axis (its axis of dynami-
cal symmetry) and Q on the fixed Z-axis at Z = —1. The distance P Q = 2 cos g.
The singular potential term in case 3 is thus inversely proportional to the square

of the distance P Q.
1 1

It is curious to note that the singular term = = g (Yehia—Bedwehyterm) in
7
problem B corresponds in problem A to Smﬁ, which is proportional to #, where

R is the other pole of the fixed sphere opposite to Q. Such interaction may be inter-
preted as due, for example, to Coulomb interaction.

Among the cases of Chap. 13, some have physical equivalent cases and others
correspond to purely “quaternion” cases. Example of last type is the equivalent of
case Chap. 13#8. This is a complicated conditional integrable case (f = 0), since the
potential does not include the singular Goryachev term % This case includes as a spe-
cial case, k = eg = e; = 0, the original Goryachev singular potential, which gives
rise to the purely quaternionic equivalent potential



412 14 The Rigid Body Acted upon by a Skew Combination of Fields

A1+ bA
— M. (14.98)

A3

A similar case characterized by
V= a
(AIMY)IA

a*

(14.99)

T {0+ I =) — (1 — )2}

results from case Chap. 13#9 (Gaffet’s case). Note that this singular potential is single-

valued, inthe real sense, on S O3 and hence physical interpretation is possible in certain

regions, excluding singularities at § = 0, 7 and positions at which sin(¢ — 1) = 0.
The equivalent of case Chap. 13#14 is characterized by the potential

c+dv d; d>
V =b(a; — () + + G —7)l + 1.
: 1+ B aj—bh—mn+l o—F+n—1
(14.100)
Case Chap. 13#16 generates the general integrable case:
K
I3=r+ ?[d(al - 32) + c(an + B,
1
V =-[(k"Kd — Jo)(a) — B2) + (K*Kc + Jd) (o + B1) +
2 I+93
K2
+5 1 = d®) (a1 = 52) +2ed(on = ) (0a + 1) + (¢ + 2473 + 2],
(14.101)

where k* is a renaming of the arbitrary constant k. This case generalizes case 3 of
Table 14.5 above and reduces to it when K = 0. For this case the complementary inte-
gral is not found yet. If one sets € = 0, then V becomes a polynomial in the direction
cosines.

Table 14.5 General integrable cases for which ¢ + 1 is cyclic. For all cases, the cyclic integral is
L =Apn1+qn)+Cr+B)p+1)=f
1 Yehia [385] (1987)
A=B=Cl=p=0,
V=FQOD =V = f+m)
This case is super-integrable with three linear integrals:

h=w-~v+r,
hLh=w-a+p,
L=w-B—gq.
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14.5.5 Generalization Through Transformation

As in previous problems with cyclic coordinates, the transformation (1b, p) —> (1b +
v, ¢ 4+ v)changes (p, ¢, r)to(p + vv1, ¢ + vva, r + v(y3 + 1)) and renders the pair
(1, V) to the new pair

I'=1+v(Ay1, Ay, C(vs + 1)),

2
V= VO — @) +v(f —Ley—13) — %[A(v% +9%) + Cys + D21
(14.102)

The two systems described by the (I, V) and (I’, V') are mathematically equivalent.
From the physical point of view, the latter system involves several changes compared
to the first. An interesting consequence of this equivalence is that any integrable case
of (14.84) always generates a more general integrable case of (14.102) containing the
additional function v, which can be chosen according to the free parameters in the
structure of the potential. Of special interest is the few parameter generalization intro-
ducedin Chap. 11 and applied above to cases of other types of symmetry. Listed below
are the two generalized cases, for which the integrals of motion are explicitly known
in terms of the Euler—Poisson variables. Other basic cases can be generalized in the
same way.

The linear integral I, corresponds to the cyclic variable ¥ + . The integral I3,
though became more complicated, is still of fourth degree.

The explicit solution of this case can be deduced as described in the above sections
from that of the basic version n = ny = n, = n3 = 0. Let the last solution be ¢ =
W(r), 0 = O(t), o = ®(t). The solution of the full generalized case can be readily
written as ¢(r) = V(1) — [v(t)dt, 0(t) = O(1), p(t) = ®(1) — [v(t)dt, where
v(it) =n+ (1 —cos®(1))(ny cos(¥(r) — (1)) + ny sin(W(r) — P(¢))). Note that
the palpable coordinates 6, 1) — ¢ are not affected by the extra parameters n, ny, n,
and ns.

The next case is a generalization of case 2 of Table 14.5.

2 Yehia [407] (2001)
n =n1 = ny = 0. Special case of [31] (1986).
A=B=0C,
v=n+ni(a) — ) +n2,
V = Afa(ey — ) + 3 — (L+93)[n +ni(ar — B2) + naysl?)
p1 = Al=ny1 + 2n1(B1y2 — ary) — nayi (1 +27y3)1,
w2 = Al—ny2 +2n1(B2y2 — aay1) — nay1(1 +2v3)],
p3 = Aln(l —y3) — 2n1y3(ar — B2) +na(1 —y3)(1 + 273)1,
L=w-vy+r+2(1+v)n+ni(a = B) +nal,
Iz =(a—nDb)(p+rvy)(w- atrvaz) — (g +vy)(w - B+vbs)]
+c—mb)[r+v(y+ D]w - v+ vl +73)]
—2(a —n1h)(c —nab) (a1 — B2) — 2(a — n1 ).
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Table 14.6 Generalized integrable cases
1 Yehia [411] (2003),
Yehia [407] (2001). n3 = 0.
A=B=2C,
v=n+ni(a; — B2) +na(aa + 1) + %
I = CQvy1,2vv2, k+v(1 +73)),
p1/C = —ny1 +ni(a2vy2 — 2171 + 36172) + n2(Bay2 — 261 — 3aiy2),
p2/C = —ny2 +ni(=piv1 + 26272 — 3azm1) + n2(ary — 20272 — 36271),
u3/C =k —n3+n(l =3v) +n1[B372 — a3y +473(82 — a)]
—nmzlazyz + B3 + 4y3(az + Bl
V = Clai(n — B) +ax(0a + B1) + 12 = F1203 +9) + (3 + D]
—k(1 +73)[n +ni(c = B2) +nalaz + B}
L =2[(p + vy + (g + vy2)72]
+(L + ) {r + (13 + DIn +ni(ar — B2) +n2(az + B1)] + & + n3}
Li=[(p+vy)? = (g +vn)? — (a1 —nib) (e + ) + (a2 — na ) (az — B
+2(p + vy)(g + v ) — (@2 — na D) (e + B2) — (a1 — nil) (e — B
260 — &+ v+ +v1)* + (g +v712)?]
—4x{(p + vyDl(ar —nih)az + (a2 — n212) 53]
+(q + vy2)l(az — nabh)az — (a1 — n1 ) B3}

+HAZREH P+ v)’ + (@ +v)’ + sl (0 + ) — sl + G

This case contains the extra parameters n, n1, np. Note that the integral /3 is a poly-
nomial of the third degree in the angular velocities. It reduces to a quadratic form when
eithern; : ny :ta:corny =ny = 0. Asthe case n = n; = ny = Oreduces to a spe-
cial version of Bogoyavlensky’s case, the general solution of the last full case can also
be expressed in terms of the hyper-elliptic Theta functions (Table 14.6).



Appendix A
Some Useful Identities

(1)

2)

The following identity has proved very useful in reshaping expressions in several
places of this book, especially, in Chap. 10, dealing with the regular precession
transformation, and Chap. 11, dealing with the general precession transforma-
tion.

Let a, b be two three-dimensional vectors, K arbitrary 3 x 3 matrix and § the
unit matrix, then the following identity holds:

(a x K +aK” xb = a x (b[tr(K)d—KT]). (A.1)

The proof is straightforward.
The special case when K is a symmetric matrix, the above identity becomes

(axb)K+aK x b =a x (b[tr(K)d—K]). (A2)
Let a, b, ¢ be three three-dimensional vectors, A nonsingular symmetric 3 x 3
matrix. Then

a-(bA xcA)=a(adj(A)) - (b xc) (A.3)

where, for nonsingular A, adj(A) = det (A)A!.
The proof is straightforward, if one takes A in its diagonal form.
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Appendix B

Kowalevski’s Case: Appelrot’s Four Classes
of Simple Motions

A full account of the Appelrot classes and their degeneracies would require too much
space, not available in the present context. In this appendix, we give an outline of
those classes, based on the original work of Appelrot and on the review in [108].
Following Appelrot, to have less parameters in the solution, as a = Mgxy/C # 0,
one can choose units so thata = 1.

Conditions for each of those classes are given in the following table (F is defined
in (4.59)).

The condition for class 7V is somewhat complicated, and it may be useful for
some purposes to express it in the parametric form

f=-=2hp+2p°, K =1—2hp* +3p*. (B.1)

In the three-dimensional space { f, k, i} or, more precisely, in the half £ > 0 of that
space, those conditions represent certain surfaces on which coalescence of roots of
the polynomial ® occurs. Those surfaces, called bifurcation surfaces, separate zones
of space, which correspond to ultra-elliptic solutions of one and the same type and
also the same qualitative character of motion.

M. P. Kharlamov studied the question for which values of the first integrals of
motion, i.e. for which parameters { f, k, h}, those integrals become dependent in the
sense that the rank of the Jacobian matrix

oy, I, I3, Iy)
o(w, )

falls under 4, and then, according to the theory of integrable systems, determine
singular (degenerate) Liouville tori. It turned out that those values define exactly the
same surfaces listed in Table B.1, which correspond to the four Appelrot classes of
simplest motions.

A quite detailed description of the integral manifolds of Kowalevski’s case and
their bifurcation are presented in [183]. As usual in such complicated dynamical
problems, bifurcation diagrams for the present case are illustrated in the plane of

© Springer Nature Switzerland AG 2022 417
H. M. Yehia, Rigid Body Dynamics, Advances in Mechanics and Mathematics 45,
https://doi.org/10.1007/978-3-030-96336-1


https://doi.org/10.1007/978-3-030-96336-1

418 Appendix B: Kowalevski’s Case: Appelrot’s Four Classes of Simple Motions

Table B.1 Appelrot classes of simplest motions

Class | Conditions

1 k=0 (eq = e5)

11 f2—2h—2k=0(F(es) =0)

IIT | f2—2h42k=0(F(es) =0), kf? < a?

IV [ f? = h(h® +9 — %> — (h* — 3 + 3k*)? = 0, (F(s) has a double root)

two parameters k, & for fixed values for areas parameter f. Those are sections of the
bifurcation surfaces by selected planes f = const. Full presentation of those results
is not possible in view of the scope of the present book.

The nature of the solution in those critical cases depends on the way in which
roots of the polynomial ® coalesce together. When one of the admissible intervals
shrinks to a point at the double root r; (say), s; is a constant s; = r; at all times. The
other variable s, varies on another admissible interval as an elliptic function of time.
The term particularly remarkable motion was coined by Appelrot to characterize
motions on which s; or s, keeps a constant value all the time, while the other one
changes on an interval as an elliptic function of time or one of its degenerate forms.
Appelrot classes also contain motions for which s; and s, are expressible in terms
of elliptic functions or their degenerations. Those correspond to the coalescence of
two roots bounding two different admissible intervals. Asymptotic motions usually
appear in this class.

B.1 The First Class of Simplest Motions (Known as
Delone’s Case)

This case, characterized by the condition k = 0, was first investigated by Delone [60].
As it contains only “particularly remarkable” motions, the solution is expressed in
terms of one variable, which is expressible as an elliptic function of time. The fourth
integral of motion (4.57) becomes

(P> —q* —an)* + 2pg —an)’ =0. (B.2)
As all the variables are real, this Eq. (B.2) holds only if

PP —q>—ayn =0, (B.3)
2pq —ay, = 0. (B.4)

We should note that we have two integrals of the motion that do not contain arbitrary
constants instead of the Kowalevski’s case which is the general integrable case. The
three classical integrals of motion are

2(p* +q*) +r* +2ay = 2h, (B.5)
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2(pyi +q7)+ry3=f, (B.6)
n+vn+ni=1 (B.7)

Thus, we have five Egs. (B.3)—(B.7) in six variables, and they can be solved to express
five of those variables in terms of the remaining one. The two Egs. (B.3)-(B.4) give

P —q _2pq
’71— ’ 72_ .
a a

(B.8)

Inserting the two expressions (B.8) in the geometric integral (B.7), we obtain

2 2)2
mef1- LS gy (B.9)
a

Substituting in the energy integral, we get
r=0y2(h —2p?),5 = %1. (B.10)
Finally, Eq. (B.6) can be written as
ry3=f =2(pn +4qm).
Squaring both sides and using the above expressions, we get
20(p* +¢*)° —4fap(p® +q°) + a*(f* = 2h +4p») = 0.

The last equation yields

q=iJ—FL%%DﬂrtJﬂf”—%Xmﬂ—hﬂ. (B.11)

Thus, all the variables are expressed in terms of one variable p. Inserting the obtained
results in Eq. (4.52), we arrive at the differential equation

Mziﬂh4ﬁ%w“€ﬂmiJ%ﬂ—%mﬁ—ML

which, on separating the variables, gives the relation

t=t0:|:2/ dp . (B.12)
V2= Ap2\ = p + 12 fp £ V2 = 2 2p? — )]

Performing the transformation

p=—v2hy sz (B.13)
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reduces the relation (B.12) to

t—t d
202i X . (B.14)

\/a 1= L1 —x*) —2hx? — 2 fax(1 +x2)

The integral in the last expression is an elliptic integral and can be inverted giving x
as an elliptic function of the time ¢.

B.1.1 A Special Case

Appelrot noted also the following type of motion which deserves special considera-
tion.

Let the third body axis z at some moment of time #, occupy a vertical position, i.e.
73 = =£1. From the geometric integral, it follows that at the same momenty; = v, =
0 and, consequently, from (B.8), p = ¢ = 0. This means that at f = #;, the motion of
the body is momentarily similar to that of a sleeping gyroscope with apex directed
upwards or downwards. Let the angular velocity component r at that moment have
the value ry. From (4.54), we get

1
h = Erg, f ==r, (B.15)

and hence

(B.16)

d
122/ P .
Ve — 4t /-p* £ ‘ﬁ—gp]

It can be shown using the above formulas that the subsequent motion is periodic,
i.e. the body returns periodically to its initial state of motion with vertical z-axis
position. When rg < 8a, the body periodically passes through the two opposite
vertical positions, while for rg > 8a the z-axis passes only through one of the two

vertical positions and gets from it a maximal inclination at an angle sin~! f—?.

The special case under conditions (B.15) enjoys another property of definite inter-
est. Using (3.32) and (B.8)—(B.11), one can express the precession velocity in the
form

ap
PP+q’
= (B.17)
=5 .
The projection of the z-axis on the horizontal plane passing through the fixed point
rotates about that point with uniform speed 7.
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B.1.2 A Case of Rational Solution

In [285] (1896), Mlodz’evsky constructed the following rare and interesting solution,
in which all the six Euler—Poisson variables are rational functions. We present it in
a slightly modified form to conform with our choice of the parameters in this book.

e(ut+6u?—3) _s ev2u ev2 (u* — 6u? — 15)
w22 +9 7 B

p:

T 2249’ T W2ut+9
(B.18)

V3 (ud 4+ 12u° +30u* — 164 4> +9)
(144—|-2u2—i—9)2
\/g(u4+6u2—3)\/§u
(u4+2u2+9)2 ’
V3V2 (u* = 2u® — 11)
ut+2u?+9

yi=1/3

)

2 = 16/3

v =-1/3 , (B.19)

where € = ‘%ﬁ’ U= ng This solution is valid on the integral level k =0, h =

V3, f= 3%. It asymptotically approaches, as t — £00, the uniform rotation
w=¢e(1,0, —/2)
=( 1 0 \/E ) (B.20)
’Y - \/gv 9 3 £ .

i.e. a permanent rotation with angular velocity £+4/3 about the vertical unit vector .
Figure B.1 shows the trajectory of the apex traversed by the upward vertical during
the motion of the body on the Poisson sphere fixed in it in the direction P Q R, P being

Fig. B.1 The path of the
apex (Hidden line dotted)
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its position corresponding to uniform rotation (B.20). From the time-reversibility of
motion in a potential field it follows that another motion exists, in which the apex
traverses its path in the opposite sense P RQ. This happens on the integral level
k=0,h=+/3f=—5.

B.2 The Second Class of Simplest Motions

This class, under the condition & = f 2/2 — k, like the first one, consists of par-
ticularly remarkable solutions. The special case f = 0 is much simpler. It can be
shown that p =r = 7, = 0. This characterizes the pendulum-like motion of the
body around its y-axis which occupies a fixed horizontal position.

In the generic case f # 0, the solution can be written as

L. 0 .
p=—(usinu —1),qg = = cosu, r =2u,
f f
2 ( inu) 2 ( inu) 2, (B.21)
Y1 = —smu(pu —sinu), o = — cosu(pu —sinu), 3 = —u, .
f? f? f

where i = /1 + kf? and the auxiliary variable u is related to time by the relation

du

t::l:/ - .
V& = G sinu?

4 f

(B.22)

Using the substitution tan 5 = x, one can invert the last relation in terms of elliptic
functions of time.

Exercise: Show that in all motions of Appelrot’s second class the body precesses
about the fixed point with a uniform rate w = %

B.3 The Third Class of Simplest Motions

For this class, under the condition
h=f?)2+k, (B.23)

two types of solutions exist.
The Generic Solution

The solution of the equations of motion can be written in terms of two auxiliary
variables, in the form:
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1
pzﬁsinucosv—ifcosu,

q= Vksinusinv — ,
r = —2Vkcosucosv — fsinu,
2
M= —2kiisinusinv + cosu(l + f«/%sinucos v) — cos2u(f7 + 2k sin® v),
Y = (Zﬁsinucosv — fcosu)u + cosu sin v(f«/zsinu + 2k cosu cos v),
v3 = 2k sinu cosu — 23k cos u sin vit — sinu — f«/%cos2 1 Ccos v, (B.24)

where u satisfies the equation

2
i =cosull — (k + fZ)cosu], (B.25)

and hence can be expressed as an elliptic function of time, and v is determined from

b = vk cosucos v + g sinu. (B.26)

The Particularly Remarkable Solution

It can be checked that under the condition (B.23), the equations of motion admit a
solution identical with that given for the second class by formulas (B.21)—(B.22), but
with the change of the sign of k, so that this time p = /1 — kf2. This particularly
remarkable solution is valid only under the condition kf? < 1.

B.4 The Fourth Class of Simplest Motions

Like in the third class, here we also have particularly remarkable motions and generic
motions. One of the first turned out to be a special case of the periodic motion
presented in Sect.8.5 corresponding to Kowalevski’s configuration A = B = 2C.
The generic motion is partially studied in [9]. More detailed analysis of those motions
was performed in [66] (see also [67]), by means of transforming the equations of
motion to a new set of variables

p=p—x/M,

q=-y/M,

r=2z+4xvy/M,
=20 —4(x* =y /M? + 2px(2px — 1)/ M,
Y2 =20 —8xyy*/M* = 2py(2px — 1)/ M,
3 = 2Q2px — D)y/M + 2pz. (B.27)
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Using this transformation and the integrals of motion (4.54), (4.57), the equations of
motion (4.52), (4.53) can be reduced to a somewhat simpler system whose solution
can be written in the following form.

The variable z is determined from the relation

_ [ 4z I ST S U S
t_/F(z)’F(Z)_4 pzm =1z +2(P m°, (B.28)

and «, 3 by the expressions

o=2 40—, B=VF@), (B.29)

provided p and & are determined from two conditions P(p) = P'(p) =0, P =
—p* +2hp* —2fp 41—k

In the non-degenerate cases, the variable z oscillates between two real roots of
F(z), so that z, «, (3 are elliptic functions of time. The remaining variables are given
by the expressions

y =nv®(2),

p Bn z )
= [—+-L 4+ >/ ,
[2L2 + CD(Z) + L2 (Z)n]
A SN ) (B.30)
7= 2L, L, P 2 '

where ®(z) = z? — L, 1 is an auxiliary variable satisfying the relation

dn dt
+ = const, (B.31)
VL — L2L37’]2 D(z(1))
and
L, = ! (2h —2p%)
1 = 16 p ’
L, = 1(2h 6p°)
2 = 4 P E)
5 1
L3 = 4p L1 — —. (B32)

4

Classification of motions corresponding to the constructed solution according to the
values of parameters L 3 was performed in [66] (see also [67]), into eight cases

()L, >0,L, >0,L3 >0,
(II)L] >0,L2 <0,L3 <O,
(IInHL, >0,L, <0,L; >0,
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(IV)L] > 0, L2 > 0, L3 < O,

(V)L <0,

(V)L =0,

(VII)L, =0,
(VIIT)L; = 0. (B.33)

A simplified particular version of this solution is also presented in [41].

B.5 Intersection of the Four Classes

It can be shown that under the conditions
k=0,h=2,f=2, (B.34)

common to the four classes, the polynomial in (4.59) three equal roots = 2 and two
roots = 1.
O(s) = (1-5)*Q2 =) (B.35)

But it is simpler, since this is a particular case of Delone’s solution, to use formulas
of Sect. B.1 to obtain for p the equation

p* = p(l = p)*(1 + p), (B.36)
so that we can write the generic solution of the equations of motion in the form

(@ = 12, 222V — 1)V £8 (Y + De'/V?)
©= eV 4 6V 4] '
(€2 — D2V —10eY? +1) | V2V —1)%!/V?
= ,+4 :
(22 + 6V 4 1)2 (2V2 + 6V 4 1)2
(e\/il‘ + ])el‘/ﬁ

VU 4 6V 417 ®-37)

Here, we note that g,, are odd functions in ¢ and the other four quantities
are even. This solution as ¢+ — F00 asymptotically approaches the solution w =
(1,0,0), v=(1, 0, 0), which corresponds to the solution p = 1 of Eq. (B.36). That
is a uniform rotation about the first axis (bearing the centre of mass of the body),
while this axis preserves vertical upward position.

Figure B.2 depicts the path PQRSP of the apex of «, corresponding to the
positive sign in (B.37), on the Poisson sphere. It begins at t = —oo at P and ends
alsoat P attr = oo. Att = 0 the z-axis passes through the vertical position. The trace
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Fig. B.2 The path traced by
the apex of « on the Poisson
sphere

of the apex for the second solution, corresponding to the negative sign, is a mirror
reflection of the first in the xy-plane.

Note that, due to the invariance of the equations of motion under the change
(w, 7v,t) > (—w, 7y, —t), two other solutions exist for the parameter values

k=0h=2,f=-2.

In one of them, the apex traces the same curve in the retrograde sense PSR Q P with
reversed angular velocity. The other is interpreted similarly.



Appendix C
Particularly Simple Classes of Motions in
Goryachev—Chaplygin’s Case

Just as in the case of Kowalevski, the analytical solution of the equations of motion
in the generic Goryachev—Chaplygin case does not offer any help in imagining or
simulating the motion of the body. This situation gives high importance to the study
of the extremal cases of motion, when the six-degree polynomials in (4.77) have
repeated roots. For simplicity and without loss of generality, we set C = 1,a = 1.
The discriminant equation is the same for both polynomials

G?[2(E — 1)® = 27G*I[2(E + 1)} = 27G*] = 0. (C.1)

Its solution (the bifurcation diagram) can be represented in the plane of parameters
(G, E) by the following three parametric equations:

I G=0, E>—1,
I G=%a3,E=1+%JZ, o € (—00, 00),
I G =J0% E=—1+30% 0 € (—00,00).

Motions corresponding to those three branches constitute for the case of
Goryachev—Chaplygin the analog of Appelrot classes for Kowalevski’s case. The
bifurcation diagram is displayed graphically in Fig. C.1.

The (G, E) plane is divided by the three branches into 5 open regions. The motion
is impossible in the region €2 under curve III. Each of the symmetric regions €21, €2,
is composed of two components separated by line I. In each of the two regions, the
number of real roots of the under-root polynomials do not change and, consequently,
the qualitative character of the motion does not change. The bifurcation diagram was
discussed in [183] and in a slightly modified way in [166].

We shall write the solution on the two boundaries II and III of the regions of
hyper-elliptic solutions. On those boundaries the solution is expressible in elliptic
functions of time. As usual on those boundaries, it is simpler to ignore the Egs. (4.77)
and try to find a solution directly from the equations of motion (4.64) under relevant
conditions on the parameters of the system.

© Springer Nature Switzerland AG 2022 427
H. M. Yehia, Rigid Body Dynamics, Advances in Mechanics and Mathematics 45,
https://doi.org/10.1007/978-3-030-96336-1


https://doi.org/10.1007/978-3-030-96336-1

428 Appendix C: Particularly Simple Classes of Motions in Goryachev—Chaplygin’s Case

Fig. C.1 Regions of . E Vs
possible motion 2| and €2, \
each composed of two 1

v
components separated by the i a.| o, !
line I R \ ) /
{

R

C.1 Solution on the Boundary I (The Case of Goryachev)

C.1.0.1 The Subcase of Goryachev

This is the special version of this case that was first found by Goryachev [115] (1900)
and immediately generalized to its full just presented form by Chaplygin [52] (1901).
This version is characterized by the pair of invariant relations

pr+q* —bp** =0, Ypys —br =0, (C2)

where b is an arbitrary parameter. In fact, this parameter is an integration constant
that can be obtained by considering the following in virtue of (4.64)
d p*+q°
E( p2/3

)= =5 sl 4D = Pl (C3)

Comparing the right-hand side with (4.65), we conclude that the quantity between
brackets becomes an integral of motion

pr+q° _b
P

provided
r(p*+q>) —pp=G=0, (C.4)

and from the last two relations the second invariant relation in (C.2) follows. Thus,
the case G = 0 is exactly Goryachev’s version of the Goryachev—Chaplygin case.
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C.1.1 The Solution

Full analytical solution for the subcase of Goryachev was first obtained in Chaplygin’s
work [52] using the above separation variables (4.77). The solution expressed in
terms of Weierstrass’ elliptic functions is not so simple to reveal properties of the
motion. Somewhat simpler reduction to quadratures was derived by Dokshevich [67].
A more transparent and finalized explicit solution was found by Gashenenko [107].
This will be written here, divided into three cases, according to the values of the
energy parameter E.

C1.11 WhenE €[-1,1)

We have

cn’r
=207 )25} ——————
b= (1 + s¥entT)3/2

en7(1 — sZen*7)
= p34 /2 —1,
7= (1 + sZen*r)32

4sysnTenTdnT

1 + sicnr

[E(1 + sfen®r — 6s7en*r) — 4sjen’7(V/ 1 + 4b3 — E2 — b/?)

LT s?cntr)?
+4s3cn®r (V1 4 4b3 — E2 4 b)),
/ 3 2 _
Y2 = (1+scn4 )2[ 1 +4b3 — E2(1 + sfen®r — 6s7cn’r)
+4Esicn®7(1 — sten*r) — 2632(1 — sfenr)],
sntdnT
2034 /25) ————— C5
(1 + stentr)l/2’ (€5)
where

E+1 1
S; = , T ==(—1ty) (C.6)
A1+ 4b3 — E2 4 2b3/2 2

and the modulus of the elliptic functions

E+1
V= T+ (C.7)

The last does not depend on the parameter b and hence the period of the solution
is independent of b. Note that when the energy parameter takes its lowest value
E = —1, then the solution renders to the lower equilibrium position:
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p=q=r=0,v=(-1,0,0). (C.8)

C1.12 WhenE >1

The above formulas become

dn’r
— 2p3/4 2 -
b= NI 2an e

dn7(1 — s2dn*7)
— i /* 1 ’
1= (1 + szdn T)3/2

4sysnTenTdnT
1 + s?dn*r

[E(1 + s{dndr — 6sidn*T) — 4s1dn’7(v/1 4 4b3 — E2 — b*/?)

= (1 + s2dn*7)2
+4s3dnST (/1 + 4b% — E2 + b¥/?)],
Y = ——————[ 1 +4b3 — E2(1 + s{dn®r — 6s7dn*7)

1+ 2dn 7)2
+4Esidn*7(1 — sidn*r) — 26%2(1 — stdn®7)],

Vi g snTcnT
—2b (1 + szdn 2’ €9

where s is the same as above, the modulus of the elliptic functions k =,/ E_+1 =1/v

and 7 = ﬁ(r — 1y).

We note that the two classes of motion are periodic and are spanning between
two types of pendulum-like motions of the body, which correspond to the values
b =0, b = oco. Those are motions in which the centre of mass describes a pendu-
lum motion in the xy(or xz)-plane that takes a vertical position. For pendulum-like
motions in general, see Chap. 8, Sect. 8.2.

When E = 1: For this class of motions s; = 2blT/2’ and the solution can be obtained
as a limiting case from either of (C.5) or (C.9) as v = k = 1. Elliptic functions are
replaced by hyperbolic functions. It can be also verified that the solution is asymptotic
as t — oo to the upper equilibrium position characterized by

p=qg=r=0,v=(10,0). (C.10)

C.2 Solution on Boundary II

For this solution, expressions (C.13) and Eq. (C.14) are replaced by [99]:
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1

p= Z(O’ +r)Wo@r —o),
1

g =5v—0Ri(r),

4
1
N=1= 50 =0)Q0 +7),

1
M2 = —5\/(0 — R (r),
=), i

F= %\/(o —rR(r), Ri(r)=—4(c+r)+ Qo+ r)z(r —0). (C.12)

Note that the equations and the integrals of motion in the Goryachev—Chaplygin case
are invariant under the change of signs of the part of variables p, ¢, y3 and hence
another solution is obtained from (C.11) by changing those signs.

The cubic R; has the discriminant

4 4, 16
A =—4[c +3a +27]<0
and thus it always has three real roots. It is sufficient to consider the case o > 0. One
can also notice that Rj(c0) > 0, Ri(0) < 0, R;(0) < 0, R;(—20) > 0, so that R,
has one positive root 7* (say) (r* > o) and two negative ones. To have all physical
quantities real, the variable r changes on the interval [o, r*], where it is expressible
as an elliptic function of time. In the limit as s — 0, this interval shrinks to zero,
E =1 and the solution (C.11) becomes

w:Ogy:(l,0,0),

which represents the upper equilibrium position. That is the intersection of boundaries
Iand II.
C.3 Solution on Boundary IIT

Five of the Euler-Poisson variables are expressed in terms of r [124]:
1
p= Z(ZU +r)yo(o—r),
1
9=—7V oR(r),

1
N =145 =nQo+7),
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1
N=—5Y (0 —=r)R(r),
vy = —Joo =, (C.13)

while r is determined, as an elliptic function of time, from the differential equation

;= %\/(0 — PRI, RG) =40 +r) — Qo+ )20 —r). (C.14)

Another solution can be obtained by changing the signs of p, g and ~3. The cubic
polynomial R has the discriminant

2 4
A =40" - )+ 551> 0,
3 27

so that it has only one real root. Let us denote this root by r;. We have 3 cases:
(1) When ¢ > 0 then r; < o and r varies on the interval [r|, o]. r is elliptic
. . . _ o dr
function with period ' = 4 [ Nl . S
(2) When o < 0 then r; > o and r varies on the interval [o, ri]. 7 is elliptic
. . . o i dr
function with period 7" = 4 [ ——=.
(3) When 0 = 0 then r; = 0 and (C.14) takes the form

F= VG, (C.15)

This has only the solution » = 0, which leads only to the solution w =(0, 0, 0), v =
(—1, 0, 0), which characterizes the lower equilibrium position of the body.
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Gyrostatic Generalization of the Appelrot
Classes

The question arises, whether it is possible to generalize the four Appelrot classes of
motion, which we have described in Sect. 3.3, to construct analogs of them involving
non-zero gyrostatic momentum, which admits simpler solutions than the generic
case. This was investigated by M. Kharlamov. In view of the absence of variable
separation for Yehia’s case, Kharlamov searched for the critical set of parameters in
the space of parameters of the problem {4, f, k, x}, on which the four integrals of
motion become functionally dependent. It turned out that all solutions corresponding
to the critical set were already isolated and shown to be expressible in terms of elliptic
functions long before the complementary integral /4 (in case 3 of Table 5.1 of Chap.
5) was discovered. This came as a result of the use of the method of invariant relations
as we shall see below.

(1) The first class of Appelrot motions in Kowalevski’s case (case of Delone) com-
pletely disappears in the gyrostatic analog. The integral IiK) =(pr—qg*>—am +
a)12)* + 2pq — a1y, — axy1)? = k? is a sum of two squared terms and when k = 0
each of those terms is zero. The integral of motion is replaced by two invariant rela-
tions that determine Delone’s case. In the presence of the gyrostatic momentum &,
the integral

L= 1 4260 — k) (P2 4 ¢%) — 4673(a1 p + a2q)

contains terms of different structure and hence loses that property.
(2) The second and third classes:
The condition

2
1<2[(f2 —Zh) _4K]=
— K240 (1 — h2) — 4r? (—2 2 —an + Kh+3 %+ 3h)
FR—16h* — 16 £21% + (4 43K+ 24) B =8 f2(K —3/2)h
—12f*+ K> +18K —27]
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+(—16K +32)h> +16 f2 (K —3)h* + (—4_f41< +24 f44+20K% - 36K)h
22 (—2f4+K2+9K)} (D.1)

generalizes cases II and III in Table 4.3 of Chap. 4 for x # 0 and unifies them in one
case. A suitable parametrization of this condition is

fP=2h+r>—4r>>—s71,
K=-2x"(h—1/25"=25) —r*+ 1/4572 (D.2)

The corresponding solution of the equations of motion was described in [198]. It will
be written here in the form given in [181] and also in [184].

Letus fix a value f for the areas integral and let s # 0 be a constant. The equations
of motion (5.19) admit a solution

f
=2 — xpY,
p 25 »p
q = —p/sR,
r=~x+2xX,
2ks X Y
= 2EIXETPY o 2y
2
Y2 = —2xY+/sR,
X — 2rspY
= LE 20T (D3)
2
in which
2 252
n = f——l—sznz,pz:l——,
4 s
_ (cos o, sino), p2 >0
X, ¥) = {(cosho, isinho), p*> <0
1 K
R=tix By ore Ly, D)
2 n 25
and the relation with time is determined from the equation
62 = sgn(p®)sR?, (D.5)

which can be solved in elliptic functions of time.

(3) The fourth class:

The condition on the parameters /4, f, K for this class can be written in the fol-
lowing form, which reduces to (B.1) when x = 0,
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27 1
2

+ /<c2[+;1f2 (12h* — 6hK® + K*) (K — 1)* (k* — 4 h)

%{[ —h (R=9K+9)P— (> +3K —3)"}

+(K = 1) (—1/8K° + h&* = 3n*K* +4h* =9 f?)]
—0. (D.6)

It is more convenient to use parametrization

f2:s2(2h— /<;2—2s),
K=1+(h—1/2:) —4s(h—1/25%) + 35 (D.7)

The particularly remarkable motion. The particular solution with two linear
relations (see Chap. 8, Sect. 8.15.1.4) in the problem of motion of a heavy gyrostat
generalizes the solution due to Bobylev and Steklov (Sect. 8.5 this chapter). If one
sets A= B =2C and k| = ky = yo = 0, then one is left with a subcase of the
Kowalevski—Yehia case. The solution of the equations of motion in this case can be
written in the form (see e.g. [184]):

P =poqg=0,
1
M :h—pg—irz,
Y2 =/ R(r),
Y3 = po(k —r), (D.8)

where r is obtained by inverting the elliptic quadrature

. dr
VR’
1
mm=—7%Hw4ﬁwﬂﬂmﬁ+1—m—%f—ﬁﬁ,(D%

and we have, for simplicity, set units of measurement so that C = 1 and a; = 1. The
solution can thus be expressed in terms of elliptic functions of time. This gives the
gyrostatic generalization of the fourth class of particularly remarkable motions of
Appelrot.

The Non-degenerate Solutions

Modifying the transformation of variables (B.27) introduced for Kowalevski’s case
by Dokshevich in [66], Gashenenko [101] used the transformation

p=p—x/M,
q=-y/M,
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r=27+4+k+4xy/M,
Y =20 —4(x* =y /M? + 2px2px — 1)/M — 4kyx /M,
" =20 —8xyy*/M* = 2py(2px — 1)/M — 4ryy/M,
v3 =2Q2px — 1)y/M + 2pz, (D.10)

where p and other constants of motion are subject to two conditions P(p) =
P'(p)=0,P=—p*+Qh—r)p*>=2fp+1—K.

Using this transformation, (D.7) and the integrals (5.20), the equations of motion
(5.19) can be reduced to a somewhat simpler system whose solution can be written
in the following form.

The variable z is determined from the relation

/d F(z) = ——pz—[(z——)2+ (p - (D.11)
F(z)’ ’
and «, 3 by the expressions
LN THE P
a=(@=3)+50"=h,
F(z). (D.12)

In the non-degenerate cases, the variable z oscillates between two real roots of
F(z), so that z, «, (3 are elliptic functions of time. The remaining variables are given
by the expressions

y =nv (),

_ P B
x = [2L2+M Lz(z KV @ (2)],
'y=ﬁ+ K —}-L(pz—i—a) O (2)n, (D.13)

2L, d(z) L,

where ®(z) = (z — k)?> — L, 1 is an auxiliary variable satisfying the relation

= const, (D.14)

/ dn +/ dt
VL — LyL3n? D (z(1))
and
Ly = i(2/1 —2p* — K?)
16 ’
1
L, = Z(2h —6p* — K?),

2 2 1
Ly =4 + KL = . (D.15)
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Classification of motions corresponding to the constructed solution according to the
values of parameters L » 3 was performed in [100, 101] into eight cases

()L >0,L, >0,L; >0,
(nL, >0,L, <0,L; <0,
(III)L; >0,L, <0,L3 >0,
(IV)Ly >0,L, >0, L3 <0,

(V)L <0,

(VDL =0,

(VIDL, =0,
(VIINL; = 0. (D.16)

It is noted there that in cases I, I1 doubly periodic are possible, in cases I11, 1V,
VII,VIII motions asymptotically tend to those described in (D.8)—(D.9), while in
cases V and VI motions different from (D.8)—(D.9) are impossible. The case of a
double root of F(z) is also considered. The effect of the presence of the gyrostatic
momentum on those motions was not considered.
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The Conditional Case of Sretensky

Separation of variables in Sretensky’s case is obtained by inserting the expressions
(5.21) into the quadratures (4.77). The discriminant equation of the resulting poly-
nomial leads to three classes of critical sets [172]

h G=0,
K

392 ”23
—8(E—1+—)" =0,
3)] ( +6)

I A=27G+ %H(E— 1) —(

2 K 3. K2 3
1)) A*=27[G+§I€(E+l)—(§)] —8(E+l+€) =0.
(E.1)

Obviously, those generalize the three classes I, II, III given by (C.1) in Goryachev—
Chaplygin’s case and reduce to them when x = 0.

Class I (G = 0) generalizes Goryachev’s case whose full solution was given
in Chap. 4, Sect. 4.1. M. Kharlamov has shown that when s # 0, the analog of
Goryachev’s integral doesn’t exist and hence the method of solution of Goryachev’s
case cannot be generalized. As far as we know, the explicit solution of class I was
not considered.

Classes II and III (A = 0, A, = 0) were considered in [172], but full solution
is given only for class III. For this class, the parametrization

E= 1+32+2 +lzG—12(1+)
= 20 oK 2/{ ,G = 20 K
was used and formulas (C.13) and (C.14) are then replaced by

1
p= Z(ZO‘—}-KJ—FI’)\/O‘(O‘—FKJ—V),
1
q= —Z\/UR(V),
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1
M —1+§(0+m—r)(20+m+r),

1
Yo = —5\/(0 + Kk —r)R(r),
Y3 =—o(o+kKk—r), (E.2)

and

! V(o+k—=r)R(r), (E.3)

F=—
2
R(r) =r’ 4 (k +30)r* + (4 — 20k — K*)r + (0 + k)[4 — 20 + K)*].

Note that another solution is valid that can be obtained from (E.2) by changing the
signs of p, q, 3.

Some details of this solution are discussed in [172]. We point out here only two
rare and quite interesting versions of the solution when all the variables are algebraic
functions of time. They occur when R(r) has a triple root and require the value
K= % They can be written in the form

V6t (12 +9) 22 V3(P -0
(2437 (2437 9@+ 7

(p.q,r) =(=F1/9

41812 —27 V3t V2t
.2, 73) = (1/3 ,8 L F2/3 ——). E.4
1,72, 713) = (1/ (t2+3)2 (t2+3)2 F2/ m) (E4)

Those solutions represent two motions, which, ast — 400, asymptotically approach
the uniform rotations characterized by the solutions

NG 43
(p’ q, r)—OO = (:F_’ 0’ __)’
9 9
1 2
P = (1,7, 7) 00 = (3,0, £3V2), (E.5)
and approach as t — oo the values
NG 43
(pv Qs r)OO = (:t_3 Oa __)1
9 9
1 2
Q= (7 W = (3,0, F3V2). (E.6)

In Fig. E.1, we visualize the motion corresponding to the last pair of solutions by
depicting the trajectory of the apex of the vertical upward unit vector « during the
motion on the Poisson sphere. The apexes draw two halves of a Fig. 8 curve. The first
half (in red colour) begins from P (t = —o00), goes through R and ends at Q(t = 00).



Appendix E: The Conditional Case of Sretensky 441

Fig. E.1 The trajectory of z
the apex on Poisson’s sphere
(Hidden lines dotted)

The second (P P; RQ, in blue colour) begins at Q(f = —oo) and through R ends at
P(t = 00). Note that the motion is not time-reversible, due to the presence of the
gyrostatic momentum . On the other hand, since the equations of motion (5.5)—(5.6)
are invariant under the simultaneous change of signs of the quantities w, k, , when
K= —% two other motions exist, in which the apex traverses each of the two paths
described above in the retrograde sense.
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