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Abstract

This thesis is an elementary introduction to formulating classical me-
chanics in the language of Riemannian geometry. The four areas of focus
are general mechanical systems, systems with holonomic constraints,
rigid bodies and systems with non-holonomic constraints. The treat-
ment of these four areas provides the necessary tools to solve an array
of prominent problems in classical mechanics within the Riemannian
framework.



Introduction

The study of the laws governing motion can trace its roots to Ancient Greece,
with Aristotle’s Physics constituting an early attempt. Also Archimedes and
Hero can be highlighted as contributors to early mechanics.

The development of proper classical mechanics, however, began only over
fifteen centuries later with the works of Galileo, Kepler and Descartes. Their
developments paved the way for Newton’s Philosophiae Naturalis Principia
Mathematica, a seminal work that laid the foundation of what is now known
as classical mechanics. After Newton, progressive reformulations and ex-
tensions of his theory managed to generalise it ever more, including Eu-
ler’s study of rigid bodies, the Lagrangian reformulation using calculus of
variations and the subsequent Hamiltonian reinterpretation of Lagrangian
mechanics.

This thesis presents a formulation in the language of Riemannian geometry
of Newtonian mechanics and Euler’s expansion of the theory to rigid bodies.
The beauty of this formulation lies in observing that all phenomena of classi-
cal mechanics can be understood to be objects of the theory of Riemannian
geometry, wherein differential geometric concepts can be applied to describe
the motion of systems of particles. Readers are assumed to have knowledge
of linear algebra, fundamental differential equations, differential geometry
and basic Riemannian geometry.

The thesis is divided in four chapters that have a similar structure: first the
theory is developed and then it is applied to a particular or special case.
The first chapter introduces the basic definitions to study mechanics using
Riemannian geometry and solves the Kepler problem. The second chapter
considers constraints imposed on the position of particles of a system and
analyses the double pendulum as an instance of this phenomenon. Chapter
three turns to rigid bodies and the Euler equations governing their motion
in the absence of external forces. In chapter four constraints on the possible
directions of motion are contemplated, another type of restriction that can be
imposed on a system of particles, and the motion of an ice skate is studied

ii



as an example thereof.
The present work relies heavily on chapter 5 of the book An Introduction to

Riemannian Geometry by Leonor Godinho and José Natario. Accordingly, the
notation tries to be consistent with that of the book.
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Chapter 1

Mechanical Systems

In this chapter we introduce the first notions essential to studying the me-
chanics of a given system (of particles, for example) within the Riemannian
framework. Once we have the necessary tools, we will apply them to an
example: the Kepler problem, a special case of the two-body problem.

1.1 Basic Definitions

In order to start describing the motions (or mechanics) of a system of particles
in a given ambient space (usually IR” for some n > 0), we need some form of
description of whatever is guiding these motions. This is where Newton’s
Second Law comes in, which, for x : (4,b) C R — R" the position of a
particle in R”, stipulates that

mi = F(x,x),

where F is an external force acting upon the particle. This is a second order
ODE, and it is the starting point of the derivation of the equation of motion
of the particle, i.e. the study of the mechanics of the particle.

We would therefore like to generalise Newton’s Second Law and think about
it using the language of Riemannian Geometry. To this end, we introduce the
following definitions.

Definition 1.1 (Mechanical system) A mechanical system is a triple
(M, (-,-), F), where:

1. M is a differentiable manifold, called the configuration space;

2. (-,-) is a Riemannian metric on M yielding the mass operator y : TM —
T*M, defined by

u(v)(w) = (v, w)
forallv,w € T,Mand p € M;



1.1. Basic Definitions

3. F: TM — T*M is a differentiable map satisfying F(T,M) C T;M for all
p € M, called the external force.

A motion of the mechanical system is a solution c¢ : (a,b) C R — M of the Newton
equation

u <Z;tc) = F(¢) (1.1)

Remark 1.2 In the language of Riemannian geometry, whenever the mass of a
system needs to be considered, as in the Newton equation, the mass operator u is
used.

Remark 1.3 Note that for (M, (-, -)) a Riemannian manifold and ¢ : (a,b) C R —
M a geodesic on the manifold, we have that

D¢
a0
D¢

Therefore, we can think of the geodesics of (M, (-,-)) as being the motions of the
mechanical system which has configuration space M, mass operator (-, -) and van-
ishing external force F = 0, i.e. (M, (-,-),0). And this is the mechanical system
that describes a free particle on M.

Definition 1.4 Let (M, (-,-), F) be a mechanical system. The external force F is
said to be:

1. positional if F(v) depends only on 7t(v), where 7t : TM — M is the natural
projection;

2. conservative if there exists U : M — R such that F(v) = —(dU) z(,) for
all v € TM (the function U is called a potential energy).

A mechanical system whose exterior force is conservative is called a conservative
mechanical system.

To conclude the section of basic definitions, we introduce the generalised
notion of the kinetic energy. For a particle moving in R", it is a function of its
mass and its velocity in R”. The generalisation is a function on the tangent
bundle, and, as in the Newton equation, the mass component comes into
the equation via the mass operator yu. This generalised kinetic energy will
prove essential in the computation of the equations of motion of mechanical
systems.



1.2. The Newton Equation in Local Coordinates

Definition 1.5 Let (M, (-,-), F) be a mechanical system. The kinetic energy is
the differentiable map K : TM — R given by

K(v) = =(v,0)

N[ —

forallv € TM.

1.2 The Newton Equation in Local Coordinates

As is commonly the case with differentiable manifolds, it is convenient to
work with local coordinates. In particular, we are interested in expressing

the Newton equation in local coordinates, as it is the starting point for our
derivation of the equations of motion.

Proposition 1.6 Let (M, (-,-), F) be a mechanical system. If (x!,...,x") are local
coordinates on M and (xl, U L L v") are the local coordinates induced on TM,

then
D¢ ".[d (oK , oK , ;
n (G 0) =2 | (5o ) - x| av.
In particular, if F = —dU is conservative then the equations of motion are

=5 ) = g (50,500 ) = S50, 2
forallie{1,..,n}.
Proof Let p € M, ¢ a chart of M around p such that x := ¢(p) = (x,..., x").
Forov := (v!, ... ") € T,M <1e v=Y" 1050 =y 1vax,>,forg1] <%,%>,

the kinetic energy K at the element of TM whose local coordinates are given
by (x,v) is

1 1 & J o
- j
K 2(0,0) E <a = j> E gl]vv

i,j=1 1] 1

=Vie{l, .. n}: azﬂ =5 ( Z gjkv'v ) =Y g0l
In =

Ifv=x=x(t), x=x(t)and i € {1,...,n} we therefore get

5 (ng(x x)) -2 (Zgu ) ]il

j=1

%) gk +2g,] x)¥. (1.2)
j=1



1.2. The Newton Equation in Local Coordinates

We further get

i ik, (1.3)

oK, 1 & agi(x)
e =5y B

By (1.2) and (1.3), we get

i (G e)) = 3)

no/0gii(x)  10gik(x)\ ., &
B Z( ajxk 2 a])];i >x]xk+]_§gif(X)x]- (1.4)

jk=1

Now, we would like to compute }i' ; ij(x) (%)j for i,j € {1,..,n}, where
¢ = ¢(t). Our goal is to show that Y7 ; gij(x) (be ) = (1.4). If we can show
this, then the statement will follow, since for all v € T,M ( "ol )

ox!
w(3) 0=(5 >=i]i:1gij<gf>fvi

~La(F) o= (Lo (F) )0

To this end, let us recall the explicit definition of the Christoffel symbols,
which can be derived from their implicit definition:

‘ 1< . /9 %) %)
] jm Sim Skm 98kl
Tu=7 1.8 <axk N axm>’

where ¢/" for j,m € {1,...,n} are the individual entries of the inverse matrix
of the matrix whose individual entries are given by g;; for i,j € {1,..,n},
meaning that } i’ gijgjm = Jim. Therefore,

L i d d d
T/ ]m glm Skm 98kl
]gglfrkl Z 8ij8 (axk o axm>

]m 1
1 (981 |, 98k 98k
2 <axk Tod T ar ) (1.5)

We would like to rewrite 2 T ¢ with the aid of the Christoffel symbols, which we
can do by using the following lemma, which we will state without proving it,
but noting what is needed for its proof.



1.2. The Newton Equation in Local Coordinates

Lemma 1.7 Let M be a smooth n-dimensional manifold, let V be a connection on
TM. Let (Ay, ..., An) be a moving frame on an open set U C M. For vector fields
X=Y 1 XAandY =Y Y AonU,

n ) n .
VxY =Y (X(Yf) + ) Xkylrfkl> A,
j=1

k=1

where F{d € C*(U) forall j,k,1 € {1, ...,n} are the Christoffel symbols of V with
respect to (Az, ..., An).

The above lemma can be proved by combining the two defining properties
of a connection, together with the definition of the Christoffel symbols. It
corresponds to Lemma 1.6 in [2], where its proof can be found.

To apply the above lemma to our case, we can take a smooth vector field that
coincides with ¢ in the domain of definition of ¢. Also, we note that poc = x
and we identify ¢ with x (instead of explicitly using the chart ¢).

Remark 1.8 In order to be fully rigorous, we would have to work with an analogous
lemma to the one we are using. The analogous lemma is for connections along smooth
maps between manifolds induced by connections on the manifolds. Further, we would
need to identify the basis elements of the tangent spaces via the required composition
with c, instead of identifying them directly.

Using the lemma, we get

D¢ ! i ! N 0 ! o ! ko1 0
E:Z &+ ) ey, @:2 &4 0) ] 2T, o (1.6)

j=1 k=1 j=1 k=1

= (5:)1 = (x] + Z Fklx x> (1.7)

k=1

Finally, by combining (1.5) and (1.7) (and writing g;; = g;j(x)) we get

Zgu< > Zgl] (x + Z 1ﬂkl" x> Zgl]x“r ). gUFJ 3!
jkl=

Ki=1 1
R 0g1i agki 08\ k.l
_ w2 _
]._Zlg”x * 2];:1 <axk Tl T )T
S i v (9% 1dgu
_ Y
];gl]x +k§1 ( S~ 55 = (14). O



1.3. The Kepler Problem

1.3 The Kepler Problem

1.3.1 Solving the Kepler Problem

With the few definitions introduced and the expression of the Newton equa-
tion in local coordinates, we can already find a solution to the Kepler problem
in the formalism of Riemannian geometry.

The Kepler problem (in appropriate units) consists in determining the motion
of a particle of mass m = 1 in the central potential

U(r,60) — —%.

We will work our way to the solution by proving two intermediate claims.

Claim 1.9 The equations of motion of the corresponding mechanical system can be
integrated to

120 = Po; (1.8)
2 pro1
- _F 1.
5 to17; , (1.9)

where E and pg are integration constants.

Remark 1.10 The constant pg corresponds to the angular momentum of the particle
(observe that its mass m = 1), whereas the constant E is the total energy of the
particle, as the sum of its kinetic and potential energies (cf. (1.10)). Therefore, the
claim implies that both the angular momentum and the total energy of the system
are conserved quantities.

Proof In polar coordinates,

x = rcosf
y =rsin®
the Euclidean metric is

(,) =dx®dx+dy®dy = dr @dr +r*d6  d6.

Therefore, the kinetic energy is

K(r,0,v",0%) = %[(Z)r)2 + 2 (v%)3, (1.10)

and we get the partial derivatives of K

oK Y oK 209. oK —

ot _ oR OK _ 632, _
30 =0 5 =Y 5 =105 o



1.3. The Kepler Problem

By Proposition 1.6, the equations of motion are

d : V2 1 .

(7)) = 10" = —; (1.11)
d .
a(rza) =0. (1.12)

By setting pg := %0 (which by equation (1.12) is constant as a function of
time) we readily obtain the first desired equation (1.8). To obtain the other
one, let us observe that (1.11) is equivalent to

2
. Pe, 1
rdir — r—Sdr = —r—Zdr,
which then integrates to
2 2
7 pg 1
— 4+ 20—~ 4 F,
2 T2 = T
where E is an integration constant. O

Claim 1.11 u(t) = % satisfies the linear ODE

d*u

1
I (1.13)
do? pg

Proof Note that % = %. Together with (1.8) and (1.12), we get

1
0
Py (1) _d1an
do? Cde2 \r) 4o |ddt \r

d 7 1d 7 4 po¥
d6 < rz@) o dt <P9> pet P30 41

Using equations (1.8), (1.11) and (1.14) we conclude.

@+u _o—peF 1 —rfF P —r(F—r?) - (—2) 1
g A L P P Py

Claim 1.12 Assume that the pericenter (the point in the particle’s orbit closest to
the center of attraction r = 0) occurs at @ = 0. Then the equation of the particle’s
trajectory is

ve
— , 1.15
’ 1+ecosB ( )

e =1/1+2p3E. (1.16)

7
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1.3. The Kepler Problem

Remark 1.13 (1.15) is the equation of a conic section with eccentricity € in polar
coordinates.

Proof We first show that u = 1 where r is given by (1.15) is a solution to
equation (1.13):

4 <1 +€C089) 1+ecosf  ecosh N l+ecosf 1
6>\ p; Ps Yo Ps Ps
That our solution u of equation (1.13) is unique follows from the Picard-
Lindelof Theorem, where the necessary conditions to apply the Theorem
(especially the Lipschitz continuity) readily follow from the structure of (1.13)
(note that we need the initial condition that the pericenter occurs at r = 0).
We then proceed to derive the value of € by inserting (1.15) into (1.9):

pie?6?sin® 0 n (1+ecosh)*> 1+ecosh
2(1+ ecosb)* 2p3 p3
 p5e?62sin® 0 + (1 +ecos0)°(—1 + ecosb)
N 2p3(1 + ecos 6)*

E—

The above equality must hold for all values of 6, and so it must hold in
particular for 6 = 0:

(e+1)(e—1)
2p3
& 14 2p3E = €&

E =

We take the positive value of the square root for € due to the initial condition
that the pericenter occurs at & = 0, which implies that the value of r is
minimal at 6 = 0. [

1.3.2 An Interesting Manifold

Having found a solution to the Kepler problem, we consider the manifold
(M,8) := (R*\ {(0,0)}, (-, -}), where

(-,-) = é(dxéédx—i—dy@dy) = %dr@dr—l—rd@@dé), (1.17)

Vx4 2
the final form being in polar coordinates. This manifold, as we will show, is
isometric to the surface M of a cone with aperture %. If we then characterise
its geodesics, we will find that they have a similar structure to the equations
of motion in the Kepler problem.

Let
M := {<£c059,;sin9,\2@r> :r>0,0¢ [0,27'[)};



1.3. The Kepler Problem

gi=dx®@dx+dy®dy +dz ®dz. (1.18)

Let f : M — M be defined by f(rcos@,rsin8) = /r(cosb, sind, /3).

Claim 1.14 f is an isometry from (M, g) to (M, §).

Proof We must show that

1

2.

3

N

. f is an immersion.
f is a diffeomorphism.

. f*§ = g, where f*g is the pull-back metric on M.

. f is an immersion:
For p = (rcos@,rsinf) € M, the matrix form of df, is
Czojg —+/rsin@
df, = | 525 Vreost |, (1.19)
B 0
2r

which has rank 2, and so is injective.

. f is a diffeomorphism:
That f is bijective is quite straightforward: the injectivity is clear, for
g € M it holds that g = (%cos 0, 5 sin 9,@1’) for some r > 0 and

6 € [0,27), and so, by taking p = <§ cos 6, % sin 9) € M, we get that

f(p) = q. Also quite straightforwardly (or recalling how we showed
that f is surjective), we see that f~! : M — M must be given by

f1 (% cost, 5sin0, ?r) = (% cos 0, % sin 9) . We then note that both

f and f~! are smooth as the composition of smooth functions in both
variables, meaning that f is a diffeomorphism.

. f*§ = g, where f*g is the pull-back metric on M:
Let us recall that for v,w € T,M for p € M,

(f*g_)p<vrw) = gf(p)<dfp(v)/dfp(w))-

Our goal is to show that this metric is equal to g on M:
Letov,w € TyMforp e M, v= vr% —|—Uga%, w = wr% +ZU9%. It
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holds, by (1.17), (1.18) and (1.19):

(v,w) = vi—i—va a—i—wa
SR ) =8 \ T T 90" Uar T M50

0 0 0 0 1
= U, Wrgp <8 P >+ VWe8p <89 89> Uy Wy — + VgWer
1 cgsG —sin6
— <vrM (sygf)) + vp\/T ( cos 0 )
1 CQSG —sinf
wrz—\ﬁ7 (si?g@) + we /T ( C0050 )>

= &5 (p)(dfp(v),dfp(w)) O
Now, let us characterise the geodesics of (M, g), i.e. the motions of (M, g,0)
(of course, in polar coordinates): The kinetic energy of the mechanical system
is
K(r,6,7,0) = % (1r + r92>

oK 1/ #* oK oK # 09K .
:>ar_2<_r2 9)’ 0% 5Ty ﬁ_re’

which, by Proposition (1.6) implies that the equations of motion are:

d [ 1/
dt<r>+2<r2_9>_0

-2 49'2
@fr—%—%:o; (1.20)
%(ré) _0. (121)

To conclude, we note the similar structure of equations (1.9) and (1.20),
especially when substituting equation (1.8) into (1.9). We therefore ask
whether there are solutions to the Kepler problem that are also geodesics of
the surface of a cone with aperture 7.

If such a solution were to exist, it would have to satisfy equations (1.12) and
(1.21), implying that r would have to be constant, and therefore § would also
have be constant (by equation (1.21)). Observing that r cannot be 0, and that
r = const. = 0 = # = ¥, equation (1.20) would imply that § = 0. Equation
(1.11) would then yield a contradiction, as we would have

1

10



1.3. The Kepler Problem

Therefore, there are no solutions to the Kepler problem that are also geodesics
of M.

11



Chapter 2

Holonomic Constraints

Oftentimes, we have a system comprised of several particles that are not able
to move freely in the whole configuration space, but are instead restricted
to motions within a smaller subspace. This is the case of a pendulum or a
particle that can only move along a surface in IR3, for instance. Holonomic
constraints are the notion we introduce to account for these restrictions.
Further, we need an additional term in the Newton equation, an extra force.
This is the so called reaction force, and it is responsible for enforcing the
restrictions on the motion of a system. In the case of a pendulum, for instance,
the reaction force corresponds to the tension force of the rod.

In this chapter, we present the necessary concepts to account for these
constraints, and we study the example of the double pendulum, one of the
most prominent chaotic systems.

2.1 Holonomic Constraints and Reaction Forces

Definition 2.1 (Holonomic constraint) A holonomic constraint on a mechan-
ical system (M, (-,-), F) is a submanifold N C M with dim(N) < dim(M). A
curve ¢ : (a,b) C R — M is said to be compatible with N if c(t) € N for all
t e (a,b).

The modification of the Newton equation (1.1) to account for the constraint
is achieved by introducing the reaction force.

Definition 2.2 (Reaction force) A reaction force on a mechanical system with
holonomic constraint (M, (-,-),F,N) is a map R : TN — T*M satisfying
R(T,N) C T;M for all p € M such that, for each v € TN, there is a solu-
tion ¢ : (a,b) C R — N of the generalised Newton equation

v () = F+RE

12



2.2. The Double Pendulum

with initial condition ¢(0) = v.

The definition of a reaction force is by no means restrictive insofar as it allows
for many different forces to be a reaction force on a mechanical system.
However, we would like to find a particular reaction force with which to
work. The choice is facilitated by the following definition and subsequent
theorem.

Definition 2.3 A reaction force on a mechanical system with holonomic constraint
(M, (-,-), F,N) is said to be perfect, or to satisfy the d’Alembert principle, if

uH(R(v)) € (TyN)*
forallv € T,N and p € N.

The variation of the kinetic energy of a solution of the generalised Newton
equation is

F@©) +REE) = F@© + (1 (R(E),¢). @1

Since for any motion compatible with the constraint we have that ¢(t) €
T.p)N for all t € (a,b) C R, we have that the last term in the above equation
will vanish if R is a perfect reaction force. In other words, a perfect reaction
force neither contributes nor deducts kinetic energy to a particle whose
motion is compatible with the holonomic constraint. In the case of a single
pendulum, for instance, a perfect reaction force corresponds to a tension
force that is radial along the rod. Since it is radial, there is no damping.

Theorem 2.4 Given any mechanical system with holonomic constraint (M, (-, -), F),
there exists a unique reaction force R : TN — T*M satisfying the d’Alembert prin-
ciple.

The proof can be found in Section 2 of Chapter 5 of [1].

2.2 The Double Pendulum

Having introduced the necessary concepts to account for the restriction on
the position of the particles of a given system, we want to look at an example,
the double pendulum, and compute its equations of motion. As stated in
Definition 2.1, this restriction on the position of the particles will amount to
defining an appropriate submanifold. It is noteworthy that we will be able
to compute the equations of motion, however, without the need of explicitly
computing the reaction force.

13



2.2. The Double Pendulum

IS

Figure 2.1: Double pendulum

2.2.1 Introduction and Equations of Motion

The double pendulum of lengths /1, ¢, is the mechanical system defined by
two particles of masses 111, mp moving in R2 subject to a constant gravitational
acceleration g and the holonomic constraint

N = {(ul,uz) € IR4 = ]Rz X IRZ : Hu1|| = 61, ||M1 — qu = 62}

We use the parametrisation ¢ : (—7, 1) x (=7, 1) — N of the holonomic
constraint N given by

(0, ¢) = (¢1sinf, —¢1 cos B, l1sin 6 + 5 sin ¢, —1 cos 6 — £ cos ¢)

to write the equations of motion for the double pendulum. Set p := (6, ¢).
We want to use Proposition 1.6, and so we need to compute the kinetic energy
K of the system. This total kinetic energy is the sum of the individual kinetic
energies of both particles. To compute the kinetic energy of each particle, let
us set (x,y,z,w) := (6, ¢). Then the position of the first particle is given by
(x,y) and that of the second by (z,w). Let 5’—9 and % be the basis vectors of
T,N induced by the local coordinates (6, ¢) on the tangent space. Further,
let v = 09% + v‘/’% € TN be the total velocity of the system. Then the
velocities v! and v? of each particle are the orthogonal projections of v to the

first and second R2-factors of R* = R? x R?, respectively. The expressions of

0 0 0 0

a% and % in terms of the standard basis of R* {g, dy’ 3z %} are given by

14



2.2. The Double Pendulum

the columns of the matrix representation of the total derivative of i at (6, ¢):

{1 cos 0
d d f1sin@ 0
») =g

Dy(6,¢) = (M(p)'aq) l1cost fpcos¢
El 51n9 62 51n§9

Therefore, the velocities v; and v, in terms of the standard basis of R* are
given by

L A cosGi + 01 siné)i ;
dx oy

d d 9 d
2 = 9 - i e ? i
v =0 <€1 cos@az + 0 s1n98w> +v <£2cos e —|—€zs1ngoaw> .

Further, note that (-,-) on T,N for any p € N is just the restriction to T,N C

R?* of the standard metric on R*. Since {%, %, a%, %} is an orthonormal

basis, the individual kinetic energies K; and K, are

1 1
Ky = §m1<01,vl> = Eml(ve)zﬁz;

K> = %m(vz, %) = %mz[(ve)zﬁ + (07)265 + 20%0% (163 cos (0 — )],

resulting in the total kinetic energy

K=K;+K;

= %[(ml + mz)(ve)zﬁ% + mz(v(”)zﬁg] + moo? 0?0145 cos 6 — ¢).

Then the partial derivatives are

oK ] oK .
3 = —mp?0?l14, sin (60— 9); % = myv?0?414, sin (0 —@);
dK 092
=5 = (my + mp)v" €y + mav?ly 4y cos (0 — @);
aa;fp = mzv"’E% =+ T’I/I2’00£1£2 COS (9 - QD)/

15



2.2. The Double Pendulum

and the expressions that appear on the right hand side of Proposition 1.6 are,

therefore, given by (where we write § = v, 9 = v? and § = dd—z’:, P = %)

dt \ao? ) 960
— ngbflgz sin (9 — (p) (9 — §0) + mzégi)ElEz sin (9 — gD)
= (m1 + mz)éf% + mypl14; cos (9 - QD) + m2¢2£1£2 sin (9 — (p), (2.2)

d (0K oK o
( ) — — = (my + mp)002 + mr¢pl14s cos (6 — @)

d ([ dK oK 5 i
% (804’) — % = mz(pfz + m29£1€2 COSs (9 — (P)
— m0l14ysin (0 — @) (0 — @) — maflylysin (6 — )

= ng‘bﬁ% + mpf10; cos (6 — @) — m120%0105 sin (0 — ¢). (2.3)
The potential energy U : N — R of the system is given by
U(x,y,z,w) = mQy + magw = —mygly cos 0 — mpg(f1 cos O + ¢, cos ¢),

implying that the left hand side of the equations in Proposition 1.6 are given
by

ou
50 = —(my + my) gty sin6; (24)

_ou

P = —myglysin ¢. (2.5)

By combining equations (2.4) and (2.2), (2.5) and (2.3), we get the equations
of motion of the double pendulum

U d (81()_81(

d6 dt \ ov? a0
& —(my +my)gsin® = (my + my)04;

+ mp¢ply cos (0 — @) + myg*lysin (6 — ¢); (2.6)

_ U _d (0K oK
dp  dt \ dv? ¢
& —gsing = ¢ly + 601 cos (0 — @) — 641 sin (6 — 9). (2.7)
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2.2. The Double Pendulum

2.2.2 Linearisation of the Equations of Motion

We conclude this example by linearising the equations of motion around
= ¢ = 0. We do this by the small-angle approximation sinf ~ 6 and
cosf~1-— %2 ~ 1. We can impose the initial conditions 6 := 8(0) = 0 and
@0 := ¢(0) = 0, which imply 2 ~ 0 and ¢? ~ 0. We then get

(2.6) —

—(Tl’l1 + mz)gQ = (m1 -+ m2)9€1 + mZ(P£2; (2.8)

2.7) —
—8¢ = ¢lr + 60y (2.9)

The normal modes are the solutions that satisfy the relationship ¢ = k6 for
k € R a constant. Setting ¢ = kfl and simplifying some of the terms on both
sides implies (assuming that kf, # —/;) that

A gk
29) < 0 = K 1 0 0, (2.10)

which, in turn, implies by substituting § into equation (2.8) that
gk,
kty + 44
& (my +my) (kly + £1) = (my 4+ mo) bk + malok?
& malok® + (my 4+ mp) (6 — L)k — £y (my +my) =0
—(7111 + T}’l2>(£1 — 62) + \/(ﬂ’l1 + T’I12)2(£1 — 52)2 + 4(TH1 + 7112)51527712
271/1252

o e A= \/(gz — £1)2 + 4016, M,
B 2My0> ’

- (m1 + mz)gO = —[(m1 + m2)€1 + ngzk]

= k=

L]

where M, := T

Remark 2.5 In the expression for k, the discriminant in the square root will always
be bigger than ({3 — (1)?, implying that k will be positive by taking the sum (+) in
the numerator and negative with the subtraction (—); this corresponds, respectively,
to the oscillations of the individual pendulums being in phase or in opposite phase
(reflected explicitly by the fact that ¢ = k6).

Finally, we can find the period T of the normal modes as a function of k. By

equation (2.10), we have (recall that we set 6y = 0)

gk
kly + 04

0 =6ycoswt forfy € Rand w =

17



2.2. The Double Pendulum

Claim 2.6 T is well-defined, and the assumption made for equation (2.10) that
kgz 75 —61 holds.

Proof For the positive value ki of k (where we take the addition in the
numerator), both quantities in the square root are positive, and so T is
well-defined. Also, k. is positive, and so are ¢; and /;, and so the second
statement of the claim always holds.
For the negative value k_ of k (wWhere we take the subtraction in the numera-
tor), we have to show that

b4 2

-4+ — b > ——. 211

g+gk_>0<:> 2> = (2.11)
From this inequality will also follow the second statement of the claim. We
prove the inequality (2.11):

51 . 2M2£1€2
kel — o - V(b — 01)2 + 40106, M,
_ 2Molyly(ly — Uy + /(b — 01)2 + 4010, M)
B (b — 01)% — [(L2 — £1)? + 4010 M)
_62 — {1+ \/(52 — 61)2 + 4010, My
5 ,

and, therefore,

_ _ 2
gz S —Iffl <:>£2 S 52 £1+\/(£2 2£1> —|—4£1£2M2

Sl 0> /(- 02 +a00LM & 1> My,

which holds because, by definition, M, = —2— € (0,1). O

my—+my

Remark 2.7 The result for T implies that the period of oscillation of a double
pendulum is bigger if its pendulums oscillate in phase than if they oscillate in
opposite phase.
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Chapter 3

Rigid Body

In this chapter, we turn our attention to rigid bodies and to several concepts
that help characterise them. We often focus on properties of a freely moving
rigid body, a system known as the Euler Top. We also present some results
involving symmetries and observable effects, including the Poinsot Theorem.

3.1 From the Basics to the Geodesics of the Euler Top

3.1.1 Rigid Bodies and Angular Momentum

In its discrete form, a rigid body corresponds to a system of k particles of
masses mj, ..., My connected by massless rods in such a way that their mutual
distances remain constant. If we assume that one of the particles is fixed at
the origin, the rigid body can be described by the holonomic constraint

N={(xg,..,xx) e R¥*:x; =0and ||x; — x;|| = d; for 1 <i < j<k}.
j j J

If at least three particles are not collinear, N is a manifold diffeomorphic to
O(3). To describe a motion in N, we observe that given a point ({1, ..., §x) €
N :V(&,...,¢&) € N 3! S € O(3) such that (&, ..., &) = (S&, ..., S¢). There-
fore, a motion in N can be characterised by a curve S : (4,b) C R — O(3).
We further observe that O(3) has two diffeomorphic connected components,
and that a motion necessarily has to happen in either of the connected
components, meaning that we can choose SO(3) instead of O(3) as our con-
tiguration space. The generalisation of the discrete case to a continuum rigid
body gives rise to the following definition.

Definition 3.1 (Rigid body with a fixed point) A rigid body with a fixed
point is any mechanical system of the form (SO(3), ((-,-)), F), with

(VW) = [ (Ve We)dm
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3.1. From the Basics to the Geodesics of the Euler Top

forall V,W € TsSO(3) and all S € SO(3), where (-, ) is the usual Euclidean inner
product on R3 and m (called the mass distribution of the reference configuration)
is a positive finite measure on R3, not supported on any straight line through the
origin, and satisfying [ps ||C[|* dm < +oo.

We are interested in studying the geodesics of (SO(3), ({-,-))), i.e. the equa-
tions of motion of (SO(3), ((-,-)),0), a mechanical system known as the Euler
top. We introduce the following quantity as is turns out to be very useful for
their derivation.

Definition 3.2 (Angular momentum) The angular momentum of a rigid body
whose motion is described by S : (a,b) C R — SO(3) is the vector

pt) = [ [(5()) x (S()2)] dm

(where x is the usual cross product on IR3).

Theorem 3.3 If S : (a,b) C R — SO(3) is a geodesic of (SO(3),((-,-))), then
p(t) is constant.

The proof can be found in Section 3 of Chapter 5 of [1]. The proof in the
book uses the following lemma without proving it, which we will do.

Lemma 3.4 There exists a linear isomorphism T : 50(3) — R3 such that
AG=T(A) x¢

forall £ € R®> and A € s0(3). Moreover, T([A,B]) = T(A) x T'(B) for all
A, B € s0(3) (ie. T is a Lie algebra isomorphism between s0(3) and (R3, x)).

0 a b
Proof Let A € 50(3),i.e. A= (a 0 c) fora,b,c € R.
-b —c 0

—c
Let T : 50(3) — IR3 be given by ['(A) = ( b ) . Then
—a

¢1 0 a b
A=A (Cz) =1 (ﬂ) +& ( 0) + {3 (C)
&) —b —c 0
() ()
=|b | x|&]|=TA) xS
—a 33

That I' is both injective and surjective follows very easily from its definition.
Its linearity is also pretty straightforward, since for any A € R, for any
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3.1. From the Basics to the Geodesics of the Euler Top

0 aas bA 0 agp bp
A=|—-an 0 ca|,B=|—-ag 0 cp| €s0(3), we have that

—bA —CA 0 —bB —CB 0

T(AA+B)=A (bZA> + (bZB> — AT(A) +TI(B).

—aa —ap

We finally need to check the compatibility of I' with the commutator [-, -] on
50(3) and the cross product x on RR®:
With A, B € s0(3) as above, we have that

I'([A,B]) =T(AB — BA)

0 —bacg +bgcy aacg —agca
=T | —cabg+cpby 0 —aabg +agby

agca —aacg —bapag + bpay 0

—apba +apbp —ca —cB
= aACB — ABCA = bA X bB = F(A) X F(B) ]
—cabp +cpba —ax —ap

Remark 3.5 Given a curve S : (a,b) C R — SO(3), we have S € TsSO(3) and
soVt € (a,b) : S(t) = S(t)A(t) for some A(t) € s0(3). Therefore, we can define a
function Q) : (a,b) C R — R3 given by

Q(t) = T(A(1)), 3.1)

where T is the isomorphism of Lemma 3.4. This function then allows us to write
Vt € (a,b),V¢ € R :

S(H)E = S(HA()E = S(H)(Q(t) x §).

3.1.2 Moment of Inertia

Recall Definition 3.2 (angular momentum). By Remark 3.5, together with the
fact that S € SO(3) preserves the cross product x in R?, we can now write

p= [ [(58) x (S&)1dm = [ [(¢) x (SAZ)]dm
—/S(',‘x (Ag) dm = [ S[gx (2 x )] dm
:s/ng (QxO)]dm. (32)

This motivates defining the following operator.
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3.1. From the Basics to the Geodesics of the Euler Top

Definition 3.6 (Moment of inertia tensor) The linear operator I : R® — R3
defined as

1(0) = [ [ex (0 &)]dm

for all v € R is called the rigid body’s moment of inertia tensor.

Remark 3.7 T : R® — R3 is a linear operator, which means that it can also be
expressed as a 3 x 3-matrix over R. The preference for either form of I will depend
on the particular case.

Proposition 3.8 The moment of inertia tensor of any rigid body is a symmetric
positive definite linear operator, and the corresponding kinetic energy map K :
TSO(3) — R is given by

K(V) = (V. V) = 5{{SA,54)) = 2(I0,0)

forall Ve TsSO(3), S € SO(3) and A € s0(3), where V = SA and Q =T (A).
The proof can be found in Section 3 of Chapter 5 of [1].

Proposition 3.9 The matrix representation of the inertia tensor in the canonical
basis of R3 is

Jrs W +2%)dm  — [psxydm — Ja Xz dm
— fgexydm  [p (P +22)dm = [eoyzdm | (3.3)
— s xzdm — Jrayzdm  [pa(x* +y?) dm

The proof can be found in Section 3 of Chapter 5 of [1].

Recall Proposition 3.8. Given a rigid body, the fact that its moment of inertia
tensor is symmetric implies, by the Spectral Theorem, that it is diagonalisable
by orthogonal matrices. Further, the fact that it is positive definite implies
that its eigenvalues are positive. Therefore, we can define the following
objects.

Definition 3.10 Given a rigid body, there exist three positive numbers Iy, I, Iz €
IR3, called the principal moments of inertia, and an orthonormal basis of R>
{u1, up, us} that determines the so-called principal axes, such that Tu; = Iju; for
ie{l1,23}.

3.1.3 The Euler Equations

We can finally present the equations of motion of the Euler top (SO(3), ((-,-)),0),
i.e. the geodesics of (SO(3), ({-,-))). These are given by the so-called Euler
equations.
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3.2. The Poinsot Theorem

Proposition 3.11 The equations of motion of the Euler top (SO(3), ({:,-)),0) are
given by the so-called Euler equations

10 = (IQ) x Q. (3.4)

Lemma 3.12 We have p = SIQ), where p is the angular momentum of a rigid body,
S:(a,b) CR — SO(3) the curve describing its motion, I its inertia tensor and Q)
is given by Remark 3.5.

Proof The lemma follows from equation (3.2) and Definition 3.6. 0
Proof (Euler Equations) By the above Lemma we have
p = SIQ.

Then, by Theorem 3.3, we have

0=p=SIQ+SIO =SAIQ+ SIQ
= S(AIQ+10) = S(Q x (IQ) + 1IQ)
=0=0x (I)+10sI0=(I0)xQ. O

Corollary 3.13 Given a rigid body, let 11, I, I3 be the principal moments of inertia
and {uq,uy, us} be a basis of the principal axes. Further, let

ol Ol
Q=02 and Q= | O?
O3 03

be the representations of Q) and C) in the basis {uy,ua, us3}.
Then, in the basis {uy, up, uz} of the principal axes, the Euler equations are

LO = (I, — B)Q2O?
LO? = (I — L)Q*Q . (3.5)
LO? = (I — L)QO?

3.2 The Poinsot Theorem

Having characterised the geodesics of the Euler top, we conclude the study
of this mechanical system with a result that will imply the following phe-
nomenon:

Given a freely moving rigid body with principal moments of inertia I; >
I, > I3, rotations of the rigid body about its first and third principal axes are
stable, whereas rotations about its second principal axes are unstable. This
is a well-known effect, called sometimes the Dzhanibekov effect or Tennis
Racket Theorem.
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3.2. The Poinsot Theorem

Before proving the Poinsot Theorem, we make a detour into symmetries
of general rigid bodies that will prove helpful to our main result. We take
advantage of this necessary digression to show more properties of symmetries
than are strictly necessary for our main purpose, as symmetries in themselves
are an interesting aspect of the theory of rigid bodies.

Definition 3.14 (Symmetry) A symmetry of a rigid body is an isometry
S € O(3) which preserves the mass distribution (i.e. m(SA) = m(A) for any
measurable set A C R3).

Proposition 3.15 For S € O(3) a symmetry:

1.
2.

SIST = I, where I is the matrix representation of the inertia tensor;

if S is a reflection in a plane, then there exists a principal axis orthogonal to
the reflection plane;

if S is a nontrivial rotation about an axis, then that axis is principal;

if moreover the rotation is not by 7, then all axes orthogonal to the rotation
axis are principal.

Proof 1. SIST = I, where I is the matrix representation of the inertia

tensor:

We will show that for all (i,j) € {1,2,3}* (SIST);; = I, which is
equivalent to the proposition statement.

Let {¢;} for i € {1,2,3} be the canonical basis of R®. We have, for
(i,j) € {1,2,3}? and (-, -) the standard scalar product on R>:

(SIST);; = (ei, (SIST)e;)
= (e ([ Jex ((5Te) x E))am )
= {ei [ SIE X ((8Te)) x )] dm) (36)
Now, recall that for A a 3 x 3 matrix over R and x,y € R3, it holds:
(Ax) x (Ay) = (detA)(A™) (x x y).
For S € O(3), the above identity simplifies to
(5x) x (Sy) = (£1)(8T) (¥ x ) = £S(x x ),

which applied to our computation yields

S x ((STey) x )] = £(58) x (S((STej) x §))
= £(5¢) x (£(5(8T¢j)) x (5¢)) = (S&) x (¢j x (53))-
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3.2. The Poinsot Theorem

Therefore, and using the assumption that S preserves the mass distri-
bution, we get that

3:6) = (e [ [(52) x (¢;  (5¢))]dm)
= {ei [ 12 x (e x )] dm) = (e Iey) = I

. if S is a reflection in a plane then there exists a principal axis orthogonal
to the reflection plane:

Let S be a reflection on a plane P. Let v € R*\ {0} such thatv | P <
Sv = —v. Then, by using the property we have already shown that
SIST =1, we get for u := Iv:

Su=S8Iv=SIS"Sv=1Sv=—Iv=—u
= u | P < 3JA € R such that u = Av.

Finally, we have to show that A > 0, but this holds because by Proposi-
tion 3.8 I is positive definite, i.e.

0 < (Iv,v) = (u,v) = A{v,v)
=A>0

. if S is a nontrivial rotation about an axis then that axis is principal:
Let S be a nontrivial rotation about an axis, let v € R3\ {0} be a vector
on that axis, which is equivalent to Sv = v holding. Then, for u := Iv
and by using the property 1. that SIST = I we get:

Su=Slv=SIS"TSv=ISv=Iv=u

= u = Jv is also a vector on the rotation axis.

By an analogous reasoning to the proof of 2., we can then conclude that
the rotation axis is principal.

. if moreover the rotation is not by 7t then all axes orthogonal to the
rotation axis are principal: Let {uy,up,u3} C R3 be an orthonormal
basis of R® of principal axes such that u; lies on the axis of rotation. Let
{h, I, Iz} C R+ be the corresponding principal moments of inertia
(i.e. Tu; = Lu; for i € {1,2,3}). Then, using the fact that ST € O(3)
preserves (-,-) and that STuy = uy since u; is on the axis of rotation,
we have

0= (uy,up) = <STu1,STu2) = <u1,STu2> = STu, € span{uy, usz}.
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3.2. The Poinsot Theorem

Let a, B € R be such that STuy = aup + Bus. Then, using the fact that S
is not a rotation by 7w = B # 0 (STu, is not parallel to uy), as well as
the property 1. that SIST =1« IST = STT:

STuy — auy 1 7 1, .7
Tus =1 () = — (IS up — aluy) = = (S Tuy — aluy)
B B B
1

STuy —au
= B(Sleuz — 06121/12) = 12 <2ﬁz> = 12u3

= {up, uz} € Eigy,(I) = span{uy, uz} € Eigp, (1),
where Eigy, (I) is the eigenspace of I to its eigenvalue I,. Property 4. follows
from the last implication. O
We are now ready to prove the Poinsot Theorem.

Definition 3.16 (Inertia ellipsoid) The inertia ellipsoid of a rigid body with
moment of inertia tensor I is the set

E={ZeR:(I§¢) =1}. (3.7)

Theorem 3.17 (Poinsot Theorem) The inertia ellipsoid of a freely moving rigid
body rolls without slipping on a fixed plane orthogonal to the angular momentum p.

Proof (Poinsot Theorem) Let P be a plane orthogonal to p. For u,v € P, we
have that

(u—v,p) =0+ (u,p)=(v,p)

=VAER: Py :={ucR®: (u,p) = A} is a plane orthogonal to p.

Let S¢ be a point where E is tangent to Py for some A € R. Then, and because
of Lemma 3.12,

(SIQ, SE) = A; (3.8)

(ISE, SE) = 1. (3.9)

We assume that S € SO(3) is a symmetry (i.e. it preserves the mass distri-
bution), so that the assumptions of Proposition 3.15 are met, and thus, by
statement 1. SI = IS

1
=¢=-0
g A

is a solution to equations (3.8) and (3.9) (assuming A # 0). To prove that S%Q
is indeed a point where E is tangent to P, (and not only a point where E and
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3.3. Properties of a Rigid Body with Two Equal Principal Moments of Inertia

P, intersect without being tangent), we use the fact that a normal vector of a
plane tangential to E at S¢ € E is a constant multiple of the gradient of E at
S¢. In our case, this means that the gradient at S¢ should be a multiple of
p = SIQ), and, indeed,

1 .1 1 1
1S=Q,5-0) = —V(ISQ, SQ) = — V(I
V(IS30,550) = 13 V(150,50) = 53V (lw, w)
1 2 2 2 2
= ﬁv(hw% + L3 + [w3) = lw= 5150 = 5510= 5p,

where we have used the representation of I and w in the principal axes basis,
and we have again used Proposition 3.15 to commute I and S. So far, we
know that & = 1Q) is the tangent point of E with the plane P,. To justify all
the above results, we need to justify the assumption we made that A # 0. A
posteriori, this holds:
1 1 1
= A2 =2K = A = +V2K.

The above result implies that S¢ = iﬁSQ = j:\/%w are the two points
where E is tangent to a plane orthogonal to p, and all the previous calculations
where we assumed that A # 0 hold.

To conclude the proof, we show that for these points the velocity is zero,

which will then imply the statement of the theorem. For every given ¢, € R®
and for A € 50(3) such that 5S¢y = SAZ = S(Q x &) (cf. Remark 3.5)

d .

E(Sgo) = SCO = SA(:() = S(Q X 60)
For ¢y = iﬁﬂ the above right hand side vanishes, and the Theorem
follows. O

Remark 3.18 In particular, the proof of Poinsot’s Theorem implies that whenever
the rigid body rotates about one of its principal axes, the angular velocity vector
w precesses about the principal axes. However, rotations about the first and last
principal axes (the ones corresponding to I and I3 whenever Iy > I, > I3) are stable,
whereas rotations about the second are not.

3.3 Properties of a Rigid Body with Two Equal Principal
Moments of Inertia

We know leave the particular case of the Euler top, and consider another

type of special rigid body: one that satisfies I; = I,. We want to provide an

expression for its kinetic energy using local coordinates of TSO(3). To this
end, we introduce the so-called Euler angles.
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Definition 3.19 (Euler angles) The Euler angles correspond to the local coordi-
nates (6, ¢, ) : SO(3) — (0,7) x (0,27) x (0,27) associated with the local
parametrisation S : (0, 77) x (0,27) x (0,27w) — SO(3) defined by

S0, 9,9)

cosp —sing 0 1 0 0 cosyp —sinyp 0O
= |sing <cosep O 0 cosf —sinéf sinp cosyp O
0 0 1 0 sinf cos@ 0 0 1

Proposition 3.20 If I = I, then the kinetic energy of a rigid body in the local
coordinates (0, ¢, ¢, of,v?,0%) of TSO(3) is given by

%((09)2 + (v?)?sin?0) + Izj(v‘p + 0% cos 0)2. (3.10)

K =
Proof Let S: (a,b) C R — SO(3) be the curve characterising the motion of
the rigid body. For Q) = Q)(t) as in Remark 3.5, we know, by Proposition 3.8
that

1
K = E(IQ,Q). (3.11)
Ql
If we set O, 02 O3 € R such that Q = (QZ) is the representation of () in
Q3

the principal axes coordinate system, we have that
(1I0,0) = [,(QY)? + L(O%)2 + Q%) (3.12)

Now, observe that if S is the curve characterising the motion of the rigid
body with respect to the standard basis of R3, then performing a change of
coordinates to determine the curve characterising the motion of the rigid
body with respect to the principal axes coordinate system amounts to left-
multiplication of S by another S € SO(3), which results in a new curve
SSI C R — SO(3). But since this curve is also a subset of SO(3), we can just
set S = S5, and then we will be working in the principal axes coordinate
system. What we have to do to prove the result, then, is to find Q =T(A)
for the A € s0(3) such that S = SA holds, which we will then insert into
equation (3.12).

By using the parametrisation of S € SO(3) given by the Euler angles in
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Definition 3.19, we get that

S(6,¢,9)

—sing —cosg 0 0 cosyp —siny O
=¢ | cosp —sin go 0 O cos 9 —sinf sinp cosyp O
0 sinf  cosf 0 0 1

cos@ —sing 0 0 0 cosyp —sinyp 0
+0 | sing cosq) 0 —sm9 —cosf | | sing cosyp O

0 0 cosf —sinf 0 0 1
cosp —sing 0 1 —sinyp —cosyp O
+1 [ sing cos (p 0 O cos 9 —siné cosyp —sinyp O
0 sm9 cos 6 0 0 0
and also
st=gT

cosyp siny O 1 0 0 cosp sing 0
= | —sing cosyp 0] |0 cos@ sind —sing cos¢g 0
0 0 1 0 —sinf cos6 0 0 1

= A S B S CS .
Our goal is to compute

A =57"15=5"S = AsBsCs(¢AyByCy + 0 A3B4Cy+ PA;ByCy),

which we will do in intermediate steps:

0 -1 0 0 —cosf sinf
CsAy=|1 0 0] = BsCsA;By = | cos0 0 0
0

0 0 —sinf 0 0
0 —cosf sinf
= A535C5A¢B¢C(p = cosf 0 0 ;
—sinf 0 0

00 O
C5A9' = Identity = 35C5A9'B9' = (O 0 1)
01 0
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0 —cosf sinf
= A535C5A¢B¢C¢ = cos 6 0 0 p
—sinf 0 0

00 O
CsAy = Identity = BsCsAyBy = |0 0 -1
01 O

00 O
= ASBSCSAQBQCQ =10 0 —-1];
01 0

CSAz/J = Identity = B5C5A¢B¢ = Identity

0 -1 0
= ASBSC5A¢B¢C¢ =1 0 0];
0 0 0

The above results put together give us

A=56"16=46T§

0 —cosf sinf 00 O 0 -1 0
=¢ | cost 0 0 |+6|0 0 —-1]+¢|(1 0 0
—sind 0 0 01 0 0 0 0

0 —@cosf—¢P ¢@sinf
= | ¢cosO+ v 0 —0

—¢@sinf 0 0

6
= 0= @sind .
¢cosb +
Inserting the above result into equation (3.12), and using the assumption that
I = I, we get
(10,Q) = [;(6* + ¢?sin® ) + I3(p cos O + 1)?,
which, together with equation (3.11) gives us the desired result. O

Let a rigid body’s motion be described by the curve S : (a,b) C R — SO(3).
For Q) = Q)(t) as in Remark 3.5, we can introduce the following object.

Definition 3.21 (Instantaneous angular velocity) A rigid body’s
instantaneous angular velocity is the vector w := SQ), which determines the axis
about which the rigid body rotates at any given time, with angular velocity || Q).

Remark 3.22 By the above definition, () is the angular velocity as seen in the rigid
body’s rest frame, and so it determines the axis about which the rigid body rotates in
its rest frame.
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3.3. Properties of a Rigid Body with Two Equal Principal Moments of Inertia

We conclude our study of rigid bodies satistying I; = I, with the following
result about the variation of their angular velocity w.

Proposition 3.23 1. The angular velocity of a rigid body with I, = I, satisfies

1
Ww=—=pXw; (3.13)
I

2. if I} = I = I3, then the rigid body rotates about a fixed axis with constant
angular speed (i.e. w is constant).

Proof Let S: (a,b) C R — SO(3) be the curve characterising the motion of
the rigid body. Set () = Q)(t) as in Remark 3.5.

1. By the Euler equations in their general form (3.4) and their representa-
tion in the basis of the principal axes (3.5), and considering that in the
basis of the principal axes

L 00 £ 0 0
1 1
‘=10 L o|l=|0 &+ of, (3.14)
L I
0 0 + 0 0 +
3 3

we have that

(L — )Q?03
O=I"YI0)xQ)=1I" ((13 — 11)0301)

0

1 [(2— L)0?03 1

=T (- L)0 | = I—((IQ) x Q). (3.15)
1 0 1

Observe that SIQ) = p by Lemma 3.12. Together with the fact that

S € SO(3) preserves the cross product x in R3, and by equation (3.15),
we have that

50 = Il((sm) X (SQ)) = 11 (p x ). (3.16)
1 1
Also, we have that
SO =SA0=S(QxQ)=S50=0. (3.17)

Combining equations (3.16) and (3.17) we get

a'J:S'Q-I-SQ:Il(pxw).
1
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3.4. Fictitious Forces

2. If } = I, = I3, then

0
(IQ) x Q = (0)
0

3.4 Fictitious Forces

=Q0=II0)x0)=0
Sw=580+50=0 0O

To close this chapter, we derive the so-called fictitious forces, which appear
to act on particles when viewed in a non-inertial frame of reference, as is the
case on Earth’s surface, for instance. These are the centrifugal force Fc,,;, the
Coriolis force Fc,, and the Euler force Fr. To this end, let us consider a rigid
body whose motion is described by S : R — SO(3), and a particle with mass
m whose motion in the rigid body’s rest frame is given by ¢ : R — R3. For
Q = Q(t) as in Remark 3.5 (observe that, by Remark 3.22, () is also the rigid
body’s angular velocity in its rest frame), the fictitious forces are defined as

Feont = —mQ x (A X &);  Feop = —2mQ x & Fg=-—mQx ¢

For F the external force on the particle as seen in the rigid body’s rest frame,
the equation of motion of the particle is then

A2
mﬁ(&f) = SF. (3.18)
We then get:
d? a, . d, ., d

2 (88) = 75 (88) + 5:(58) = ,(5(Q % 8)) + 8¢ + 8¢
=S(QAXE) +S(QAxE)+S(QxE)+S(QxE)+8¢E
= S5(Qx (AXE)+S(Ox &) +25(Q x &) + 8¢
4>

= SF=m 75 (S¢)

=mS[(QAX (A X&)+ (QAx &) +2(Qx &) +¢] = mSv
= mv=mS Sv=F
=mé=F-m(Qx (QAx¢)—-2m(Qx¢& —m(Qxg),

and so we have derived the equation of motion of ¢ in the rigid body’s rest
frame, which includes the fictitious forces.

Claim 3.24 If the rigid body is a homogeneous sphere rotating freely (like the Earth,
to a good degree of approximation, for instance) then the Euler force vanishes.
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3.4. Fictitious Forces

Proof Recall that the Euler force is defined as Fr = —m() x & ( cf. section 3.4).
We will show that () = 0.

By Proposition 3.3, the matrix representation of the inertia tensor I of the
rigid body in the canonical basis of R? is

JreW+22)dm  — [gexydm — Jis xzdm
I= — Jgs xy dm f]R3(x2 +22) dm — Jre yzdm . (3.19)
— s xzdm — Jro yzdm fR3(x2 +y?) dm

If the rigid body is a homogeneous sphere rotating freely, then

/R3xydm:/R3xzdm:/lR3yzdm:0,

due to symmetry. Further, and again due to symmetry,

A{S(y2+zz)dm:A{3(x2+Zz)dm=/]RB(XZ—i—yz)dm =:a € R

0
0]. (3.20)
14

And so we conclude that all principal moments of inertia are equal (I; =
I, = I3 = «). By the second case of Proposition 3.23 and with A € s0(3) such
that S& = SAZ = S(Q x &) (cf. Remark 3.5) , we get that

Therefore,

0=w=50+S50=5A0+S0=S5(Qx0Q)+SOQ =0+ SO
(S€S03)=S#0)=0=0. 0O

33



Chapter 4

Non-holonomic Constraints

In chapter 2, we studied systems of particles whose motions (and, therefore,
whose positions) are restricted to a subspace of the configuration space.
Non-holonomic constraints account for restrictions to the direction in which
particles of a given system are allowed to move. That is, non-holonomic
constraints impose certain conditions on the velocities of the particles of
a given system. Examples of such systems are given by a wheel rolling
without slipping on a plane or an ice skate that can only move forwards or
backwards along the line on which the skate lies, or rotate about its middle
point, for instance. Analogously to the case of holonomic constraints in
chapter 2, we need an additional term in the Newton equation to impose the
non-holonomic constraints on the system (which is known by the same name:
reaction force). In the case of the ice skate, for example, the reaction force
can be seen as a friction force preventing the skate from sliding sideways.
In the present chapter, we introduce the necessary concepts to consider non-
holonomic constraints on a system. We also study the relationship between
holonomic and non-holonomic constraints. Finally, we consider the example
of a system with non-holonomic constraints given by an ice skate.

4.1 Non-holonomic Constraints and Reaction Forces

4.1.1 Differentiable Distributions and Non-holonomic Constraints

Definition 4.1 (Distribution) A distribution % of dimension m on an n-dimensional
differentiable manifold M is a choice of an m-dimensional subspace ¥, € T,M for
each p € M. The distribution is said to be differentiable if for all p € M there
exists a neighbourhood U containing p and differentiable vector fields X, ..., X, on

U such that

£y = span{(X1)g, ., (Xu)g)
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4.1. Non-holonomic Constraints and Reaction Forces

forall g € U.

Proposition 4.2 An m-dimensional distribution ¥ on an n-dimensional differ-
entiable manifold M is differentiable if and only if for all p € M there exist a
neighbourhood U containing p and 1-forms ', ..., w" ™™ € QY (U) such that

%, = ker(w'), N...Nker(w™™™),

for all g € U, where QO (U) denotes the vector space of 1-forms on U.

We will need the following lemma.

Lemma 4.3 Let M be a differentiable manifold of dzmenswn n, let p 6 M be given,
let U be a neighbourhood containing p. Let £ € {0,...,.n — 1}, let T',..., "¢ €
QY(U). Let g € U be arbitrary. If {(t4),, ..., (7" %), } are linearly mdependent,
then dim (ker(t')g N ... Nker(t"~ %)) = L.

Proof We prove the lemma by induction on the number of 1-forms, which is
equivalent to backward induction on ¢ € {0, ...,.n — 1}:

1. Induction start, ¢ = n — 1: {(t!),} being linearly independent means
that the 1-form is not 0, which implies that dim (ker(t'),) = n — 1.

2. Induction step: Assume the lemma holds for £+ 1, where ¢ € {0,...,.n —
2} is given. Then for ¢ we have that

dim(ker(Tl) N...Nker(t"™ ¢ q) = dim(ker(T l)qﬂ...ﬁker(rn_““))q)
+dim(ker(t""),) — dim(ker(t*)yN ... Oker(T" ((Z*l))q—i—ker('{”*g)q).

By induction assumption dim(ker(t')s N ... Nker(T'=(F1))) = ¢+ 1.
Further, since {(1!)g, ..., (t"%),} are linearly independent, in particular
(1" %)q # 0 = dim(ker(t""*);) = n— 1. Therefore, the statement
will follow if dim(ker(t')y N ... Nker(T"~(HD), + ker(t"~),) = n. To
show this, let v € T;M. Since dim(T,M) = n and dim(ker(r”‘g)q) =
n —1, we can choose v € T;M \ ker(t"~*),. Then T,M = ker(t"~%), +
span{vi}. Assume (7'),(v1) # O for some i € {1,..,n — (¢ + 1)}

Then ker(t'); = ker(t"*), and (7'), = a(t" "), for a := (T(n )é)i(v)])

ie. the set {(1!)g, ... ("7 *);} would not be linearly independent, a
contradiction. Therefore vy € ker(t!),; N...N ker(t"~("*1), and the
statement follows. O

Proof (Proposition) =: Let p € M be arbitrary. Assume that X is differen-
tiable. Then there exists a neighbourhood U containing p and differentiable
vector fields Xj, ..., X;; on U such that

£y = span{(X1)g ., (Xu)g)
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4.1. Non-holonomic Constraints and Reaction Forces

for all g € U. Let g € U. We show that there exist 1-forms w!, ..., 0" €
Ql(U) such that

T, = ker(w')g N ... Nker(w"™™),.

¥; € T;M is m-dimensional, and if a set of m vectors {(X1)g, ..., (Xm)q}
spans an m-dimensional vector space, then it is a basis. This holds for
all ¢ € U, and so we can complete {Xj, ..., X;x} to a moving frame on U
{X1, o0 Xty Y1, 00, Y }, 50 that {(X1)g, -, (Xin) g, (Y1)gs s (Yn—m)q} is a basis
of T,M for all g € U. Take the dual frame {},.., ", !, .., w" "} made up
of n 1-forms on U such that they are linearly independent at each g4 € U and
so that Vq € U:

(T)((Xj)q) = (51 for all (i,j) € {1,..., m}?

(w')q((Yi)q) = (5 forall (i,j) € {1,...,n —m}?

(T)q((Y))g) = (wf)q((X) )=0forall (i,j) € {1,...m} x {1,..,n —m}
1

. Zg Cker(wh)g N ... Nker(w"™M),:

vE X, @v—Z/\ g for some A; € R

'ME

N
Il
—_

= (a)j)q(v) = /\i(a)j)q((Xi)q) =0forallje{1,..,n—m}
= v € ker(w'), N ... Nker(w"™™),.

2. ker(w')y N...Nker(w"™), C 5y

m
UETqM@v:Z/\i +Zy] )q for some A;, pij € R.

A
:Z/\z( +ZV] )—}”k
for all k € {1 SN —m}

:>U—ZA q,le vE Y.

<: Again, let p € M be arbitrary. Assume there exist a neighbourhood U
containing p and 1-forms w!, ..., "™ € O} (U) such that

T, = ker(w')g N ...Nker(w"™™),
forall g € U. Let g € U.
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4.1. Non-holonomic Constraints and Reaction Forces

Claim 4.4 The set of 1-forms {(w?)g, ..., (wW"™™),} is linearly independent.

Proof We prove the claim by induction on the number of 1-forms, which is
equivalent to backward induction on the dimension m of the distribution
(me{l,..,n—1}):

1. Induction start, m = n — 1: {(w'),} is linearly independent if and only
if (w')y # 0, which holds because, by assumption, n — 1 = dim(%,;) =
dim(ker(w')y).

2. Induction step: Assume the claim holds for m + 1, where m € {1,...,.n —
2} is given. If the claim were not to hold, and because by assumption
{(wh)g N ..o (0= m1)), Y is linearly independent, we would have that
(W) = Zz;l(mﬂ) Ax(wk), for some Ay € R, which would imply that
ker(w')g N ... Nker(w"™™),; = ker(w')y N ... Nker (w"= "+, However,
by Lemma 4.3 we would have

m = dim(Z,) = dim(ker(w')q N ... Nker(w"™™),)
= dim(ker(w')y N... Vker(w" ")) = m 41,

a contradiction. O
Since {(w')g, ..., (W"™),} is linearly independent for all 4 € U, we can
complete the set {w!,...,w" ™} to a local co-frame {7, ..., ", !, ..., " "}.
Let {X1,..., Xm, Y1,..., Yu—m } be the dual moving frame. By an analogous
argument to the one used for the only if direction, we have that X, =

ker(w')y N ... Nker(w™ ™), C span{(X1)q, ..., (Xm)q} for all ¢ € U. Finally,
since both sub-spaces of T;M are m-dimensional, equality holds. ]

From this point on, we assume that all distributions are differentiable.

Definition 4.5 A non-holonomic constraint on a mechanical system
(M, (-,-), F) is a distribution ¥ on M. A curve c : (a,b) C R — M is said to be
compatible with ¥ if ¢(t) € L.y for all t € (a,b).

4.1.2 Reaction Forces

Similarly to the case of holonomic constraints, non-holonomic constraints are
accounted for in the Newton equation (1.1) by adding the reaction force.

In a Riemannian manifold (M, (-, -)), any distribution ¥ determines an or-
thogonal distribution =+, given by

(=), = (Zp)" C T,M

for all p € M. Therefore, we can consider the two orthogonal projections
T'TM — L and + : TM — X . The set of all external forces 7 : TM — T*M
satisfying

37



4.2. Integrable distributions

for all v € TM is denoted by Fs.

Definition 4.6 A reaction force on a mechanical system with non-holonomic con-
straints (M, (-,-), F,X) is a force R € Fs, such that the solutions of the generalised
Newton equation

w(%) = FRIE

with initial condition in X are compatible with X.. The reaction force is said to be
perfect, or to satisfy the d’Alembert principle, if

n(R(v) €Z,
forallv € T,M and for all p € M.

Consider a solution to the generalised Newton equation. An analogous
computation to (2.1) (and the subsequent explanation) for the variation of
its kinetic energy, together with Definition 4.6, allows us to conclude that a
perfect reaction force neither creates nor dissipates kinetic energy.

We have the following theorem about the existence and uniqueness of per-
fect reaction forces (analogously to the case of holonomic constraints, cf.
chapter 2).

Theorem 4.7 Given a mechanical system with non-holonomic constraints
(M, (-,-), F, %), there exists a unique reaction force R € Fy, satisfying the d’Alembert
principle.

The proof can be found in Section 4 of Chapter 5 of [1].

4.2 Integrable distributions

Given the similarities in the objects we have defined for holonomic and non-
holonomic constraints, a very reasonable question is what the relationship
between these types of constraints might be. To answer, we must consider
so-called integrable distributions.

Definition 4.8 A foliation of dimension m on an n-dimensional differentiable
manifold M is a family F = {Ly }aca of subsets of M (called leaves) satisfying:

1. M = UgeaLa;
2. L“ﬂLﬁ:@if{X#lB;

3. each leaf L, is pathwise connected, i.e. ¥p,q € L,3c : [0,1] — Ly a
continuous curve such that ¢(0) = p and c(1) = g;
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4.2. Integrable distributions

4. for each point p € M there exists an open set U containing p and local
coordinates (xl, oy X)) 2 U — R such that the connected components of the
intersections of the leaves with U are the level sets of (x™*1,..,x") : U —
R™"™,

Definition 4.9 An m-dimensional distribution X on a differentiable manifold M is
said to be integrable if there exists an m-dimensional foliation F = {Ly }yea 0on M
such that

Xy = Tp(Lp)

forall p € M, where Ly, is the leaf containing p. The leaves of F are called the
integral submanifolds of the distribution.

Integral distributions are particularly simple. For instance, the set of points
g € M which are accessible from a given point p € M by a curve compatible
with the distribution is simply the leaf L, containing p. If the leaves are
embedded submanifolds of M, then an integrable non-holonomic constraint
is equivalent to a set of holonomic constraints on the mechanical system. This
is the reason why integrable distributions are also known as semi-holonomic
constraints, while non-integrable ones are known as true non-holonomic
constraints. We are therefore interested in identifying integrable distributions.
The Frobenius Theorem provides a necessary and sufficient condition.

Definition 4.10 Let 3. be a distribution on a differentiable manifold M. A differ-
entiable vector field X on M is said to be compatible with . if X, € X, for all
p € M.

Definition 4.11 A distribution . on a differentiable manifold M is said to be
involutive if for any two differentiable vector fields X,Y on M that are compatible
with ¥, [X, Y] is also compatible with ¥.

Theorem 4.12 (Frobenius) A distribution X on a differentiable manifold M is
integrable if and only if it is involutive.

The proof can be found in Section 3 of Chapter 2 of [3].

Proposition 4.13 An m-dimensional distribution X on an n-dimensional manifold
M is integrable if and only if Vi € {1,...,.n —m}:

dw' AW A AW ™ =0

for all locally defined sets of differential forms {w?, ...,w" =™} whose kernels deter-
mine X.

Proof Let p € M be arbitrary, let U be a neighbourhood containing p, let
g € U. In the proof of the if direction of Proposition 4.2, we argued that if

T, = ker(w')g N ... Nker(w"™™),,
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4.2. Integrable distributions

then {(w!)y, ..., (w"™™),} is a linearly independent set for all q e U, and
so we can complete {w!,...,w" ™} to a local coframe {7}, ..., T"w!, ..., w" ™}
on U. Let {Xj, ..., X Y1, ..., Yn—m } be the moving frame dual to the coframe.
Then

2y = span{(X1)g, ., (Xm)q}

forall g € U.
Foragiveni € {1,..,n —m}:

m m n—m n—m

i__ i a b i a b i a b

dw' = Y AT AT+ Y Y T A+ Y vt Aw
a,b=1 a=1 b=1 a,b=1

for some AL, ul, Vi, € C*(U).

This implies, on the one hand, that

dw' AW A AT = Z ALTATP AW A AT
a,b=1

and, on the other hand, that Vj, k € {1, ..., m}:

' m m n—m
da]l(X]', Xy) = Z /\Zb’l'a /\Tb(X]’, X)) + Z 2 yabr /\(,U Xk)
a,b=1 a=1 b=1
n—m
+ Y vt A (X, X Z /\’béaék
a,b=1 a,b=1

Therefore, by combining the two obtained results, the statement of the propo-
sition is equivalent to the statement X is integrable if and only if dw' (X Xx) =0
forallie {1,.,n—m} and forall j,k € {1, ..., m}.

Another expression for dw'(Xj, X) is

dwi(Xj, Xk) = iji(Xk) - kai(Xj) — wi([X]‘, Xk])

However, for alli € {1,..,n —m} and forall j € {1,..,m} : w(X;) =0, and
SO

dw' (X, Xi) = —w'([Xj, X)) = [dw' (X, Xk) = 0 < '([X;, Xi]) = 0].

Now observe that, because of the bilinearity of [-,-] and the fact that
{(X1)gs - (Xin)q} is a basis of L4, w'([Xj, Xi]) = 0 foralli € {1,..,n —m}
and for all j, k € {1,...,m} if and only if X is involutive.

Finally, the proposition follows by the Frobenius Theorem 4.12. O
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4.3. An Ice Skate

4.3 An lce Skate

We can model an ice skate in a simplified way as a line segment that can
move either in the same direction of the line segment, either forwards or
backwards, or rotate about its middle point (in particular the ice skate
cannot slide sideways). To describe the position of the skate, we can use the
configuration space R x S! and take the first two coordinates (x,y) to be the
middle point of the line segment that represents the ice skate, and the third
coordinate (0) to be the angle between the line segment representing the
ice skate and the x-axis. From now on we will say ice skate to mean the line
segment representing the ice skate. The restrictions we impose on the possible
motion of the ice skate are equivalent to a non-holonomic constraint on the
system. That the motion of the ice skate can only be along the same direction
of the ice skate means that (¥,7) must be proportional to (x,y), which is
itself proportional to (cos6,sin@). Therefore, using the characterisation of
distributions provided by Proposition 4.2, we must require that the motion
of the ice skate be compatible with the distribution £ defined on R? x S! by
the kernel of the 1-form

w = —sinOdx + cosdy.

To determine whether we are dealing with an integrable distribution, we use
Proposition 4.13. We have

dw = — cos 0df N dO — sin0df A dy

= dw Aw = —cos® 0d0 A dx A dy + sin® 040 A dy A dx
= —dxNdy ANdf #0,

and so the distribution is not integrable.

Proposition 4.13 makes use in its proof of the Frobenius Theorem 4.12. We
can also show that X is not integrable without using the Frobenius Theorem
by making the following observation:

Assume that a distribution ¥, m-dimensional, were integrable. Then the set
of all points g € M which are accessible from a given point p € M by a
curve compatible with ¥ is the leaf L, containing p of the corresponding
m-dimensional foliation F on M.

In the case of our present example, the ice skate, we will show that the whole
configuration space R? x S! is accessible from any given point p € M by
a curve compatible with X, thereby implying that no such foliation exists,
meaning that 2 is non-integrable.

Claim 4.14 Let p,q € R? x SL. Then there exists a piecewise differentiable curve
c:[0,1] — R? x S! compatible with ¥. such that c¢(0) = p and ¢(1) = g.

Proof In order to get from p =: (x1,11,61) to g =: (x2,12,62), we need to
break our motion into three steps: first we need to align the ice skate with

41



4.3. An Ice Skate

the vector (x — x1,y2 — y1) (a rotation), then we need to get to (x,12) and
finally we need to rotate the ice skate again to get to q. Set

Y2y :
§.— arctan ﬁ ) %f X1 # X ‘ 1)
sgn(y2 —y1)5 ifxi =x
Define ¢ : [0,1] — R? x S! as
(x1,y1,61 +3t(0 — 67)) for t € [0, 1]
c(t) = q (x1+ (Bt = 1) (x2 = x1),y1 + (3t = 1)(y2 —y1),0) forte[3,3].
(x2, 2,0+ (3t —2)(6, — 0)) for t € [2,1]

c is clearly piecewise differentiable and c¢(0) = p,c(1) = g. Further,

(0,0,3(6 — 6y)) for t € (0,3)
C(t) = (3(XZ — xl),3(y2 —yl),O) fort € (%,%) ,
(0,0,3(6, — 8)) fort € (3,1)

which is in the kernel of w = — sin 8dx + cosfdy for all t in either of the three
intervals. In particular, for t € (%, %) this holds l?y the definition of 6 (~4.1),
since the definition implies that y» — y; = A;sinf and x, — x; = A; cos 0 for
some A; € R. Therefore, c is compatible with X and the claim follows. O

We conclude by characterising the possible motions of the ice skate.

Claim 4.15 Assume that the kinetic energy of the skate is

I
K== ()7 +(@)) + 52
2 2
and that the reaction force is perfect. Then the motion of the ice skate is either a

straight line or a circle, and it has constant speed.

We will need the following lemma.

Lemma 4.16 Let V be an n-dimensional vector field over R, let f,g € V*. If
ker(f) C ker(g), then g = Af for some A € R.

Proof If ¢ = 0 the statement is trivial. Assume, therefore, that ¢ # 0. If
f=0,then V =ker(f) = ker(g) = g=0.

If f # 0, then dim(im(f)) = 1 (since im(f) = R) = dim(ker(f)) = n—1.
Let {v1,...,v,_1} be a basis of ker(f) (if n = 1, we take the empty set). For

v & ker(f) : {v1,...,vy—1} U{v} is a basis of V. By setting A := Jg% we have
g(u) =Af(u) forall u € {vy,...,v,-1,v} (i-e. for all elements of a basis of V)

and so the lemma follows. O
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Proof (Claim) By Proposition 1.6
D¢ y , i
i <dt> = M(&dx + jdy) + 16d6. 4.2)
Observe that, since by assumption the reaction force R is perfect, for all
te(a,b) CR:
HTHR(E()) € Ty = Vo € Ty : R(E(H) (0) = (7 (R(E(H)),0) = 0
= Ty C ker(R(¢(1))).

Recalling that ¥ ;) = ker(w,(;)) and by using Lemma 4.16, we can therefore
write

R(e(t) = a(t)w (4.3)

for all t € (a,b), where a : (a,b) C R — R. The motion of the ice skate
must satisfy the generalised Newton equation in Definition 4.6. Since we
have no external force besides the reaction force, the right hand side is given
by equation (4.3) (recall the definition of w in (4.3)). The left hand side is
given by equation (4.2). Together, we obtain that the motion must satisfy
(not-explicitly stating the dependency of t)

Midx + Mijdy + 10d0 = —a sin 0dx + a cos 0dy.

The motion must also be compatible with the distribution %, i.e. (again
leaving the dependency on ¢ implicit, and writing X for X, and ker(w) for

ker(w)e(r))
(%,9,0) € T = ker(w) < %sin® = ycos#.

We then obtain a system of ODEs that the motion of the ice skate must satisfy:

Mx = —asinf
My:acosﬁ 4.4)
=0
xsinf = ycos 6
Firstly, the third ODE of the system (4.4) implies that
0(t) = 6y + vit (4.5)

for some integration constants 6, vg € R. We make the following case

distinction:
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4.3. An Ice Skate

1. 0§ # 0
Differentiating the fourth ODE, taking into account that 6 is given by
equation (4.5), and substituting the values of ¥, i/ and y into the ensuing
equation according to the first, second and fourth ODEs respectively,
we get

d, .. d, .
ﬁ(xsmf)) = a(ycosQ)

= ¥sin 6 + vt cos = jjcos§ — viysin b
o . . n . .
& —Msm29—|—z]8xc059 = MCOSZG — v8% tan 0 sin 0

0. 144 . 24
vpX = — & x = ——cosO. (4.6
0 M Moh (46)

cos 6

Differentiating x* and comparing the resulting equation to the first ODE
in the system (4.4), we see that a(f) = & = const. € R. Finally, we get

x=x(t) = sin 6 + xo (4.7)

_r
M(v)?

for some integration constant xo € R. By substituting equation (4.6)
into the fourth ODE of the system (4.4), we get

sin 6

y= Mo}

and, consequently,

14
y y( ) M(Ug)z COs +y0 ( )

for some integration constant iy € R.
Observe that, by equations (4.7) and (4.8)

\/(x —x0)*+ (y —vo)* = M(ef)2"

Jee]
M(vg)2

implying that the motion of the ice skate is in a circle of radius

centered at (xo,10) € R%. Further, the speed of the motion is

(%)% + (y)? = Yol const. € R.

Remark 4.17 In this case, the reaction force can be understood to be a friction
force preventing the ice skate from sliding sideways, so that it stays in a
circular trajectory.
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4.3. An Ice Skate

2. 05 =0:
In this case, equation (4.5) implies that 6 = 6y = const. € R. By
differentiating the fourth ODE in the system (4.4) and substituting &
and j into the obtained equation according to the first and second
ODE:s in the system (4.4), we get

¥sin@ = jjcos 0 = —%sinZG = %coszﬁﬁzx =0.

This readily implies, by the first and second ODEs in the system (4.4),
that
¥ = xo + vpt 4.9)
i = yo + vyt (4.10)
for some integration constants xg, yo, vj, v% € R. The motion of the
ice skate is, therefore, along a straight line though (xo,10) € R?, with
constant speed 4/ (v3)2 + (v)2.
Remark 4.18 In this case, by the generalised Newton equation in Definition 4.6,

we have that B¢ = 0 = R(¢) = u (5¢) = 0, and so the reaction force vanishes.

O
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