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Preface

I first became enamoured of the Fels and Olver formulation of the moving
frames theory when it helped me solve a problem I had been thinking about for
several years. I set about reading their two 50-page papers, and made a 20-page
handwritten glossary of definitions. I was lucky in that I was able to ask Peter
Olver many questions and am eternally grateful for the answers.

I set about solving the problems that interested me, and realised there were
so many of them that I could write a book. I also wanted to share my amazement
at just how powerful the methods were, and at the essential simplicity of the
central idea. What I have tried to achieve in this book is a discussion rich in
examples, exercises and explanations that is largely accessible to a graduate
student, although access to a professional mathematician will be required for
some parts. I was extremely fortunate to have six students read through various
drafts from the very beginning. The comments and hints they needed have been
incorporated, and I have not hesitated to put in a discussion, example, exercise
or hint that might be superfluous to a professional.

There is a fair amount of original material in this book. Even though some
of the problems addressed here have been solved using moving frames already,
I have re-proved some results to keep both solution methods and proofs within
the domain of the mathematics developed here. I love coming up with simpler
solutions. In particular, the variational methods developed in Chapter 7 are
my own. The theorem on moving frames and Noether’s Theorem, which was
discovered and proved with Tania Gongalves, particularly pleases me. The
application of moving frames to the solution of invariant ordinary differential
equations is also new. I was particularly chuffed to solve the Chazy equation
using relatively simple calculations, see Chapter 6. Theorem 5.2.4 allowing
one to write down the curvature matrices in terms of a matrix representation
of the frame was published earlier in Mansfield and van der Kamp (2006), and

ix



X Preface

there are some fun exercises giving new applications. Finally some minor (and
not so minor) errors in the original papers have been corrected.

The natural setting of the problems that interested me did not fit well with
the language of differential geometry in which all discussions of moving frames
were couched, so I set about casting the calculations into ordinary undergrad-
uate calculus in order to explain it in my papers and then to teach it to my
students. It was clear that a major benefit of Fels and Olver’s formulation of the
central concept was that it actually freed the moving frame method from the
confines of differential geometry; that it could apply equally well to differential
difference problems, to discrete problems, to all kinds of numerical approxi-
mations and so on. In any event, there are serious problems with that language
as an expository tool." Thus when I decided to write up my notes into a book,
I was clear in my own mind that I was not going to use the exterior calculus as
the primary expository language. Nevertheless, it is important to have available
coordinate-free expressions if we are not to suffer ‘death by indices’. What I
wanted was a language that offered concrete models of objects like smooth
functions, vectors and vector fields, capable of use in both finite and infinite
dimensional spaces, that was linked in an open, explicit and well-defined way
to multivariable calculus, and for which there was a good literature where the
central significant theorems were proved properly. The language I needed, and
use, is that of Differential Topology. I learned this subject twice, first at the
University of Sydney in lectures given by M. J. Field, and then at the Univer-
sity of Wisconsin, Madison, in a year long course given by Dennis Stowe. I am
extremely grateful to them both. The notation and language that I use in this
book is what they both independently taught me, which has stood me in good
stead my whole career.

A huge contribution to the theory of moving frames, as they can be studied
rigorously in a symbolic computation environment, has been made by Evelyne
Hubert. One of the main benefits of the Fels and Olver formulation of moving
frames is that much of the calculation can be done symbolically in a computer
algebra environment. The fact that one can have a symbolic calculus of invari-
ants, without actually solving for the frame, is what turns this theory from the
merely beautiful to the both beautiful and useful; this is the hallmark of the
best mathematics. From the point of view of rigorous symbolic computation,
though, there were problems, in particular with the need to invoke the implicit
function theorem because this is a non-constructive step. Evelyne Hubert and
Irina Kogan (Hubert and Kogan, 2007a) provide algebraic foundations to the
moving frame method for the construction of local invariants and present a

T Don’t get me started.



Preface xi

parallel algebraic construction that produces algebraic invariants together with
the relations they satisfy. They then show that the algebraic setting offers a
computational solution to the original differential geometric construction.

A second problem solved by Evelyne Hubert was the lack of a theory to
analyse the differential systems resulting from invariantisation, since these
involve non-commuting differential operators. Indeed, none of the edifice of
mathematics that had been produced to study over determined differential
systems rigorously was applicable, although an equivalent theory was needed
for the applications (Mansfield, 2001). In a beautiful exposition (Hubert, 2005),
the web of difficulties was pulled apart, the necessary concepts and results were
lined up in order, and the required theory was developed.

A third problem solved by Hubert was that of proving that a certain small,
finite set of syzygies, or differential relations satisfied by the invariants, gen-
erated the complete set of syzygies (Hubert, 2009a). This was important since
the theorem written down by Fels and Olver turned out to be false in general.

Finally, Hubert finds a set of generators of the algebra of differential invari-
ants that are not only simple to calculate but simple to conceptualise (Hubert,
2009b).

To give an exposition of these papers at the level I wrote this volume
would require another volume, with a substantial expository section on over
determined systems. However, the papers are accessible and I commend them
to the reader.

When I started to view the material from the point of view of my target
audience, primarily people wanting to use the methods but not having learnt
(nor wanting to learn) Differential Geometry, and also graduate students, I
came to realise that the subject involves a significant range of mathematics that
could not realistically be assumed knowledge. Brief but necessary remarks on
topics from transversality to foliations to jet bundles, and on calculations in
Lie algebras and the variational calculus, all swelled to much longer expository
sections than I anticipated. One central classical theorem for which I could not
find a decent modern exposition of the proof was Frobenius’ Theorem, so I
have outlined the proof in a series of exercises. The outline is based on that
given in lectures at the University of Wisconsin, Madison, by Dennis Stowe, to
whom I acknowledge my debt.

In writing this book I have tried to steer a course through the material that
is both honest and pragmatic. If being rigorous would have involved too long
a detour, I chose computation of examples and discussion over rigour; it is
more insightful to discuss the meaning rather than the proof of a result when
there is a good text that can be consulted for further reading. Where I do give a
proof, though, I aimed for the proof to follow rigorously from the established
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base of knowledge. Interestingly, sometimes not even the cleanest, simplest
proofs reveal the inner truth: the full understanding of theorems can only be
achieved after a range of examples can be computed. I give many exercises,
hints, and details in my own calculations to help my readers to two levels of
computational expertise: first, to be able to correctly work simple examples
that can be done by hand or performed interactively with a computer algebra
package, and second, to be able to write a computer program to do his or her
own larger examples.

I wish to thank Peter Olver, Evelyne Hubert, Peter Hydon and Francis Vali-
quette, who sent me comments. I had some great discussions with Gloria Mar{
Beffa, resulting in several beautiful examples that are described in the text.
Peter van der Kamp’s insistence on in-depth detail for his own understanding
of moving frames made this a much better book. Tania Gongalves, Richard
Hoddinott, Jun Zhao and Andrew Wheeler worked through the exercises; read-
ers can thank them for the hints and for amplified discussions in various places.
I road tested the very first set of notes on Emma Berry and Andrew Martin
whose comments helped me see things from my target audience’s point of
view.

As ever, I wish to thank my dear husband Peter Clarkson who supported
me in a million different ways when the going got tough. I have faced and
overcome some extraordinary obstacles in order to have a mathematical career;
I have my father Dr Colin Mansfield, my PhD thesis supervisor Dr Edward
Fackerell (Sydney), and my mentor Professor Arieh Iserles (Cambridge) to
thank for their extraordinary timely support. Words cannot express how lucky
and how grateful I feel to have such stalwart friends and fellow travellers.

The author would like to acknowledge the Engineering and Physical
Sciences Research Council (UK) grant, ‘Symmetric variational problems’
EP/E001823/1.



Introduction to invariant and
equivariant problems

The curve completion problem

Consider the ‘curve completion problem’, which is a subproblem of the much
more complex ‘inpainting problem’. Suppose we are given a partially obscured
curve in the plane, as in Figure 0.1, and we wish to fill in the parts of the curve
that are missing. If the missing bit is small, then a straight line edge can be a
cost effective solution, but this does not always give an aesthetically convincing
look. Considering possible solutions to the curve completion problem (Figure
0.2), we arrive at three requirements on the resulting curve:

¢ it should be sufficiently smooth to fool the human eye,

e if we rotate and translate the obscured curve and then fill it in, the result
should be the same as filling it in and then rotating and translating,

¢ it should be the ‘simplest possible’ in some sense.

The first requirement means that we have boundary conditions to satisfy as well
as a function space in which we are working. The second means the formulation
of the problem needs to be ‘equivariant’ with respect to the standard action
of the Euclidean group in the plane, as in Figure 0.3. This condition arises
naturally: for example, if the image being repaired is a dirty photocopy, the
result should not depend on the angle at which the original is fed into the
photocopier.

All three conditions can be satisfied if we require the resulting curve
to be such as to minimise an integral which is invariant under the group
action,

/L(S,K, Ks,...)ds, (0.1)
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Figure 0.1 A curve in the plane with occlusions.

Figure 0.2 Which infilling is best?

; rotate .

\) »»»»» rotate _____ \

Figure 0.3 The solution is equivariant.

where s is arc length and « the Euclidean curvature,

Uy d 1 d
K= —""np, —= 0.2)
(14 u2)3? ds 1+u2dx
andds = /1 + u2 dx.
The theory of the Calculus of Variations is about finding curves that minimise
integrals such as equation (0.1), and the most famous Lagrangian in this family
is

Llu] = /K2 ds. (0.3)
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The main theorem in the Calculus of Variations is that the minimising curves
satisfy a differential equation called the Euler—Lagrange equation. There are
quite a few papers and even textbooks that either ‘prove’ or assume the wrong
Euler—Lagrange equation for (0.3), namely that the minimising curve is a circle,
that is, satisfying k = c. The correct result, calculated by Euler himself, is that
the curvature of the minimising curve satisfies

1

Kes + <= 0, 0.4)

which is solved by an elliptic function. Solutions are called ‘Euler’s elastica’
and have many applications. See Chan ef al. (2002) for a discussion relevant to
the inpainting problem.

While Euler-Lagrange equations can be found routinely by symbolic com-
putation packages, and then rewritten in terms of historically known invariants,
this process reveals little to nothing of why the Euler-Lagrange equation has
the terms and features it does. The motivating force behind Chapter 7 was to
bring out and understand the structure of Euler—Lagrange equations for vari-
ational problems where the integrand, called a Lagrangian, is invariant under
a group; the groups relevant here are not finite groups, but Lie groups, those
that can be parametrised by real or complex numbers, such as translations and
rotations.

One of the most profound theorems of the Calculus of Variations is Noether’s
Theorem, giving formulae for first integrals of Euler—Lagrange equations for
Lie group invariant Lagrangians. Most Lagrangians arising in physics have such
an invariance; the laws of nature typically remain the same under translations
and rotations, also pseudorotations in relativistic calculations, and so on, and
thus Noether’s Theorem is well known and much used.

If one calculates Noether’s first integrals for the variational problem (0.3),
the result can be written in the form,

1 Uy
Vi+u2 14+
C1 u 1 —K2
o | = a 0 -2« (0.5)
o Vitur  J1+u] »
XUy — U UUy + X |

JI+u2 1+ u?

where the ¢; are the constants of integration. The first component comes from
translation in x, the second from translation in # and the third from rotation in
the (x, u) plane about the origin. The 3 x 3 matrix appearing in (0.5), which
I denote here by B(x, u, u,), has a remarkable property. If one calculates the
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induced action of the group of rotations and translations in the plane, that is,
the special Euclidean group SE(2), on B, componentwise, then one has

B(g-x,g-u,g -u,)=R(g)B(x,u,u,), forallge SEQR)

where R(g) is a particular matrix representation of SE(2) called the Adjoint
representation. In other words, B(x, u, u,) is equivariant with respect to the
group action, and is thus an equivariant map from the space with coordi-
nates (X, u, Uy, Uyy, ...) to SE(2). The equivariance can be used to under-
stand how the group action takes solutions of the Euler—Lagrange equations to
solutions.

Equivariant maps are, in fact, the secret to success for the invariant calculus.
They are denoted as a ‘moving frame’ and are the central theme of Chapter 4. In
Chapter 7 we prove results that give the structure of both the Euler—Lagrange
equations and the set of first integrals for invariant Lagrangians, using the
symbolic invariant calculus developed in Chapters 4 and 5. The fact that
the formula for Noether’s Theorem yields the very map required to establish
the symbolic invariant calculus, used in turn to understand the structure of the
results, continues to amaze me.

Curvature flows and the Korteweg—de Vries equation

Consider the group of 2 x 2 real matrices with determinant 1, called SL(2),

which we write as
SL(2)={(a b>|ad—bc=1}.
c d

We are interested in actions of this group on, say, curves in the (x, u) plane,
that evolve in time, so our curves are parametrised as (x, 7, u(x, t)). Suppose
for g € SL(2) we impose that the group acts on curves via the map

au+b

cu+d’

Using the chain rule, we can induce an action on u, and higher derivatives, as

g-x=ux, g-t=t, g-u=

_0(gu) Uy
T Agx) (cu+d)?

X

and
a(g - uy)

g Uxx =
a(g - x)
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and so on. It is then a well-established historical fact that the lowest order
invariants are

u u 3u?

W=—", V=" )

Uy U, 2 u?
The invariant V is called the Schwarzian derivative of u and is often denoted
as {u;x}. This derivative featured strongly in the differential geometry of a
bygone era; it is used today in the study of integrable systems. The reason is
as follows. The invariants V and W are functionally independent, but there is
a differential identity or syzygy,

av— 83+2va+v w
ar \ox3 dx )

H

The operator ‘H appearing in this equation is one of the two Hamiltonian
operators for the Korteweg—de Vries equation, see Olver (1993), Example 7.6,
with V = u/3. Thus, if W = V, that is if u, = u,{u; x}, then V(x, r) satisfies
the Korteweg—de Vries equation.

In fact there are many examples like this, where syzygies between invariants
give rise to pairs of partial differential equations that are integrable, with one
of the pair being in terms of the invariants of a given smooth group action.
Another example of such a pair is the vortex filament equation and the non-
linear Schrodinger equation. In that case, the group action is the standard action
of the group of rotations and translations in R*. We refer to Mansfield and van
der Kamp (2006) and to Mari Beffa (2004, 2007, 2008a, 2008b) for more
information.

The essential simplicity of the main idea
For many applications, what seems to be wanted is the following:

given the smooth group action, derive the invariants and their syzygies
algorithmically, that is, without prior knowledge of 100 years of differential
geometry, and with minimal effort.

To show the essential simplicity of the main idea, we consider a simple set
of transformations of curves (x, u(x)) in the plane given by

X X=Ax+k, U U=, A # 0. (0.6)
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The induced action on tangent lines to the curves is given by the chain rule:

dﬁ_dﬁ(ﬁ)”_km

d¥ — dx \dx A

Uy

ZMX

and so u, is an invariant. Continuing, we obtain

MXX u > MXXX
’ XXX
A A2

and so on. Of course, in this simple example, we can see what the invariants

Uyy H>

have to be. But let us pretend we do not for some reason, and derive a set of
invariants.

The basic idea is to solve two equations for the two parameters A and k. If
we take ¥ = 0 and & = 1, we obtain

A=-—, k=-2. 0.7)

We give these particular values of the parameters the grand title ‘the frame’. If
we now evaluate the images of u,, Uy, . .. Under the mapping, with A and k
given by the frame parameters in equation (0.7), we obtain

uX)(X
A2

Uxx 2
Uxx > —)\' = Ulyy, Uxxx F> = U Uxxx,

We now observe that the final images of our maps are all invariants. Indeed,

u
2 2 XXX 2
U Uxxx > ()\,I/t) ( 22 ) = U Uxxx

and so on. The method of ‘solve for the frame, then back-substitute’ has
produced an invariant of every order, specifically

n—1
I, =u""uxx .. x.
N ——
n terms

It is easy to show that any invariant can be expressed in terms of the /. Indeed,
if F(x,u, u,,...)is an invariant, then

Fx,u,uc,uyy,...)=F (Ax +k,Au, uy, u%’ . ) 0.8)

for all A and k. If T use the ‘frame’ values of the parameters in equation (0.8), I
obtain

F(-x’u5uX5uxX9'-')=F(Oalauxauuxxv"')zF(0717117[27'-')'

Since any invariant at all can be written in terms of the /,, we have what is
called a generating set of invariants.
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But that is not all. If T use the same approach on the derivative operator

then the final result,

d
D=u—
dx
is invariant, that is,
- d
D—u—=u—="D.
dx dx

Differentiating an invariant with respect to an invariant differential operator
must yield an invariant, and indeed we obtain

DL=L,  Dh=5L+1Lh (0.9)

and so on.

Equations of the form (0.9) are called symbolic differentiation formulae.
The major advance made by Fels and Olver (Fels and Olver, 1998, 1999) was
to find a way to obtain equations (0.9) without knowing the frame, but only the
equations used to define the frame, which in this case were X = 0, u = 1.

If we now look at a matrix form of our mapping,

A0 k
=10 2 O
0 0 1

— S =

and evaluate the matrix of parameters on the frame, we obtain ‘the matrix form
of the frame’,

1 X
-0 -Z=
u u
— 1
olx,u) = 0o - 0
u
0 0 1
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Going one step further, if we act on this matrix o(x, u), we obtain

1 X
= 0 —=
u u
7.0 = 1
olx,u) = 0 = 0
u
0 O 1
1 0o -2 1 k
u u % 0 Y
= o L o !
” 0 5 0
0 0 1 0 0
A0 k)
= ox,u){0 2 O
0 0 1

What this result means is that ‘the frame’ is equivariant with respect to the
mapping (0.6).

The miracle is that the entire symbolic calculus can be built from the equiv-
ariance of the frame and ordinary multivariable calculus, even if you do not
know the frame explicitly, that is, even if you cannot solve the equations giving
the frame for the parameters.

The one caveat is that not any old mapping involving parameters can be
studied this way; the mapping (0.6) is in fact a Lie group action, where the Lie
group is the set of 3 x 3 matrices

A0 k
0 A 0] |rkeRA>0
0 0 1

(amongst other representations) which is closed under multiplication and inver-
sion.

Not all group actions are linear like (0.6), and since we do not need to assume
linearity for any of the theory to be valid, we do not assume it. However, often
the version of a theorem assuming a linear action is easier to state and prove,
and so we tend to do both.
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Overview of this book

My primary aim in writing this book was to bring the theory and applications
of moving frames to an audience not wishing to learn Differential Geometry
first, to show how the calculations can be done using primarily undergraduate
calculus, and to provide a discussion of arange of applications in a fully detailed
way so that readers can do their own calculations without undue headscratching.

The main subject matter is, first and foremost, smooth group actions on
smooth spaces. Surprisingly, this includes applications to many seemingly
discrete problems. The groups referred to in this book are Lie groups, groups
that depend on real or complex parameters. In Chapter | we discuss the basic
notions concerning Lie groups and their actions, particularly their actions as
prolonged to derivative terms. Since there is a wealth of excellent texts on
this topic, we cruise through the examples, calculations and basic definitions,
introducing the main examples I use throughout.

The following two chapters give foundational material for Lie theory as I
use and need it for this book. I could not find a good text with exactly what was
needed, together with suitable examples and exercises, so I have written this
myself, proving everything from scratch. While I imagine most readers will
only refer to them as necessary, hopefully others will be inspired to learn more
Differential Topology and Lie Theory from texts dedicated to those topics.

In Chapter 2, I discuss how multivariable calculus extends to a calculus on
Lie groups; this is mostly an introduction to standard Differential Topology for
the particular cases of interest, and a discussion of the central role played by
one parameter subgroups. The point of view taken in Differential Topology, on
‘what is a vector’ and ‘what is a vector field’, is radically different to that taken
in Differential Geometry. The first theory bases the notion of a vector on a path,
the second on the algebraic notion of a derivation acting on functions. There are
serious problems with a definition of a vector field as a derivation.' On the other
hand, the notion of a vector as a path in the space, which can be differentiated at
its distinguished point in coordinates, is a powerful, all purpose, take anywhere
idea that has a clear and explicit link to standard multivariable calculus. Further,
anyone who has witnessed a leaf being carried by water, or a speck of dust
being carried by the wind, has already developed the necessary corresponding
intuitive notion. Armed with the clear and useful notion of a vector as a path,
everything we need can be proved from the theorem guaranteeing the existence
and uniqueness of a solution to first order differential systems. So as to give

T Not the least problem is that the chain rule needed for the transformation of vectors does not
follow from this definition alone, which can apply equally well to strictly algebraic objects.
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those well versed in one language insight into the other, we give some links
between the two sets of ideas and the relevant notations.

In the second chapter on the foundations of Lie theory, Chapter 3, we discuss
the Lie bracket of vector fields and Frobenius’ Theorem and from there, the
Lie algebra, the Lie bracket, and the Adjoint and adjoint actions. The two
quite different appearances of the formulae for the Lie bracket, for matrix
groups and transformation groups, are shown to be instances of the one general
construction, which in turn relies on the Lie bracket of vector fields in R”. While
many authors simply give the two different formulae as definitions, I was not
willing to do that for reasons I make clear in the introduction to that chapter.

Chapters 4 and 5 are the central chapters of the book. The key idea under-
lying the symbolic invariant calculus is a formulation of a moving frame as
an equivariant map from space M on which the group G acts, to the group
itself. When one can solve for the frame, one has explicit invariants and invari-
ant differential operators. When one cannot solve for the frame, then one has
symbolic invariants and invariant differential operators. This is the topic of
Chapter 4, which introduces the distinguished set of symbolic invariants and
symbolic invariant differentiation operators used throughout the rest of the
book. Chapter 5 continues the main theoretical development to discuss
the differential relations or syzygies satisfied by the invariants, and introduces
the curvature matrices. These are well known in differential geometry, and we
discuss the famous Serret—Frenet frame, but they have other applications; in
particular, they can be used to solve numerically for the frame. Both chapters
have sections detailing various applications and further developments; sections
designated by a star, *, can be omitted on a first reading.

From this firm theoretical foundation, a host of applications can be described.
The two most developed applications in this book are to solving invariant
ordinary differential equations, and to the Calculus of Variations. In fact, there
is a long history of using smooth group actions to solve invariant ordinary
differential equations; normally one would think of this theory as a success
story, with little more to say. However, we describe in Chapter 6 just how much
more can be achieved with the new ideas. Similarly, the Calculus of Variations
is a classical subject that one might think of as fully mature. In Chapter 7, the
use of the new ideas throws substantial light on the structure of the known
results when invariance under a smooth group action is given.

The three applications that pleased me the most were solving the Chazy
equation, finding the equations for a free rigid body without any mysterious
concepts, and the final theorem of the book, showing the structure of the first
integrals given by Noether’s Theorem. All three came out of trying to develop
interesting exercises for this book.
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Other applications to discrete problems, to functional approximations or
numerical integration problems, remain to be developed in the research liter-
ature to the same level as those I have written about here. These are some of
my favourite applications, but I ran out of time and space. Another application
I wanted to include was the extension of the Fels and Olver reformulation of
the moving frame to pseudogroups (Cheh et al., 2005; Olver and Pohjanpelto,
2008; Shemyakova and Mansfield, 2008). This, too, will have to wait for a
second volume.

How to read this book ...

... is with pencil, paper and symbolic computation software. The only way to
see the magic is to do it.
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Actions galore

1.1 Introductory examples

A symmetry of a function is a coordinate transformation which leaves the
function invariant. Consider the function r(x, y, z) = v/x% + y2 + z2 which is
the distance of a point (x, y, z) € R? from the origin. This function is invariant
under rotations about the origin. Indeed, consider a rotation matrix R : R} —
R3. First note that R R = I3, the 3 x 3 identity matrix. Setting x = (x, y, z)T
and X = (X, 7, Z)T = Rx, then
x2+y2+z2=xTx

= x" RT Rx

= (Rx)T Rx

= XX

=X*+v*4 7%

Next consider T = 7(x, y, z, ) known as ‘proper time’, arising in the theory
of special relativity, given by

AP =R —x - y2 -z

2

where ¢ is the speed of light, assumed to be a constant. Symmetries of t

include rotations in the space variables (x, y, z). Since both x> 4+ y? + z? and

t are invariant under rotations in the space variables, T is invariant.
Pseudorotations are also symmetries of t. These can be described in a variety

of ways. If we set y and z to be invariant and restrict our attention to (x, t)

space, then a pseudorotation g(v) is given by

(1) s (3):

12



1.1 Introductory examples 13

where g(v) is the matrix,
1 v

N _\/l—vz/cz
gw) = 5 . (1.1)
v/c 1

_\/1 —v2/c2 1 —v2/c?

The parameter v is the velocity of the new coordinate system relative to the first,
and is assumed to be in the range v € (—c, c¢). Note the pseudorotation varies
smoothly with v. We have that the inverse transformation ( g(v))’1 equals g(—v)
and the identity transformation is g(0), that is, with v = 0. The composition of
velocities is non-linear, however; indeed,

g) - g(w) = g(§(v, w)) (1.2)
where
v+ w
(v, w)=l+v—w/c2‘ (1.3)

Ifv,w € (—c, ¢)then £(v, w) € (—c, ¢), so the group composition law respects
the restriction on the parameters. Another representation of the set {g(v)|v €
(—c,0)}is {g() | € R}, where

3(or) = cosha c¢sinha
gl = %Sinha cosha /-

The relationship between the two representations is
g) — g(a), tanh(o) = —v/c. (1.4)
The composition law is simpler in the second representation;

g(a) - g(B) = gla + p). (1.5)

Exercise 1.1.1 Show equation (1.2) holds with &(v, w) given in (1.3), and
that equation (1.5) also holds. Show that the relationship (1.4) sends one
composition law to the other. Hint: set cosha = 1/4/1 — v2/c?, sinha =
—v/(cy/1 — v2/c?) and use the addition rule for tanh.

Similar remarks hold for pseudorotations in the (y, 7) and (z, ¢) planes.

The set of all linear coordinate transformations of (x, y, z, t) space that can
be written as a finite composition of rotations and pseudorotations is a subset
of the Lorentz group.
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Definition 1.1.2 Let A be the diagonal matrix with diagonal entries being
(—1/c%, 1, 1, 1). The Lorentz group is defined to be the set of 4 x 4 real invert-
ible matrices A such that

ATAA = A.

Definition 1.1.3 A group G is a set such that
® there is a map, called the product map,
nw:GxG— G.

We refer to the fact that the product u maps into G as the closure property.
® The map u satisfies the associative law,

n(gr, (g2, g3)) = n(u(gr, g2), &3)-

® There is an element e called the identity such that

ule, g) = (g, e)=g, forallgeG

and,
® cach g € G has an inverse, denoted g‘l, such that

weg o =ug g H=ec

We write the group as (G, i) when we need to specify the product. Where the
product is clear from the context, we write (g1, g2) as g1 4.

Definition 1.1.4 If the order of multiplication does not matter, so that g,g, =
grg) for all g1, g» € G, we say that G is a commutative group.

Standing assumption The groups we consider in this book are Lie groups,
groups whose elements depend in a smooth way on parameters, which in this
book are real or complex numbers. Parameters from other fields such as the
quarternions can also be used. A generic group element of a Lie group is written
as g = g(ay, ..., a,) when we wish to highlight the independent parameters
on which g depends. A rigorous definition of a Lie group is given in the next
chapter.

Lie groups can arise as symmetry groups of sets of functions. If the set of
functions is the solution set of a differential system, then we speak of the Lie
group of symmetries of the system. More generally, we consider symmetries
of differentiable geometric structures. In this chapter we define the basic terms
we use and give a range of examples that will be used in later chapters.
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The simplest Lie group is the set of real numbers with addition as the group
‘product’, (R, +), so u(x, y) = x + y. The identity element is zero, and the
inverse of an element is its negative. A second Lie group is (RY, -), where Rt
denotes positive numbers and the group product is the standard multiplication.
These two groups are essentially the same group because there is an invertible
map

f : (Rv +) g (R+v )
that maps ‘products’ in (R, +) to the corresponding product in (R*, ),

f&x+y)=fx)f).

Of course, f is the exponential map. We formalise this notion of ‘being the
same group’ by defining an isomorphism.

Definition 1.1.5 Two groups (G, ng) and (H, wy) are said to be isomorphic,
if there is an invertible map

f:G—-H
satisfying

fuc(gr, &) = nu(f(g), f(g2), forall g1, g € G.

We write G ~ H and say that  f respects the group product’.

The next simplest Lie groups to describe are matrix groups. These are sets
of square matrices and the product is always the usual matrix multiplication.
Since this product is known to be associative, to test whether a set of matrices
is a group, we need to check

(1) closure, that is, the product of two elements in the set is itself in the set,
(i1) that the identity matrix of the relevant dimension is in the set, and
(iii) not only that elements of the set are invertible, that is, their determinants
are non-zero, but also that their inverses are in the set.

We denote the set of all n x n matrices whose components are real numbers by
M, (R), and the set of invertible n x n matrices whose entries are real numbers
by GL(n, R). Similarly, the set of invertible n x n matrices whose entries are
elements of the field I is denoted GL(n, ) or simply GL(n) if the field is
obvious from the context. All matrix groups are subgroups of GL(n, F) for
some IF and some n.
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Remark 1.1.6 Another notation that we will use for M,,(F) is gl(n, F), for
reasons that will be become apparent in Chapter 3. If V' is a vector space, the
set of linear maps taking V to itself will be denoted gl(V).

Exercise 1.1.7 Consider G = R' x R, with group product

me((x,a),(y,b)) = (xy,a+Db)

D N +
H_{<() 1) [x eR ,aeR},

with gy being matrix multiplication. Show that both G and H are groups.
Although as sets G and H are in one-to-one correspondence, show that they
are not isomorphic as groups. Hint: first show that if two groups are isomorphic
and one of them is commutative, then so is the other.

and the group

Definition 1.1.8 For a square matrix A = (a;;), we fix the following notations.
The determinant of A is denoted det(A). The complex conjugate of A is A =
(ai}). The transpose of A is AT =(a ji)- A Hermitian matrix satisfies AT = A.
A symmetric matrix satisfies AT = A. Then x n identity matrix is denoted I,,.

Example 1.1.9 The special linear group is
SL(n,R)={A € M,(R)| det(A) = 1}. (1.6)

The general element has n® real parameters satisfying one condition, so

SL(n,R) has dimension n* — 1. The condition det(A) = 1, which is poly-

nomial in the parameters, defines a smooth surface in the parameter space
2

R™.
More generally, if S is any n X n real matrix, then the set
G(n,S)={A e GL(n,R)|ATSA = §} 1.7
is a Lie group. An example is the Lorentz group (Definition 1.1.2).

Exercise 1.1.10 Prove G(n, S) is a group. Show by example that S need be
neither invertible nor symmetric, although these are the usual examples. If in
(1.7), the matrix S is the identity matrix, then the group is O(n), the orthogonal
group. Specifically,

On)={AeGLn,R)|ATA=1,)

SO(m) ={A e GLn,R)| ATA = I, det(A) = 1}. (1.8)
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Let K be the diagonal matrix such that Ky = —1and K; ; =1 for j > 1.
Prove O(n) = SO(n) UK - SO(n).

Similarly, if S is an n x n complex matrix, then the set
{Ae GL(n,C)|ATSA = S} (1.9
is a Lie group.

Example 1.1.11 The special unitary group SU(n,C) is the set of n x n
matrices with complex components satisfying both

o'u =1, det(U) = 1.
It can be shown that

SU2,C) = {( “B 5) la, B € C, a@ + BB = 1}.
In other words, the general element of SU(2) depends on three real parameters:
the condition a@ + B = 1 can be written as « + a3 + B + B3 = 1 where
we have set @ = &) + i and B = B + i8,. Thus, in the four dimensional real
parameter space with coordinates («, oz, B1, B2), the group SU(2, C) is the
unit sphere.

Lie groups of the form (1.7) and (1.9) are smooth surfaces (» dimensional,
where r is the number of independent parameters describing the group ele-
ments) when viewed as sets in parameter space.

Definition 1.1.12 (Working definition) A Lie group is a group, which as a set is
a smooth surface ' in RY for some N. Moreover, as functions of the parameters
describing the surface, the product map . and the inverse map g — g~ ! are

smooth.

The rigorous definition requires a Lie group to be a manifold, that is, locally
Euclidean. We will discuss the rigorous definition in detail in Chapter 2.

Definition 1.1.13 A set 7 of invertible maps taking some space X to itself is a
transformation group, with the group product being composition of mappings,
if,

(i) forall f,geT,fogeT,

(ii) the identity map id : X — X, id(x) = x forall x € X, isin 7, and
(iii) if f € 7 then its inverse f~! € 7.

T More technically, a submanifold.
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The associative law holds automatically for composition of mappings, and thus
does not need to be checked. Matrix groups are groups of linear transformations
since matrix multiplication and composition of linear maps coincide. We will
assume that elements of transformation groups are smooth and are parametrised
by either real or complex numbers, in a smooth way. This means that they are
smooth when considered as maps of two sets of parameters, namely the group
parameters and the independent variables of M.

Sets of transformations defined only on open sets of some space X can fail
to be a group strictly as defined above; there are then technical difficulties with
both closure and associativity when domains and ranges do not match, as in
the next example.

Example 1.1.14 Let x and y be real variables and consider the map

) e (—— —— ).
l—ex 1 —ex

We assume that € is sufficiently close to zero so that no zero denominators

result in our local domain of interest; note the restriction on € depends on
the point being mapped. Although € parametrises a transformation of (x, y)
space, we think of € € R itself as acting on (x, y) space, so that we write the
transformation as

(x,y) > ex(x,y). (1.10)

We have in this case that

€% (€1 x(x,y)) = (€1 + €) x(x,y), (1.11)
where again, we need to restrict domains so that no zero denominators appear.

A set of invertible mappings such as that given in Example 1.1.14 is called
a local Lie transformation group. See Olver (1993), Section 1.2 for the full
technical definition. For the set of mappings given in Example 1.1.14, the
identity transformation is parametrised by € = 0 and the transformation inverse
to e is (—e€)x*, but since the domain of each transformation is different, we need
to weaken the definition of closure to ‘the composition of any two elements in
the group is in the group, on the domain where the composition is defined’.

1.2 Actions

Given a (local) Lie group, we will be studying their actions, that is, their pre-
sentations as a group of transformations of some given space M. The simplest
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actions are linear actions, and the theory of such actions is the same as the
theory of representations of the group.

Definition 1.2.1 If M is a vector space, a representation of the group G is a
map R : G — GL(M) such that

R(gh) = R(g)R(h).

Exercise 1.2.2 Show that if ¢ € G is the identity element in G, then R(e) is
the identity matrix, and that R(g)_1 = R(g_l). Hint: for any element g € G,
ge=g.

Remark 1.2.3 The word representation is restricted, by common convention,

to presentations in the form of a matrix group, which act on M linearly. Thus
for representations, M is assumed to be a vector space.

Exercise 1.2.4 Let G = SL(2) and M = R>. Show that the map

b a’ ab b?
<a d) — | 2ac ad + bc 2bd
¢ 2 cd d?

where ad — bc = 1 is a representation of SL(2) in GL(M).

Definition 1.2.5 We say the group G acts on the space M if there is a map

a:GxM—> M, (1.12)
satisfying either
(g2, a(g1, 2)) = (8281, 2), (1.13)
or
a(g2, (g1, 2)) = (8182, 2). (1.14)

Actions obeying (1.13) are called left actions while actions obeying (1.14) are
called right actions.

Exercise 1.2.6 Show that if «(g, .) is a left action then a(g™"
action, and vice versa.

,.) is a right

One can define similarly a local Lie group action where the restrictions on
the domains are noted.

In order to distinguish left from right actions, we will use the following
notation. A left action will be denoted as

*x:GxXxXM—>M
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and thus (1.13) becomes gh * z = g * (h % z). A right action will be denoted as
o . GXM-—->M

and thus (1.14) becomes gh ez =h e (g e 2).
The image of a point under a general action is denoted variously as

g-2=72=F(9). (1.15)
The different notations are used to ease the exposition, depending on the context.

Solution to Exercise 1.2.6 Given a left action g * z, define g @z = g~ ' % z.

Then
he(gez)=h"'x(g 'x2)=(h"'g ) xz=(gh) ' xz=(gh) ez

showing g e z is a right action as required. The other case is similar.
It is not always obvious whether a given action is left or right.

Exercise 1.2.7 Is the local action of SL(2) on R given by
_ ad —bc =1 (1.16)

left or right? Show that
ax +b _ ath-x)+b
cex+d  ch-x)+d

implies a right action, while

cx+d

ex+d o2t 4,

ax+b @%b

is a left action, where

h:(az bz), azdz—bzczzl.
Co d2

The answer of whether a right or left action is implied by (1.16), depends on
the interpretation of the symbol x, whether it is viewed as a coordinate function
on R or an element of R itself. But which is which? (See section 1.3.1.)

Blanket assumption We will assume that the space M on which G acts is
a smooth space and that the map defining the action, (g, z) — «(g, z), is also
smooth in both g and z.

Remark 1.2.8 Right actions are often denoted by m — m - g, particularly
in algebra texts discussing permutation groups. One then has (m - g)-h =
m - (gh). Since in this book we are mostly doing calculus and not abstract
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algebra, we stick with the notion of the group action being a function on M
and thus write it on the left hand side of its argument.

Example 1.2.9 A group acts on itself by left and right multiplication. The
equations (1.13) and (1.14) are then the associative law for the group product.

Exercise 1.2.10 Show that G x G — G given by
(g. )~ g 'hg

is an action of G on itself. This is called the ‘adjoint’ or conjugation action.

Definition 1.2.11 Two group actions «; : G x M — M, i = 1, 2 are equiva-
lent if there exists a smooth invertible map ¢ : M — M such that

ax(g,2) = ¢ 'ai(g, $(2)
forall g € G.

Exercise 1.2.12 Let f : R — R be any invertible map, and define u : R x
R — R given by u(x, y) = FY @)+ (). Show (R, p) is a group and
thus defines an action of R on itself. Clearly, this action is equivalent to addition.
Generalise this by taking invertible maps f : (a, b) C R — R. A large number
of seemingly mysterious non-linear group products on subsets of R can be
generated this way. By considering f = arctan, show the product

X e
y_l—xy

is equivalent to addition.

A matrix group in G L(n, R) acts on the n dimensional vector spaces V as a
left action

Axv=Av
or a right action
Aev=ATy,
where v is given as an n x 1 vector with respect to some fixed basis of V.

Exercise 1.2.13 Show the two right actions, A e v = ATvand Aev= A"y
are not equivalent in general. That is, show that there does not exist, in general,
a matrix ¢ such that A~' = ¢~'AT¢ for all A. Hint: the matrix ¢ must be
independent of A for equivalence to hold.
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Our next example concerns non-linear actions of SL(2) on the plane. We
will use these actions in many examples in the rest of this book.

Example 1.2.14 There are three inequivalent local actions of SL(2, C) on the
plane C? (Olver, 1995). If the coordinates of C? are taken to be (x, y) and the
generic group element is

a b
= — :1
g (c d)’ ad — be

then the actions are as follows:

action 1
~ ax+b ~
= —, = 1.17
o cx +d y=y ( )
action 2
. ax+b ~ y
— , = 1.18
x cx +d Y (cx 4+ d)? (1.18)
action 3
~ b ~
X = ﬂ, ¥ = 6¢(cx 4+ d) + (cx + d)*y. (1.19)
cx +d

Keeping track of where repeated compositions of these maps are and are
not defined is tedious. Usually one introduces a new point, oo, and extends the
definition of the action on x as follows:

. ax+b d

x_cx—l—d’ YE
“djc =00
- a
0 = —
c

Exercise 1.2.15 Which of these three actions of SL(2) is equivalent to the
standard linear action,

X = ax + by, y=cx+dy,

at least on some open set of C?? Hint: consider the induced action on

/3, /9.
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1.2.1 Semi-direct products

Suppose G and H are two Lie groups such that G acts on H, thatis, g xh € H
forall g € G and h € H, for some left action *, satisfying

g*(h1h2)=(g*h1)(g*h2) forallgeG,hl,hzeH

1.20
ecxh=nh forallh e H ( )

where eg is the identity element of G. In words, the left action of each g € G
is a homomorphism of H and eg* is the identity map on H.

Exercise 1.2.16 Show that each g € G acts as an isomorphism. Show by
example that the second condition in (1.20) is necessary for this to be true.

Definition 1.2.17 Suppose the action of G on H satisfies (1.20). The semi-
direct product G x H is defined to be, as a set, G x H, but with group product
-x given by

(g1, h1) i (g2, h2) = (8182, h1(g1 * h2)).

Exercise 1.2.18 Prove that the semi-direct product is associative. What is the
identity element of G x H and the inverse of (g, #)? Hence prove G x H is a

group.

The usual example is where G is an n X n real matrix Lie group and H =
(R", +), the group of n x 1 column vectors under addition. There is then the
standard left action of G on H and the semi-direct product is represented by

GxR”%{('g Y)|AGG,VGR”}. (1.21)

Indeed we have
A v B w\ AB v+ Aw
0 1 0o 1) 0 1

Example 1.2.19 Recall the definition of the special orthogonal group SO(n)
given in Exercise 1.1.10. The semi-direct product SO(n) x R" is called the
special Euclidean group, denoted S E (n), and is the transformation group gen-
erated by rotations and translations. Similarly, SA(n) = SL(n) x R" is called
the special affine group.

as required.
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1.3 New actions from old

Given an action of G on M, there are induced actions on products of M, the set
of functions defined on M, the tangent space of M and hence the set of vector
fields on M, and so forth. We will start with the simplest of these and work our
way up.

1.3.1 Induced actions on functions

The set of smooth functions mapping M to RY is denoted C*°(M, R"). A left
action G x M — M induces a right action on C*°(M, R") given by

g (fi(@), ..., n@) = (fi(g*2), ..., fn(g *2)). (1.22)

This is a right action because

he(ge f(z))=he f(g*xz)= f(g*x(hx2))= f(gh*xz)=ghe f(2).

Similarly, an action is induced on functions defined only on restricted domains
in M; the domain of g e f will be g~! % domain( f).
In particular, since coordinates are functions mapping M to R, we have that
a left action on M becomes a right action on the coordinates x;:
xi(g*2) = g 0 xi(2).
The image of a coordinate function under the action is denoted variously as

gox; =% =Fiz.g) (1.23)

compare (1.15).
Consider the transformation group given in Example 1.1.14. The induced
action on functions is given by

co f(x,y) = flex(x,y) = &)

Thus
x X x/(1—ex) «x
yOF y/—en ¥
Definition 1.3.1 A function f : M — R s said to be an invariant of the action
GxM— Mif

flgx2) = f(), forallze M. (1.24)
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Exercise 1.3.2 Consider the conjugation action of a real matrix group M on
itself, given by (A, B) — A~'BA. Show that the functions tr, : M — R given
by tr,(B) = trace(B"), for n € N, are invariants for this action.

Exercise 1.3.3 The action on C*(M, R") we have defined in equation (1.22)
is an example of the following construction. Let G act on both M and N and
let M(M, N) be the set of maps from M to N. If both these actions are left
actions then there is an induced right action of G on M(M, N) given by

(g-Hx)=g ' flg-x). (1.25)

Show this is aright action. Show this is the same action on functions as described
above in the casethat N = R" and g - n = nforall g € G,n € N. How should
the action on M(M, N) be defined if G acts on the left on M and the right on
N, to obtain a right action on M (M, N)? In the case N = M, the action (1.25)
is often called a ‘gauge action’.

1.3.2 Induced actions on products

Definition 1.3.4 The product action induced on the N-fold product of M with
itself, M x --- x M (N terms) is given by

g, ...zn)=(g-21,..., 8 ZN)- (1.26)

Example 1.3.5 The group generated by rotations and translations in R" is
known as the Euclidean group and is denoted E(n). If n = 2, the standard

action is
X cosf —sinf X a
_ . 1.2
g(@,a,b)*(y) (sine cos @ )(y>+<b> (27

The product action on two or more copies of R? amounts to considering the
simultaneous action on two or more points in the plane. Two invariants of the
product action are

In,m = (xn - -)Cm)2 + (yn - )’m)27 Jn,m =XnYm — XmYn (128)

where (X, Yn), (X, Ym) € R? and in fact any invariant of this group action is a
function of the [, ,, and the J, ,,. We will prove this in Section 4.7.

Definition 1.3.6 An N-point invariant of the action G x M — M is an invari-
ant of the product action on the N-fold product of M with itself.

These invariants are also known as joint invariants.
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Exercise 1.3.7 Recall the local projective action of SL(2) on R,
x = (ax +b)/(cx +d) =%,
where ad — bc = 1. Take the product action on (x, y, z, w) space, that is,
x,y,z,wy— X,9,Z, ).

Show that the cross ratio

(x —2)(y —w)
(x —y)z—w)

is a 4-point invariant.

1.3.3 Induced actions on curves

If G acts on M, s is a real parameter and s > y(s) € M is thus a curve in M,
the induced action on the curve is defined pointwise,

(g*y)(s) =g*y(s),

see Figure 1.1. Since the action is smooth and invertible, it will not introduce
cusps or self-crossings into curves that do not have them to begin with. As
simple as this looks, it is probably one of the most important induced actions
in this book because the applications are so widespread; the curve might be
a solution curve of a differential equation, it might be a path of a particle in
some physical system or a light ray in an optical medium, it might be a ‘tangent
element’, and so on.

Exercise 1.3.8 Show a matrix group acting linearly on a vector space V, on
the left, induces an action on the set of lines passing through the origin of V. If
the dimension of V' is 2, show the induced action on the slope m of a line is

m= (a b)om=(c+dm)/(a+bm).
c d

Hint: consider the induced action on y/x.

If the curve is differentiable, we obtain an induced action on the first and
higher order derivatives, called the prolonged action, discussed in the next
section 1.3.4.
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| 1) fg /V(S)
)

(s

Figure 1.1 Euclidean action on smooth curves in the plane.

1.3.4 Induced action on derivatives: the prolonged action

Suppose there is an action of the group G in the plane with coordinates (x, y).
If we take a curve in the plane given by y = f(x), so that we consider y to be
a function of x, then there is an induced action on the derivatives y,, y,, and
so forth, called the prolonged action.

To illustrate, we look in detail at the action in Example 1.3.5. To ease the
notation, we denote the generic image of this action as

X X
g(eﬁaJ)) * < > - <~>
y y

dy
L = 1.29
8@.ab) " 7T x (1.29)
d?y

8,a,b) * @ = Yxx

and define the action on y, to be

dy dy dy/dx
8Oan 0 T % T drjdx

(1.30)

by the chain rule (which is, in one dimension, also known as implicit differen-
tiation). Thus

~  sinf 4 cosBy;,

Y= osf — sinfy,
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Similarly,
d?y 2y 1 ddy/dx
8@.ab) $5 = a&e ¥E = d¥/dx dx dx/dx
so we have
~ Yxx
Yax = m
Since
Vix Yxx

= 1.31
A+ 57~ (14327 (13D
we say that y,, /(1 + y§)3/2 is a differential invariant (see Definition 1.3.11).
This quantity is in fact the Euclidean curvature of the path x + (x, y(x)) in the
plane.

Exercise 1.3.9 For the action of SL(2) on (x, u) space given by

~ ~ au+b
X =X, u=——, ad—bc=1
cu+d
show that
u 3u?
== = (1.32)
Uy 2 u%
is invariant under the prolonged action. This expression is known as the
Schwarzian derivative of u with respect to x and is often denoted {u; x}.

More generally, we are concerned with g smooth functions u® that depend
on p variables x;. The derivatives of these will be denoted using a multi-index
notation, e.g.

7
uﬂt — 8 MC(
1112222 3)6133)6;

or
5
ub = v ub.
WY T 9x2gy3
We consider these derivative functions as functionally independent coordinates
of a so-called jet space, denoted J(X x U), or J for short, where X is the
space whose coordinates are the independent variables, and U the space whose
coordinates are the dependent variables. A differential equation is thus a surface

in J. If we restrict the order of the derivative to be n, we denote the resulting
space by J"(X x U). Points in J(X x U) have coordinates

1 1
2=z, o xpu o ut ug, ).
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Readers interested in the rigorous formulation of jet spaces as fibre bundles
should consult, for example, Saunders (1989). However, it is not necessary
to know the considerable technical details that are involved in order to apply
group actions to differential equations effectively. Indeed, a solid grasp of the
multivariable chain rule is far more important.

Our interest is in functions, like the Schwarzian above, that depend on a
finite number of derivatives and are smoothly differentiable with respect to
those arguments (away from any zeros in denominators).

Definition 1.3.10 We will denote by A the algebra of smooth functions on
J(X x U), that depend on finitely many arguments.

The operator 9/9x; extends to an operator on A called the fotal differentia-
tion operator

bi = Dxi Bx, + Z Z ki du (1.33)

a=1 K

We assume we are given a smooth left action of an r dimensional Lie group
G on the space X x U, where X is the space of independent variables and U
is the space of dependent variables. By prolongation we will get a right action
on the derivatives u%, where K is the multi-index of differentiation, which is
calculated using the chain rule of differentiation; a right action since the u% are
coordinates of the relevant jet bundle. The prolonged action will be denoted
variously as

geul =u% = Fi(z, g),

compare (1.15) and (1.23). This right action then extends to an action on A, as
in Section 1.3.1.

Definition 1.3.11 Given a smooth action G x X x U — X x U, adifferential
invariant is an element of A which is invariant under the induced prolonged
action.

The prolonged action is given explicitly by
geui;=Di---DiF(z.g), (1.34)
where

_ D LA
D= — = Dx)y.D 1.35
D kE=1( X)ik Dy (1.35)

i
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and the coefficients are obtained from the Jacobian matrix of the coordinate
transformation x — X,

(Dx)ix = (DX V)ir.

Explicitly, we have

0x1 ax;
3_)61 .. E
DX = : : (1.36)
9x, 9x,
8_x1 . o

and note the fact that the Jacobian of the inverse map is the inverse of the
Jacobian.

Example 1.3.12 Consider the action of the Euclidean group SE(2) on the
(u, v) plane given by,

U\ [cos® —sinf u n a
9] \sin@® cosh v b))’

Assume u = u(x, t) and v = v(x, t). Since x and ¢ are both invariant, we have
D, = D., D, = D, and hence the prolonged action is

Ug cosd —sinf Ug
[ ) = .
& Vi sinf  cosf (e

Example 1.3.13 For the group SL(2) acting on the variables (x, , u(x, t)) as

T =tand
X a b X
<ﬁ> - (c a +bc>/a) <u> (137

where (a, b, c¢) are the coordinates of g € SL(2) near the identity e = (1, 0, 0),
we have courtesy of the chain rule that

D\ (a+bu, O ’Di
Dt o bu, 1 Dt

~ 1 ~ bu,
Dx: Dt:Dt_ Dx-
a+ bu, a+ buy

and thus

X

Note that even though 7 = 1, it is not the case that D, = D,. From equation
(1.34) it now follows that

~

~ ~ ~ ~ 2~ ~ ~
u, = Dyu, Uy, = D, u, u; = Dy,
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which yields

~ ac+u,(1+bc) — Uy — Uy
X = T . Uxx = 7 =2 uy = .
a(a + bu,) (a + bu,)? "7 4+ bu,

It can be checked that this is a right action.

1.3.5 Some typical group actions in geometry and algebra

By and large, group actions in geometry and algebra are induced from linear
actions on vector spaces.

If G is a matrix Lie group in GL(n) and V is an n dimensional vector space
with basis ey, ..., e,, then there is the standard left action of G on V with
respect to the given basis given by

A-ei=) aje;, A=(a;))eG (1.38)
j=1

and extended linearly.

We have already seen the induced action on products, and the induced left
actionon V x V x --- x V is just that. The induced left action on the tensor
product, V ® V which has basis {e; ® e;} is given by

P =i ®8,
and extended linearly. Thus if A is a matrix in the group acting on V, with
matrix form (a;;), then there is a listing of the basis elements of V ® V such
that the matrix form of A ® A is given by

anA - apA

anA - apA
Restricting ourselves to the space of symmetric tensors, S*(V), with
basis {%(e,- ®e;+e; ®e;)}, or antisymmetric tensors, A?(V), with basis
{%(e[ ®e;—e;®e;)|i # j}, theinduced action on V ® V given above takes
these subspaces to themselves and thus we obtain actions on these subspaces.

Similar remarks apply to spaces of n-fold symmetric and antisymmetric tensors,
denoted S"(V) and A" (V).

Remark 1.3.14 The set of n-fold symmetric tensors, S"(V), should not be
confused with the unit sphere in V in the case n = dim(V).
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Similarly, given linear actions by the same group, but on two different vector
spaces V and W, we obtain induced actionson V x Wand V @ W.

More interesting is the induced action on the dual V* of V. The simplest
way to think of the dual is as the space of coefficients (aj, ay, ..., a,) of a
generic element of V, v = aje; + aey + - - - + aye,. The group acts on this
element as

V=aie; +mer+ -+ aze,.

Expanding out ¢; using equation (1.38) above, we obtain by collecting terms,
v=die; +ae+ -+ dney.

Thena = (ay,...,a,) = a=(ai,...,a,)is aright action.

Exercise 1.3.15 Show that if g has matrix A with respect to the basis e;,
i=1,...,n,sothate; = Zj Ajje;, thena = aA.

Similarly, we have actions induced on the dual of S"(V). A typical element
in §"(V) is written as a symbolic polynomial in the ¢;; since the products are
symmetric, this makes sense. Applying the action to the ¢;, expanding and
collecting coefficients leads to an action on the coefficients, and hence on the
dual of S"(V). One of the most important examples of this construction, at least
historically for a physicist, is the induced actions of SU(2) on the coefficients
of a generic homogeneous polynomial of degree 2 and above. We refer the
reader to Fassler and Stiefel (1992), Section 4.3.1, where the details are given
in full. It is well worth the student’s while, from a general educational point
of view, to understand the details of the calculations not only of this induced
group action but also those of the Clebsch—Gordan Theorem, which gives the
decomposition into direct summands of a tensor product of these actions.

Other types of actions induced from linear actions in vector spaces are those
on sets of lines or planes passing through the origin in V.

Example 1.3.16 Consider the set of straight lines passing through the origin
in R"*!. Then any linear map sends one line to another. Such a line intersects
the unit sphere in two antipodal points. The set of pairs of antipodal points on
an n-sphere is called the n dimensional projective space, P". Thus a group of
matrices acting in R"™! induces an action on P". This space is not linear and
so neither is the induced action.

Exercise 1.3.17 Just as groups of matrices induce actions on straight lines
through the origin, so they induce actions on sets of planes through the origin.
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Consider the (2n) x (2n) matrix,

0 I
= (5 0)

where I, is the n x n identity matrix and O the n x n zero matrix. Given a
subspace W of R?", define

Wt ={veR*”|vIJw=0,forallw e W}.

If W = W then W is called a Lagrangian subspace. Show that the dimension
of any Lagrangian space is n. The symplectic group Sp(n) is the set of 2n x 2n
matrices A such that

ATJA = 1.

Show that Sp(n) is a group, and that it maps the set of Lagrangian spaces to
itself, thatis, if W = Wt and A € Sp(n), then AW = (AW)L.

1.4 Properties of actions

Not all group actions are of interest. To define a moving frame, the main
subject of this book, we need an action to be free and regular at least in the
neighbourhood of our space where we want the frame. Freeness means that if
g - 7 = z, then g = e, the identity element. Regularity relates to how the group
orbits ‘foliate’ the space.

Definition 1.4.1 Let G act on M and let z € M. The orbit of z is the set of
points in M that are the image of z under the group action,

O@)={g-zlg € G}.

If we write the space M as a union of orbits of a Lie group action, we
have what is known as a foliation of M, with each orbit being a leaf of
the foliation. In general, the leaves will not all have the same dimension, see
Figure 1.2.

A regular foliation of an n dimensional space has the property that there
exists a local coordinate transformation and an integer r such that the leaves
are mapped to the set of planes

{(klv ky, oo knor—1, Zners oo ey Zn}’

where the k; are constants. For example, if the group action is translation in
the last r coordinate directions, the orbits are already planes. For the action
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N

Figure 1.2 The orbits of the action X = exp(a)x, y = exp(—a)y foliate the plane.
The origin is a fixed point and the foliation is not regular there.

shown in Figure 1.2, a foliation map exists in a disc around any point in R?
except the origin, that is, there is a coordinate transformation that straightens
out the orbits. If the orbits all have the same dimension, then the foliation
they yield is said to be regular. More is required for an action to be regular
however.

Most actions are not free and regular, but they can often be extended in
various ways so that they become free and regular, at least for worthwhile
portions of the extended space. In particular, this is true for prolongation actions,
provided the action you start with is locally effective on subsets. Here we look
in detail at these concepts.

The first notion we define is the isotropy group of a subset S of M. The
notion of an isotropy group is ‘dual’ to that of a fixed point or invariant set.
It answers the question, given a set, which elements of the group fix that set?
Note that not every element of S is a fixed point of the isotropy group, but it
needs to map to another element of S.

Definition 1.4.2 [Isotropy groups] For S C M define the isotropy group of
Stobe Gs={geG|lg-SCS}={geG|g-z€S§,Vz e S}. The global
isotropy group of § is defined to be

§=ﬂzest={g€G|g‘z=z,VzeS}.

Exercise 1.4.3 For the group of translations and rotations in the plane, what is
the isotropy group of an arbitrary given point? (Hint: rotate your point and then
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translate it back to itself.) What if that point is the origin? What is the isotropy
group of a circle in the plane? What is the global isotropy group of a circle in
the plane?

Definition 1.4.4 A discrete subgroup of a Lie group G is a subgroup which,
as a set, consists of isolated points in G.

Definition 1.4.5 (Free and effective actions) A group action on M is said to

be:
free if G, ={e},forallze M

locally free if G is a discrete subgroup of G, forall z € M
effective if G}, = {e}
locally effective  if G, is a discrete subgroup of G
on subsets for every open subset U C M.

Exercise 1.4.6 Show the standard action of the Euclidean group on the plane
is effective but not free. If you induce the action on curves and prolong, at what
degree of prolongation does the action become free?

Remark 1.4.7 A theorem of Ovsiannikov (Ovsiannikov, 1982, see also Olver,
2000) guarantees that the prolongation of actions, which are locally effective on
subsets of X' x U, will be locally free on an open dense subset of J"(X x U)
for sufficiently large n. For results for product actions, see Boutin (2002) and
Olver (2001a), Example 3.1.

Definition 1.4.8 A group action is regular if

(i) all orbits have the same dimension,
(ii) for each z € M, there are arbitrarily small neighbourhoods (/(z) of z such
that for all 7’ € U(z), U(z) N O(Z) is connected.

Locally, a regular action has orbits that foliate the space in a regular way, with
one additional condition (ii) above, see Figure 1.3.

An example of an action satisfying (i) but not (ii) in Definition 1.4.8 is
pictured in Figure 1.4. The group is (R, +) and acting on the punctured plane,
R\ {(0, 0)}; the orbits are the integral curves of the flow shown. The action
is not regular at those points lying on the periodic orbit P. Indeed, for every
z € P, the intersection of arbitrarily small neighbourhoods ¢/(z) with orbits of
points 7' ¢ P have infinitely many components.

The next notion we require is that of the transversality of surfaces in our
space M. Figure 1.5 illustrates the concept for curves in the plane.
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all
different
orbits

Figure 1.3 A regular action foliates the space with orbits, all of the same dimen-

sion. Moreover, each orbit intersects the neighbourhood in a single connected
component.

Figure 1.4 An action which is not regular at points z € P where P is the periodic orbit.

(i)

Figure 1.5 The two curves at (i) intersect transversally as at every intersection
point the two tangent spaces of the curves span the tangent space of the plane.
The two curves at (ii) are not transverse as the span of the tangent spaces at the
intersection has dimension less than that of the ambient space.
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Definition 1.4.9 We say two smooth surfaces K and O contained in R", of
dimensions « and B respectively, 0 < «, 8 < n, o + B > n, intersect transver-
sally if for every z € KN O, the tangent spaces 1./ and 7,0, viewed as
subspaces of T;R", satisfy

T.K+T.0O =TR"

in words, the span of the two tangent spaces is the full tangent space at every
point of intersection.

If the action is regular, then locally there exists a smooth cross section /C,
see Figure 4.1, such that for the orbits O(z),

(1) dim K + dim O(z) = dim M,
(ii) for z € K, L N O(z) is a single point,
(iii) KC is transverse to the group orbits; that is, for z € K, the direct sum of the
tangent spaces of IC and O(z) at the point z is the whole of T, M.

As we will show in Chapter 4, the cross section K is the moving frame that is
the subject of this book.

1.5 One parameter Lie groups

The easiest way to analyse a group action in detail is to examine the action of
its one parameter subgroups.

Definition 1.5.1 A one parameter Lie subgroup of a Lie group G is a path
t — h(t) € G such that

h0) = e

h(t)h(s) = h(t + s), foralls,t € R (1.39)

Example 1.5.2 In G = C\ {0}, with the usual product, let h(t) = e’ This is
a one parameter subgroup as h(t)h(s) = eels = el and h(0) = 1.

Exercise 1.5.3 Show that if @ € C is non-zero, then i(t) = e*' is a one param-
eter subgroup of C \ {0}. Plot the curves in C for various «.

Exercise 1.5.4 Let G = R™ x R with group product given by
(¢, d)(a, b) = (ac, cb + d).

Show hi(t) = (1, Bt) and hy(t) = (e, 0) are both one parameter subgroups.
For arbitrary o, B € R, o # 0, show the general form of the one parameter
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™y
N

Figure 1.6 The one parameter group {exp(it) | ¢ € R} in the complex plane.

subgroups is
hs(t) = (", B(e™ — 1)/a).

To each one parameter subgroup h(#) we can associate a vector vy, at the
identity element of G, the tangent vector to path at t = 0,

d
e ) 1.40
Vi = . () (1.40)

see Figure 1.6. In Chapter 2, we will clarify and prove the important theorem,

Theorem 1.5.5 One parameter subgroups of a group G are in one-to-one
correspondence with tangent vectors at the identity element of G.

In interpreting this theorem, we distinguish h(z) from, say, h(2t), even
though the images of the curves are the same. Unless otherwise stated, the
parametrisation is an intrinsic component of a one parameter subgroup. Differ-
ent parametrisations can be distinguished by their value at r = 1.

For matrix groups, tangent vectors of one parameter subgroups can be easily
computed. Indeed, if A(#) = (a;;()), then A'(z) is the matrix A'(t) = (a;;(1)).

Example 1.5.6 Let G = 0(3) ={A € GL(3,R): ATA = I}, that is, the
group of 3 x 3 orthogonal matrices. Let the one parameter subgroup %(z) be
given by

cost —sint 0
h(t)=| sint cost O
0 0 1

Then the associated tangent vector is

(e}

. 1 0
vi=—| mo=[1 0 o0
dtli— 0 0 0
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Exercise 1.5.7 Show that

cosh(ut) + % sinh(ut) B inhun)
h(t) = , K e
— sinh(ut) cosh(ut) — — sinh(ut)
1 1

is a one parameter subgroup of SL(2), that is, not only A(s)h(t) = h(s + t) but
also det h(r) = 1, provided u* = o> 4+ By. Show

Vh=<a '3)
Yy —a

Show that any tangent vector at the identity of SL(2) has this form, that is, has
zero trace. Hint: differentiate det(A(¢)) — 1 = 0 with A(0) = I,.

1.6 The infinitesimal vector fields

A rigorous discussion of the ideas in this section requires the concepts discussed
in Chapters 2 and 3. Fortunately, for many applications the calculation of
derivatives and tangent vectors is well defined from the context. The informal
discussion here is for these cases.

Definition 1.6.1 If i(7) is a one parameter subgroup of G acting on M, so that
vy, is as defined in equation (1.40), and supposing that differentiation on M is
defined, then the infinitesimal action of h(t) at z € M is the vector

d h(t)
Vp 2= — - Z.
hZ dr o <

The infinitesimal vector field is the map,
ItV Z,
giving a vector at every point z (see Figure 1.7).

Note that ‘the infinitesimal action’ is not a group action; rather the vector
fields represent the associated Lie algebra, which is defined in Chapter 3.

Exercise 1.6.2 For a one parameter matrix group /(¢) acting linearly on the left
(right) of a vector space V, show the infinitesimal action is simply left (right)
multiplication by the matrix v,. Hint: the product rule holds for the matrices.

Exercise 1.6.3 For a one parameter matrix subgroup hA(t) C G acting by left
(right) multiplication on G, show the infinitesimal action is simply left (right)
multiplication by v;,.
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Figure 1.7 The infinitesimal action of a one parameter Lie group gives a vector field on M.
Example 1.6.4 Given a matrix Lie group G, the adjoint or conjugation action
of a one parameter Lie subgroup r — H(t) € G on all of G is

A(t) = H(t) 'AH(®).
Since H(t)"'H(t) =1 and H(0) = I, we have that (H~')(0) = —H'(0) =

—Vy, and so the infinitesimal action is

A(t) = Avy — vy A = [A, vy].

dt

=0
If near z € M we have coordinates z = (z1,...,2,), then hA(t) - z =
(Z1(1), 25(2), . .., Z,(t)) and the infinitesimal action is calculated component-

wise. In the particular case of a prolonged actionin 7 (X x U), the infinitesimal
action is calculated on the coordinates u% as

u%(t).
=0

Vh-u‘;(z

dr

Example 1.6.5 For the one parameter subgroup of SL(2) given in Exercise
1.5.7, and the first of the actions of SL(2) given in Example 1.2.14,

, Y=y, ad —bc =1

we have that

Vi (0, Y, yo) = Qax 4+ B — yx2, 0,2y (yx — a)).
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The first two components follow directly from the group action as given, while
the third component follows from the prolonged action which is

- 1 .
(t) = ;yx(u cosh(ut) — (& — yx) sinh(ut))*

where we have used u? = a* 4 bc to simplify the expression.

Exercise 1.6.6 Consider the one parameter subgroup of SL(2) given in Exercise
1.5.7, and the third of the actions of SL(2) given in Example 1.2.14. Calculate
the infinitesimal action at (x, y, y,).

Recall for a function f on M we defined the induced action on f to be
(g- f)z) = f(g-2) (Section 1.3.1).

Definition 1.6.7 For a differentiable function f defined on M and a one
parameter group /h(t) acting on M, we define the infinitesimal action on f to
be

d
V- )2) = I

J(h() - 2).
=0

t
Thus if f : M — R and if in coordinates z = (z1, z2, ..., 2,) then

9
V- ) = Za_f-vh -z (1.41)

Looking again at Example 1.6.5, for a given real valued function
f = f(x,y, ) we have

a a
(Vi - )X, 3, y0) = Qax + B — yx?) ﬁ + 2yx(yx — Ot)aj :

ax
Proposition 1.6.8 If f : M — Ris an invariant of the group action G x M —
M, then for every one parameter subgroup h(t) C G, v, - f = 0.

Exercise 1.6.9 Prove Proposition 1.6.8. Hint: f(A(t) - z) = f(2).

Definition 1.6.10 If v, - f = 0 for every one parameter subgroup h(t) C G,
we say that f satisfies the infinitesimal criterion for invariance.

Let us look in detail at the infinitesimal action for a multiparameter group.
Suppose that ai, as, ..., a, are the parameters of group elements near the
identity element e, and that (z1, .. . z,) are coordinates on M.

Definition 1.6.11 Given a differentiable group action G x M — M, the
infinitesimals of the group action are defined to be the derivatives of the Z;
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on M with respect to the group parameters a; evaluated at the identity element
e, and are denoted as
9z ;
il = (1.42)
861.,' g=e
Definition 1.6.12 Given a group action of G on M = X x U, the infinitesimals
of the prolonged group action are defined to be the derivatives of the u% with
respect to the group parameters a;, evaluated at the identity element e, and are
denoted as,
X du®
et = £,

~

o
oug

=7,

g=e Baj g=e

=% . 1.43
8aj g=e ¢K"] ( )

da j

Keeping track of indices rapidly becomes tedious and so we usually compile
the infinitesimals in table form, with one row for each group parameter and one
column for each coordinate:

|x,~ u®  u%

ajle; @5 ok,
Exercise 1.6.13 For the action in Example (1.3.12), show that the table of
infinitesimals is

|)C t u v Uug Vg
a0 0 —v u —vg ug
a0 0 1 0 O 0
blo 0 0 1 0 0
A one parameter subgroup A(#) induces a path in the parametersas t — a;(?),
j =1,...,r near the identity element. Then defining «’, j = 1,...,r by
—| ajt)y=d’, 1.44
il i(® (1.44)

the chain rule yields

.
Vi Zi = E gio.
Jj=1

Moreover for a differentiable function f defined on M we have

(vh.f><zl,...z,,)zzg_£vh,ziZZ(ZQ,:;_?).

J
Definition 1.6.14 For a differentiable group action G x M — M, with group
parameters a;, da, . . . , a, near the identity element e, and z= (2, ..., 2,) €M,
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the infinitesimal vector corresponding to the group parameter a; is defined to
be

1.45
Zc, P (1.45)
and hence

v, = Zafvj. (1.46)
J

For readers unfamiliar with differential operators as vectors, see Section
2.2.2.

The infinitesimal action of a prolonged one parameter subgroup A(¢) is, for
o’ given in (1.44),

Vi =) g
i

viut =) e (1.47)
i

Vi uy = Zq)%’ja/.
j

The prolonged infinitesimal action on functions is obtained by applying
Definition 1.6.7 to functions on the prolonged space,

a 0
(vh~f><x,-,u“,u‘;()=z (Zs,a +¢“,8J;+¢K,af) (1.48)

i,o,K

while the infinitesimal vector corresponding to the jth group parameter a;
defined in (1.45), for a prolonged action is

9 9
Zsja faw“”“w' (1.49)

i,a,K
Exercise 1.6.15 Consider the third of the SL(2) actions in Example 1.2.14,

~ b ~
x:&, Y = 6¢(cx +d) + (cx +d)y, ad — bc = 1.
cx +d

Take local coordinates near the identity to be (a, b, ¢) so that e = (1, 0, 0).
Verify the table of infinitesimals,

X y YVx
al 2x —2y —4y,
1 0 0

c|l—x° 642xy 4dxy,+2y
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Show that this table, together with equation (1.47) for the one parame-
ter subgroup in Exercise 1.5.7, yields the results of Exercise 1.6.6. Hint:

(e, B,y) = (&', a?, ).

Remark 1.6.16 Applying Definition 1.6.10 to the prolonged action is the
first step of Sophus Lie’s algorithm for calculating the symmetry group of a
differential equation. This algorithm is discussed in detail in textbooks, for
example Bluman and Cole (1974), Ovsiannikov (1982), Bluman and Kumei
(1989), Stephani (1989), Olver (1993), Hydon (2000) and Cantwell (2002),
and we refer the interested reader to these.

The infinitesimals and infinitesimal operators defined above are all with
respect to given coordinates on M and given parameters describing the group
action. Coordinates are the reality of applying the theory and writing software,
but it is also important to have the geometric point of view developed in the
next two chapters. The full importance of the infinitesimal vectors will become
apparent in Chapter 3.

1.6.1 The prolongation formula

Given a prolonged action, it is not necessary to calculate 1;‘}7( in order to calculate
the infinitesimals ¢ .

In the simplest case where we have u = u(x), that is, one dependent and
one independent variable, we can obtain the infinitesimal action on y, without
calculating y, as follows. Observe that

T, 0 (di 4d¥
02 @(E/@
d¥\ 2 /d¥ 9 du  du [/ 0 d¥
:<E) <5@5_5<@5>>
d¥\ 2 /d¥ d 9 di d ¥
(&) (EL2-22)

since derivatives with respect to x and the g; commute. Evaluating this at g = e,
when dX/dx = 1, yields

d d
Prxr,j = ad’,j - “xagj, (1.50)

where we have denoted by [x] the particular index of differentiation on # whose
infinitesimal we are considering. Note that the derivative operators in equation
(1.50) are fotal derivatives. This is important since typically £ and ¢ depend on
the dependent variables.
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Exercise 1.6.17 Adapt the calculation above to show that in the case u = u(x),
and K = [x...x], with |K| terms, Kx = [xx ... x], with | K| + 1 terms,

d d
Gkxj = T—Pk.j— quasj- (1.51)

dx

Exercise 1.6.18 Extend the calculation of the previous exercise to show that if
u=u(x,y), K=[x...xy...yl, Kx =[xx...xy...y], then

D D . D ,
Pkx,j = a@c,j - kaafj - ukyaffj (1.52)
where
o aght 8l
8jlg=e 8jlg=e
and
D_3 0,00y D
Dx 0x ou ou, duy 0x " oug

is the fotal derivative operator in the x direction. Find the matching formula for

Pky.j-

The formula (1.52) is a recursion formula satisfied by the ¢ ; in the case of
two independent and one dependent variables. A more general result follows.

Theorem 1.6.19 The ¢y ; in terms of the éj and ¢°; is

¢k ;= D¥ (¢f’j - Zu?%’) +3 &, (1.53)

i
where D® is the total derivative of index K, u% = du®/dx; andu%, = du /dx;.

Exercise 1.6.20 Verify the table of infinitesimals given below for the action

ax +b

m, u(x) = u(x),

X =

where ad — bc = 1, in two different ways: by calculating ¢k ; directly from
iix, and by using the formulae above

X u Uy Uxx UKx
al2x 0 —2u, —du, —2(|K| + Duxky
bl 1 0 0 0 0
cl—x* 0 2xuy Adxue +2uy (K| 4+ DQugy + |K|ug)

where | K| is the length of K.
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The proof of Theorem 1.6.19 follows from iterative use of the chain rule.
These formulae and their derivations can be found in every textbook on symme-
tries of differential equations, for example Olver (1993) or Bluman and Kumei
(1989), in a seemingly endless variety of notational styles. It is well worth
taking the time to calculate a selection of prolongations of infinitesimals, not
only to be sure which index is which in the preferred notation, but then also to
implement it in the preferred computer algebra system. The software will be
needed to do the calculations in Chapter 4.

Exercise 1.6.21 Implement the prolongation formulae, equation (1.53). The
input will be lists of dependent and independent variables, the infinitesimals §;
and ¢“ and an index of differentiation K. The output will be ¢%.

Remark 1.6.22 Virtually every computer algebra system has a package that
implements Lie’s algorithm to find symmetries of differential equations, and all
these have, of necessity, implementations of the prolongation formulae buried
in them. A review of the software packages available has been given by W.
Hereman in Ibragimov (1996), Chapter 13; one recent package is Carminati
and Vu (2000).

1.6.2 From infinitesimals to actions

We now state the major theorem of this section, that the one parameter group
action can be derived from the infinitesimals, at least for small 7.

Theorem 1.6.23 The solution of the differential system

d. _
d_Zi:§l®7 l=13""n
d (1.54)

’Z|t=0 =z

vields a (local) one parameter transformation group whose infinitesimals are

¢'.

Typically the system can be solved only for # in an interval about 0, in which
case a local action results. The proof of this theorem is given in Chapter 2.
In the particular case of a prolonged action, the theorem is written as
follows.
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Figure 1.8 The one parameter group condition for a transformation group means:
if a point z ‘flows’ for ‘time’ € and then for ‘time’ &, it arrives at the same point as
if it flowed for ‘time’ § + €.

Theorem 1.6.24 The solution of the differential system

—% = &', W), i=1,...,
dtx E'(x,u) i p

= UE D, a=l...q (1.55)

& ),_y = (x. )

yields a one parameter transformation group whose infinitesimals are & and
¢~

Note that the x; and the u® appear on the same footing in the ordinary
differential system (1.55). It is only when the induced action on the derivatives
is calculated that the u® are taken to be functions of the x;.

Remark 1.6.25 In applications where ¢ is one of the existing independent
variables, we set the group parameter to be €.

The existence and uniqueness of the solution to first order ordinary differ-
ential systems with given initial values is the key result, not only to obtain
(X, ) but to prove the one parameter group property holds. To describe this
property for a transformation group, we need some notation. Set Z(¢) = z;. If
we now take z; as our new initial value, we obtain the curve § — z1(8). The
one parameter group action property is then (see Figure 1.8)

21 =z2(€) = 21(8) = Z(e + 5).

A full discussion is given in Chapter 2.
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Typically, it is the infinitesimals that are given in an application, not the
group action. Since it is hard to integrate systems like (1.55), we will be trying
to avoid this integration step as much as possible. One of the great features
of the moving frame theory is that so many of the calculations can be done
with only the infinitesimals. In addition, it is important to ask yourself, for
the particular application at hand, ‘if the integration step can only be handled
approximately, does an approximate solution suffice?’

The uniqueness of the solution of the differential system implies that if you
start with a one parameter group action, obtain the infinitesimals, and then
integrate, you obtain the same one parameter group you started with. If you
do not start with an action satisfying the one parameter group property, then
the solution of the system is a reparametrisation of the group action that does
satisfy it.

Exercise 1.6.26 Consider the scaling transformation ¥ = A%x which s an action
of (R*, -), whose identity element is A = 1. Differentiating ¥ with respect to A
at A = 1 yields the infinitesimal £ = 2x.

What to do: integrating the system dX/dr = 2X with initial condition X = x
at t = 0 yields X = exp(2t)x. Show this is a reparametrisation of the scaling
transformation that satisfies the one parameter group property.

What not to do: integrating the system dx/dA = 2X with initial condition X = x
at A = 1 yields ¥ = exp(2(A — 1))x. Show this is not a group action of (R*, ).

The purpose of the next exercise is to give the reader a taste of the skulldug-
gery required to solve a typical differential system and verify Theorem 1.6.24
in practice. These infinitesimals arose in a study of non-classical reductions
of the equation u, = u,, + f(u), for f(u) a cubic (Clarkson and Mansfield,
1993).

Exercise 1.6.27 Find the group actions corresponding to the given infinitesi-
mals,

| x t u
6|3M tan(ux +«) 1 —u’QBu + b)sec’(ux + «)

where ©, k and b are constants. (Since ¢ is here an independent variable,
we use € for the group parameter.) Verify the group action property, and
show that 7 = exp(—3u2t) sin(ux + «) and J = Bu + b)tan(ux + «) are
invariants.
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Solution to Exercise 1.6.27 We need to solve

Xe = 3utan(ux + k)
=1
e = —u>(3i + b) sec’(uX + k)

together with X(0) = x, 7(0) = ¢, u(0) = u. The first two equations are easily
integrated to give

sin(uX + k) = exp(3u’e) sin(ux + «), T=t+e

Back-substituting € =7 — ¢ into the first expression and rearranging terms,
we obtain that exp(—3u2t) sin(ux + k) = exp(—3u,2?3 sin(uX + «), in other
words, 7 is an invariant. To verify the group action property for the variable x, set
x1 = X(€). Note that sin(ux;, + «) = exp(3u2€) sin(ux + «) and sin(ux](8) +
k) = exp(31428) sin(ux; + «) and thus

sin(1X7(8) + k) = exp(3u’8) sin(ux + k)
= exp(3u26) exp(3u26) sin(ux + «)
= exp(3,u2(e + 8)) sin(ux + «)
= sin(uXx(e + 8) + «)

so that X1(8) = X(e + 8) as required (for small enough & and ¢). Verifying the
flow condition for the variable 7 is trivial and is left to the reader. To simplify
the integration of the third equation, note that X, = 312 sec?(uX + &)X, and
thus the third equation becomes

~

3ﬁ€ xGE
J+b X
which is easily integrated to give

¢ =X.(3u + b) = 3utan(ux + «)(3u + b)

where c is a constant of integration. Thus the quantity 7 = tan(uX + «)(3u +
b) is an invariant; this necessarily has the same value for all values of €, so we
obtain

tan(uX + «)(3U + b) = tan(ux + k)Bu + b).

Solving this for # and back-substituting for X in terms of € and x yields the
desired expression for #(¢) in terms of € and the initial position, (x, ¢, u). Veri-
fying the group property using this expression is, however, not recommended.
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Instead, we use the invariant 7. We have

tan(ux1(8) + «)(3i1(8) + b) = tan(ux; + k)(3u; + b)
by invariance of J
= tan(uXx(€) + «)(3u(e) + b)
as x; = X(€), u; = u(e)
= tan(ux(e + 8) + «)(3u(e + 8) + b)
by invariance of 7
— tan(uz; (8) + k)(30i(e + 8) + b)

using the group property for the variable x in the last step. Thus u7(8) =
(e + 8) as required. The invariance of J can also be checked directly by
noting that d7/de = 0, and similarly for the other invariant. We leave this to
the reader. O



2

Calculus on Lie groups

In this chapter we examine briefly the details of the technical definition of a Lie
group. This chapter can be skipped on a first reading of this book. Eventually,
however, taking a small amount of time to be familiar with the the concepts
involved will pay major dividends when it comes to understanding the proofs
of the key theorems.

By definition, Lie groups are locally Euclidean, so we can use tools we know
and love from calculus to study functions, vector fields and so on that can be
defined on them. Thus, we study differentiation on a Lie group. There are at least
three important cases to consider. The first involves understanding the intrinsic
definition of tangent vectors. These ideas inform every other understanding of
a tangent vector, so we do that first. A second and simpler line of argument is
strictly for matrix presentations, while a third treats tangent vectors as linear,
first order differential operators. We will need all three.

The major theorem we prove is that the set of tangent vectors at any given
point g € G is in one-to-one correspondence with the set of one parameter
subgroups of G. After a discussion of the exponential map in its various guises,
we end the chapter with a discussion of concepts analogous to tangent vectors,
one parameter subgroups and the exponential map for transformation groups.

2.1 Local coordinates

The technical definition of a Lie group is that it is a smooth, locally Euclidean
space, such that the multiplication and inverse maps are smooth. In this section,
we describe what this all means.

Up close, every small enough piece of an n dimensional Lie group looks
like a piece of R" in the sense that one has coordinates, as in Figure 2.1. Thus
we say that Lie groups are locally Euclidean.

51
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Figure 2.1 Near every g € G, one can define a system of coordinates centred at g.

Definition 2.1.1 A chart or coordinate map for the Lie group G, is given by
an invertible map

¢ U — ¢U(g) C R,

where U(g) C G is a neighbourhood of g and ¢(U(g)) is an open subset of R"
for some n. If in addition, ¢(g) = 0, we say the chart is centred at g € G.

Remark 2.1.2 A subset U of R" is open if for every x € U, there isan € > 0
such that the e-ball, B.(x) = {y € R" | |x — y| < €} is contained wholly within
U. This requirement relieves us from considering singularities of coordinate
maps which occur at the boundaries of their domains of definition, as well as
ensuring that the image of the coordinate map is fully n» dimensional.

The best known example of a locally Euclidean space which is not globally
Euclidean is the the surface of a sphere; think of the globe. (What are the
coordinate maps for the surface of the earth?) Unsurprisingly, the coordinate
maps are known as charts and the set of all possible charts is called an atlas.

In addition to coordinate charts existing about every point g € G, we also
need the charts to be smoothly coherent in the following sense.

Definition 2.1.3 We shall call a set of charts {({;,¢;)|j € J} for an n
dimensional space M a smooth atlas if

@)
Jui=m
ieJ
and
(i) for all i, j € A such that domain(¢;) N domain(¢;) # ¥, then the inter-
change map,

¢; o ¢ : ¢i(domain(e;) N domain(¢;)) C R"—R",
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is smooth, that is, infinitely differentiable, according to the standard defi-
nitions given in several variable calculus.

One consequence of the definition is that the dimensions of the image space
of the coordinate maps are all the same.

Definition 2.1.4 A space with a smooth atlas is called a smooth manifold.

The second part of the definition of a Lie group is that multiplication maps
and the inverse map are smooth.

Definition 2.1.5 Given k € G, left multiplication by #4 is defined by
L,: G—G, g+ hg

while right multiplication by 4 is defined by
R, : G—G, g+ gh.

Definition 2.1.6 We say left multiplication is a smooth map provided for every
h € G and every pair of coordinate maps ¢;, ¢; satisfying

Lpdomain(¢;) N domain(¢;) # @,

that the map ¢; o L; o ¢, !'is smooth, according to the standard definitions of
smoothness in several variable calculus, on its domain of definition.

The definitions for right multiplication and the inverse map to be smooth are
similar. Since multiplication is smooth, it follows that given coordinates near the
identity, we obtain coordinates near any element of the Lie group using left or
right multiplication. If U(e) is a neighbourhood of e € G, then U(g) = g-U(e)
is a neighbourhood of g. Moreover, if ¢ : U(e)—>R" is a coordinate map, then
¢ o g ! is a coordinate map for 2/(g). One can also use right multiplication;
this will yield a different chart in general.

Definition 2.1.7 A Lie group G is a smooth manifold which is also a group,

such that the multiplication and inverse maps are smooth.

Example 2.1.8 The unit circle, S' c C is a Lie group with multiplication,
exp(i6) exp(iy) = exp(i(6 + ¥)).

For exp(i9) € S!'. and 0 < € < 7, take

U(exp(if)) = {exp(iy) |10 — ¥| < €}
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\‘

Figure 2.2 ¢ : U(g)—pU(g)) C R, ¢(g) = 0.

o

v 7

-
\%\/&

Figure 2.3 ¢ : U(g)—pU(g)) C R, $(g) = 0.

and then the coordinate map ¢ centred at 6 is given by (see Figure 2.2)
Pexp(iy)) = ¥ — 0.

Exercise 2.1.9 Consider the coordinate maps given in Example 2.1.8 above.
For coordinate maps ¢y and ¢; centred at 6y and 6, in S lcc respectively,
whose domains have non-trivial intersection, show that the interchange map is
a translation,

drody ' (Y) =¥ + 6 — 6.

Example 2.1.10 The two dimensional torus, S I'x S! isalLie group, with the
product multiplication,

(exp(if), exp(ip))-(exp(ix), exp(iy)) = (exp@i(f + x)), exp(i(¢ + ¥))).

Exercise 2.1.11 Define a neighbourhood and a coordinate chart for any element
of S! x S, see Figure 2.3.

Example 2.1.12 Elements of the Lie group SL(2, R) near the identity are given
by

1+ bc
a
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since a is close to unity and is therefore non-zero. Coordinates in this neigh-
bourhood of the identity I, centred at I,, are then (for example)

a b
b - l+bc | = (@a—1,b,¢) e R
e LoC
a

Exercise 2.1.13 Write down coordinates for a neighbourhood of any element
of SL(2, R) by first using left (or right) multiplication to take the given element
to the identity, followed by a coordinate map at the identity. Given two such
charts, what is the interchange map?

Exercise 2.1.14 Write down coordinates for elements of S O (3) near the identity,
using both Euler angles and the Cayley parametrisation (Fassler and Stiefel,
1992, page 83).

2.2 Tangent vectors on Lie groups

Using the system of coordinates we can talk about tangent vectors on G. Given
the wealth of ways Lie groups present themselves, the naive view of a tangent
vector as an arrow sitting on a surface is not particularly helpful, unless you
happen to have a surface such as a two dimensional torus. Instead, the best way
to think of a tangent vector is in terms of paths; to obtain a tangent vector, take
a smooth path and differentiate it.

In standard Differential Topology, one differentiates the image of the path
under a coordinate map, since differentiation of a path in R" is well defined.
But it is enough to think of the path itself as representing the vector; this is the
so-called intrinsic definition of a vector. For Lie groups in their matrix repre-
sentation, one can describe tangent vectors using matrices, taking advantage
of the fact that the set of n x n matrices is a linear space. Finally, we look at
tangent vectors as first order differential operators. These last two descriptions
are particularly useful in applications.

Definition 2.2.1 A smooth path with basepoint g € G isamap y : [—€, €] C
R—> G for some € > 0, such that y(0) = g, and wherever y maps into
the domain of a coordinate map ¢, then ¢ oy is a smooth curve in R"
(Figure 2.4).

While we have defined a path as a map, we also speak of its image
y([—¢€, €]) C G as being the path, depending on the context.

Ify:t— y@) CU(g) C G is a path with basepoint g € G, and ¢ is a
coordinate map centred at g, then ¢(y(¢)) is a path with basepoint 0 € R".
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¢
N

M’“”

Figure 2.4 A coordinate map centred at g takes each path through g to a path through 0.

B(71)
4 A o(72)

Figure 2.5 Paths are equivalent at g if their tangent vectors at ¢(g) are equal.

The path ¢ o y has a tangent vector at 0 € R” given by v = (¢ o y)'(0). The
idea is to think of a vector at g as a curve based at g, and to differentiate it
in coordinates to produce a traditional vector when necessary. Unfortunately,
more than one path at g leads to the same v in R". In order to have a technically
rigorous definition of a tangent space, we need to view as equivalent all paths
giving the same vector in R” under the same coordinate map. The equivalence
relation is pictured in Figure 2.5.

Definition 2.2.2 Two paths y;, y» C U(g) both with basepoint g, that is,
satisfying g = y1(0) = »(0), are said to be equivalent at g, y; ~ y», if for
some coordinate map ¢ with g € domain(¢),

d

d
T t:0¢0)/1 = 3 t:O¢’OV2-

Note that part of the definition of equivalence is that their basepoints, y;(0)
are equal. The equivalence class of y is denoted [y].

Paths that are equivalent in one coordinate chart are equivalent in every coor-
dinate chart; since ¢ o y = (¢ 0 ¢~ ) 0 ¢ o y, the result follows by applying
the chain rule.
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Definition 2.2.3 The tangent space at g € G, denoted T, G, is the set of all
equivalence classes of smooth paths y with basepoint g = y(0).

Theorem 2.2.4 The tangent space T,G is a linear space.

Indeed, let ¢ be a coordinate map centred at g, that is, ¢(g) = 0. If y1, y»
are paths with basepoint g then define y; + y» to be the path

¢ @ori+don)
and for k € R, define ky to be the path
¢~ (kg o y).
Note that y; + y» and ky have their basepoints at g.

Exercise 2.2.5 Check thatif y; ~ y| and y» ~ v, then (y1 + y2) ~ (¥{ + ¥3)-
Similarly, if y ~ y’ then (ky) ~ (ky’). Conclude that addition and multiplica-
tion by a scalar are well defined on equivalence classes. Hence prove Theorem
2.24.

If M and N are manifolds and f : M — N is a map, then a smooth path y
on M maps to apath f oy on N.

Definition 2.2.6 We say f is differentiable at x € M if the tangent map
Iif :TeM — TN, [yl 1[fovyl

is well defined (Figure 3.6). If 7, f exists for every x € M, we say f is
differentiable on M and write the tangent map as Tf : TM — TN, where
Tf(w)=T:(v)forveTl,M.

In coordinates, f is differentiable at x if for every differentiable path y
based at x € M, the path f o y is differentiable on N. The tangent map is then

fy@).

t=0

d
yt) = —

dr =0 dr

Recall that for G to be a Lie group, left multiplication (Definition 2.1.5)
must be a smooth map.

Exercise 2.2.7 Show that
y~v = hy~hy.
Conclude that left multiplication induces a map

TyLy : T,G—> Ty, G, [yl [hy]



58 Calculus on Lie groups

o

Figure 2.6 The definition of the tangent map 7, f, which sends the vector [y] at
x to the vector Ty f([y]) = [f o y]at f(x).

If & is sufficiently close to the identity so that g € U/(g), then we can use the
same coordinates to examine both y and 4-y. Then T, L;, (defined in Exercise
2.2.7) is represented by the Jacobian of ¢ L,¢ '

d B o d ]
EZ=O¢OLhO)’(t)—D(¢OLhO¢ )dt t=0(¢ Y)(@).

Similar remarks apply to right multiplication and the inverse map.

2.2.1 Tangent vectors for matrix Lie groups

If the Lie group is represented by matrices, then since the space M,,(R) (M,,(C))
of n x n matrices with real (complex) coefficients is linear, we can differentiate
a path in M,, without needing a coordinate map:

d
dr

(aij(1)) = (a};(0).
=0

t

Thus, for example, differentiating paths in SO (2), we obtain

E cosf(t) —sinf()\ [ —sinf(0) —cos(0) 6'(0)
dr|,_o, \'sin0(t)  cos0O(t) "\ cosf(0) —sind(0)

where multiplication of a matrix by a scalar is understood to be
c(a;j) = (cajj).

For a matrix group, the tangent map to left multiplication T L 4 is still actually
left multiplication by A, since

d d
Sl aBon=4Z] Bo)
dr,_o dr—o

for every path B(¢) in the group.
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Exercise 2.2.8 Show that the tangent space at the identity of the Lie group

SOQ2)is
0 —c
T,(S02) = {(c . ) ICGR}.

Hint: let ¢ = 6'(0). Show that the tangent space at an arbitrary element of
A € SO(2) is given by

0 —c 0 —d
TA(SO(Z))z{A-<C 0)|LER}={(d 0>-A|de]R}.

Show that T4(SO(2)) is a linear space.

Exercise 2.2.9 From A(t)A(t)~' = I, find a formula for (A~')(¢) in terms
of A'(¢). Note that taking the inverse and differentiation are not commutative
operations. If A(0) = I, show (A1) (0) = —A’(0). Hint: the product rule is
valid for matrices.

Exercise 2.2.10 Prove that the tangent space at the identity of SU(2) consists
of matrices of the form

where Re(a) = 0. Hint: recall from Example 1.1.11 that A € SU(2) means that

=5 %)

with oo + BB = 1. Differentiate a()a(r) + B(t)B(t) =1 at t =0, and set
a(0) =1, B(0) = 0, &’(0) = a and B'(0) = b.

Exercise 2.2.11 The unitary group U (n) is the set of n x n invertible complex
matrices given by

Un)={U € GL(n,C)|UTU = 1,}.

Prove that the tangent space at the identity of U (n), which is denoted u(n), con-
sists of matrices which satisfy the equation A” + A = 0. Show this set of matri-
ces is a vector space. What is its dimension? Hint: differentiate un'uae =1,
with respect to ¢ and set A = U’(0).



60 Calculus on Lie groups

2.2.2 Some standard notations for vectors and tangent maps
in coordinates

Vectors understood as paths is the all purpose notion from which all the others
derive. In R", that is, in coordinates, one can calculate the derivative of the path
to obtain the standard notion of a vector as an element of R" together with a
base point. Usually the basepoint is implicit.

If we have a vector V(z) at every point z € U C R", then the basepoint for
the vector V(z) is z, and we say the map z — V(z) is a vector field.

There are three standard notations for vectors in coordinates. The first is as
a row vector, used for graphical purposes.

Example 2.2.12 Plot the vector field on R?, given by V(x, y) = (—y, x) and
show it is the infinitesimal action of the usual action of SO(2) in the plane.

A second notation is as a column vector, used when doing multivariable
calculus. For example, the derivative of a function f : R? — R?in the direction
of the vector V(x, y) = (—y, 07 is

1 1 _
Df(V) = (;2 ?2> ( xy). 2.1

Exercise 2.2.13 To see how (2.1) relates to the definition of a tangent map,
let y(t) = (cos(t)x — sin(t)y, sin(¢)x + cos(t)y), so that (d/dt)|,_, v () = V.
Compare (2.1) with (d/dt)|,— f(y(t)) expressed as a column vector.

The third notation is as a differential operator. Thus V(x, y) = (—y, x) is
represented by

V(x,y) = —yo, + x0,.
More generally,
Vi@, ..., Vu(@) = Vio;, +---+ V,0,,.
We then have that the derivative of a function f : M — R in the direction V is
V(f).

Exercise 2.2.14 Show V(f) = Df(V), where on the left, V is in operator
notation, while on the right, V is a column vector.

Remark 2.2.15 Some authors take the operator notation for a vector as the
starting point for the definition of a vector as a derivation on the set of smooth
functions C*°(M, R) to itself (where ‘smooth’ means, in effect, that a derivation
can act). A derivation V is a linear map satisfying V(fg) = V(f)g + fV(g).
This definition lacks the intuition and the computational ‘nous’ inherent in the



2.2 Tangent vectors on Lie groups 61

‘vectors as curves’ view, and hides from view the multivariable calculus needed
to compute anything.

There are times, however, when the operator notation has a computational
advantage. If a function F is an invariant of a group action and V is the
infinitesimal action, then with V in operator notation, we have V(F) = 0. In
other words, we can write the condition for F to be invariant as a differential
equation. Further, the operator notation will prove extremely useful in calcu-
lating the Lie bracket of two vector fields discussed in the next chapter.

We next consider the tangent map in coordinates. We already saw an example
in Exercise 2.2.13 which we now generalise. Consider f : M — N in some
coordinate chart, and suppose V is expressed as a column vector. Then the
tangent map T f is given by the Jacobian of f evaluated at x.

Definition 2.2.16 If the map f is given in local coordinates as
x =y, ) = (P, 200, 7 00)

then the Jacobian of f evaluated at x is the matrix

fl fl fl
I R
Dfy=|"" T
Indeed, if V = y'(0) = (¥,(0), ... y,(0)", then
F R ST o V(1)
d XZ f f ¥3(0)
m fly(@®) = Dfy'(0) = f f . f 2 (2.2)
tt=0 : : . : .
o 7, (0)

X1 X2
by the chain rule.

Calculating tangent maps is a little trickier in operator notation. We use
the fact that if x : N — R is a scalar function, then V(x) = D x (V) (Exercise

2.2.14) and thus
(DFV)(x) = Dx(Df(V)) = D(x o f)V)=V(xof).

For example, if V = v{0, + v,3, is a vector on R? and f: R? — R2, then by
the chain rule,

(DF(V)(x) = V(fox)
= ((fy + v fDdp + i f2+ v f)d)x (2.3)
= (V(fHap + V(AHap)x.
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It can be seen that the change of basepoint is encoded in the indices of the new
operators.

Exercise 2.2.17 Let X = 9, and Y = x0d, be vectors at x € R. Show that if
f : R — R is the exponential map, f(x) =y = exp(x), then Df(X) = yo,
and Df(Y) = ylog(y)d,.

2.3 Vector fields and integral curves

To prove the main theorems of this chapter and the next, we will need the notion
of an integral of a vector field.

The idea of a vector field is familiar to anyone who has seen a weather map
depicting, at each point in some region of the earth’s surface, the direction
and magnitude of the wind. Both the direction and magnitude vary smoothly
over the region, and it is not hard to imagine that a speck of dust, dropped
into the atmosphere at some point, will be carried along by the wind and thus
trace out a path parametrised by time ¢. This path is called the flowline or
integral curve of the vector field passing through the initial point, where the
speck was released. The set of such paths represents the intuitive notion of
the integral of the vector field. In this section we consider vector fields whose
components do not depend explicitly on time. Such vector fields are called
autonomous.

Remark 2.3.1 Non-autonomous vector fields can be converted to autonomous
ones by extending the base space M to M x R, setting ¢ to be the new coor-
dinate, and extending vectors V to (V, 1) (row notation) or V + 9, (operator
notation). Thus the theorems we describe here can be extended to the non-
autonomous case.

Vector fields are maps from M to the tangent bundle of M, which we now
define.

Definition 2.3.2 The tangent space of a manifold M is
™ = | J T.M.
zeM

Coordinate charts (U, ) on M extend to coordinate charts on TM,
with [y] € T.M mapping to (¢(z), (d/dt)|,_o @(y(¢))) € R" x R" where n =
dim(M).

Remark 2.3.3 It is not true in general that the tangent space to a manifold M
is the product M x R". The standard counterexample is the two dimensional
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sphere; if T'S* were equal to S? x R?, then there would exist a vector field
on S? which is everywhere non-zero; this is famously false by the ‘hairy ball
theorem’ (Munkres, 1975, Theorem 10.4).

Definition 2.3.4 A vector field on the manifold M is a map
V:M—>TM, V() e ;M.

On the space M itself, at any given point, a vector is an equivalence class
of curves, so a vector field gives a class of curves at every point. Under a
coordinate map, a vector field can be represented in the traditional way by an
arrow at every point. Vectors are also denoted as v or X.

Example 2.3.5 Show that there exist everywhere non-zero vector fields on Lie
groups. Hint: show there is an everywhere non-zero vector field by taking a
vector V at the identity and considering the map g > T, R, (V). This implies
that for Lie groups, TG = G x R" where r = dim(G) (Hirsch, 1976, Exercise
4, page 92).

Definition 2.3.6 A flowline or integral curve of a vector field V on M is a
path I : s — M such that for every s € R, V(I'(s)) ~ I'(s) (recall Definition
2.2.2). A flowline for V satisfying I'(0) = z is denoted by either s > Ff (z) or
if V is understood, by s + I'(z, ).

Remark 2.3.7 It can happen that integral curves are not defined for all s € R,
in which case the vector field is said to generate only a partial flow. As an
example, consider the vector field on R given by V(x) = xzax, for which
F;/(x) = x/(1 — sx). Thus one can prove only that a flow exists for s in some
open interval about 0 € R.

Integral curves for a vector field, with intrinsically defined vectors, are
depicted in Figure 2.7. A coordinate map ¢, with domain ¢/, maps V to a vector
field V on ¢(U) C R", depicted in Figure 2.8, by taking

— d
Vip(2) = T (v (1)), V() =Ir]
t=0

A vector field is continuous if its components in any coordinate system
are continuous functions. We state the theorem guaranteeing existence and
uniqueness of integral curves of continuous vector fields in its usual form, that
is, in coordinates. The integral curves on M are obtained by pulling back the
flowlines guaranteed by the theorem for the vector field in R", via the coordi-
nate maps. Uniqueness of the flowlines means that integral curves in different
coordinate patches match up, so that they can be continued over all of M.
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/)

Figure 2.7 Flowlines for an intrinsic vector field on M are everywhere tangent
to representative paths at their base points. In (i) arbitrary representative paths of
vectors are shown. In (ii), the flowlines themselves represent the vectors at every
point (some shown in bold for illustrative purposes).

Figure 2.8 Flowlines for a vector field in R2.

Theorem 2.3.8 (EUSODE) Given a continuous vector field V in an open
neighbourhood U C R", then for each x € U, there exists a unique integral
curve s — ['(x, s), for s in some open interval about 0 € R, such that

() (d/ds)T'(x, s) = V(I'(x, s)),
(ii) T'(x, s) is once more continuously differentiable with respect to x than the
components of 'V,
(iii) I'(x, 0) = x for all x.
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Figure 2.9 The ‘flow equation’, I'(I'(x, s), r) = T'(x, r + ).

Remark 2.3.9 Theorem 2.3.8 is the Existence and Uniqueness of Solutions
of (first order) Ordinary Differential Equations (EUSODE) with a given initial
value. The best proofs require only continuity of the components of V and
use the Arzela—Ascoli Theorem, see for example Brown (1993), Theorem 1.1.
The significance of this result, its utility and the depth of its proof, cannot be
overestimated.

Theorem 2.3.10 Integral curves for a vector field V satisfy the flow equation,
'Cx,s),r)=Tx,r+s),

that is, if you flow for time s, and then flow for time r, the result is the same
as flowing for time r + s (Figure 3.9). If the flows are only partial, we need to
assume that T'(x, r + s) is defined.

Proof The flow equation follows from the fact that the two curves
yi:r—= T (x,s),r), ypiri=>Tx,s+7r)

both satisfy the same differential equation and the same initial condition, and
hence are the same curve:

y1(0) =TT (x,5),0) =T(x,s) = y20),

d d
R (r) = —I([T(x,s),r)=V(I((x,s),r) = V(ii(r)),
r dr

i)/2(r) = iIj(x, s+r)=V(yx,s+r) = V(). 0
dr dr

The flow equation means that integral curves of vector fields on M define
actions of the Lie group (R, +) on M. Partial flows define only a local group
action. This does not help to find the integral curves of course, but it does
mean that a rich source of actions is available for finding counterexamples to

conjectures concerning how orbits of actions are embedded in M.
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2.3.1 Integral curves in terms of the exponential
of a vector field

If the vector field is analytic, then its flow can be understood in terms of a series
expansion as follows. Writing the vector field v in operator notation, so that for
any analytic function f, the functions VO( = f,v(f), V2( f)=v(v(f)) and
so on are defined, we further define exp(¢v) for # € R to be the operator given by
— 1
exp1v(f) = Z Et"v“( f). (2.4)
n=0
Note the value x € M at which these expressions are evaluated is implicit.
Assuming the series converges and can be differentiated term by term, it is
straightforward to show that
%exptv(f) = v(exprv(f)),
since v is linear. Since further exp(0)(f) = f, we suspect that exp tv(f) is the
value of f on the integral curve of the vector field of v at time ¢, with initial
value being the implicit x. The next theorem gives the explicit relationship
between exprvand I}

Theorem 2.3.11 The series exp tv(f) is the Taylor series of f o '}, since

d" Vo
il feTr =) 2.5)

foralln > 0 and for n = 0 we have V°(f) = f = foTy.

Taking f to be the coordinate functions x; yields the integral curve in
coordinates. By and large, it is often far easier to solve the differential system
for the flow given in Theorem 2.3.8 than it is to sum the series into closed form.
But for analytic vector fields, useful information for small ¢ can be obtained.

Exercise 2.3.12 Show the series (2.4) converges and can be differentiated term
by term, provided both f and the components of v are analytic. Hint: Taylor
series for analytic functions converge and can be differentiated term by term.

Exercise 2.3.13 The constant vector field v = 9, defined on the real line has for
its flow, I'}(x) = x + ¢. Show that exp(¢v)(f) is the Taylor series of f(x + )
based at x.

Exercise 2.3.14 The linear vector field v = axd, defined on the real line has
for its flow, I'}(x) = exp(at)x. Verify equation (2.5) for n =1, 2 and 3 for
arbitrary analytic f. Taking f(x) = x show that the series is indeed the Taylor
series for exp(at)x based at x.

Exercise 2.3.15 Prove Theorem 2.3.11.
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}L;; (f)

(o, B)
| €= (110)

Figure 2.10 The curve ¢ > h3(t) in G.

2.4 Tangent vectors at the identity versus one
parameter subgroups

We can now state and prove the following major theorem.

Theorem 2.4.1 Let G be a Lie group. There is a one-to-one correspondence
between one parameter subgroups of G and tangent vectors at the identity

ecG.

A one parameter subgroup h(t) C G satisfies #(0) = e and thus defines a
path through e. Hence, these subgroups define tangent vectors in 7,G. It is the
converse of the theorem that requires proof: givenany v € T, G, there is a unique
one parameter subgroup hy(¢) whose tangent at e is v. The map v > hy(¢) is
called the exponential map and is discussed in greater detail in the next section.

Example 2.4.2 Recall Exercise 1.5.4. For every tangent vector v = («, )
at the identity e = (1, 0), there is a one parameter subgroup /y(¢) such that
h',(0) = v. The path traced out by A3 in G, and its corresponding tangent vector
att = 0 is depicted in Figure 2.10.

Note (d/dt)|,—¢ h3(t) = (a, B)is valid forall & # 0, and (d/d¢t)|,_y k1 (2)) =
(0, B). Thus, for any vector v € R?, we have a one parameter subgroup /(r)
passing through e with tangent vector v at ¢+ = 0. The theorem proved in this
section is that this subgroup is unique. Note: there are infinitely many paths
through e with tangent vector («, 8). Only one of them is a one parameter
subgroup.

Proof The proof of Theorem 2.4.1 hinges on the fact that left (or right)
multiplication by # maps any vector v € T,G to a vector in 7;,G. Indeed, given
[¥] € T.G then for any h € G, we have T L;,([y]) = [h-y] € T,G. Denote by

Xp: G—TG, g lg-v]

the vector field defined by left multiplication of the vector [y] (Figure 2.11).
Next, note the components of X, (g) vary smoothly with g, i.e. are dif-
ferentiable, because group multiplication is assumed to be smooth. Applying
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Figure 2.11 The vector field created by left multiplication of a vector at e.

Theorem 2.3.8, we obtain I'(e, s), the flow line of X[, satisfying I'(e, 0) = e.
Then we claim that

h(s) =T(e, s) (2.6)

is a one parameter subgroup of G. Since h(0) = e by construction, we need
only to prove that

h(s)-h(r) = h(s +r).
Let
y (1) =T(e, 1), 1] < e, €e>0

represent the tangent vector at e of the path h(s). For any fixed s there are
two paths at h(s) which represent the vector A'(s), namely ¢t — h(s)-y(t)
and r — I'(I'(e, 1), s). Similarly for fixed r we have two paths represent-
ing the vector of the flowline at h(r)-h(s), namely ¢ +— h(r)-h(s)y(t) and
t = I'(I'(T'(e, 1), 5), r). But this last is equal to t — I'(I'(e, t), s + r) which
also represents the vector of the flowline at A(r + s). Since vectors which are
equal have the same basepoint, it must be that 2(r)-h(s) = h(r + s).

Finally since a flowline through a point is unique, there is a unique one
parameter subgroup for each v € T,G. O

2.5 The exponential map

Definition 2.5.1 The map v + h, which sends a vector in 7,G to the one
parameter subgroup ., constructed in the last section and which satisfies, in
coordinates,

d
—| h()=v
dr

is called the exponential map.
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If G is a matrix Lie group and A € T,G, then the vector field X 4 constructed
in the previous section is simply

X4:G— TG, Xa(g) = Ag,

since if A = (d/ds)|s=0y(s), then (d/ds)|;—o(y(s)g) = Ag as the product rule
holds for matrix multiplication. The one parameter family associated to A,
found in the previous section, solves the differential equation,

d
—h(t) = Ah(2), h(0) = 1.
dt

The solution is given formally as

12 2 1 343 1 noAn
: n:

and thus unsurprisingly, we write
h(t) = exp(tA).

Exercise 2.5.2 Show from the series expansion (2.7) that exp((r + s)A) =
exp(rA) exp(s A). Hint: calculate

" exp((s —tr)A)exp(tA)

t=0

assuming term-by-term differentiation and the product rule hold.

Exercise 2.5.3 The matrices

0 1 i 0 0 i
f‘=<—1 o)’ fZ:(o —i)’ f3=<i o)

are all in 7,SU(2). Find exp(¢f;), i = 1, 2, 3, and verify that each forms a one
parameter subgroup of SU(2).

The exponential map provides a map
exp: T,G — G, exp(v) = hy(1),

also called, for better or worse, the exponential map. There exists § > 0 suf-
ficiently small, such that exp is injective on the set of vectors with norm less
than §. This provides one means of obtaining coordinates for G centered at e.

2.6 Associated concepts for transformation groups

Given a transformation group 7, it is not always obvious which Lie group G
lies behind it, in the sense that 7 is a presentation of G. If the transformations



70 Calculus on Lie groups

are only local, the problem of deciding, for example, what is the manifold of
T, is even worse. Fortunately, we can define concepts analogous to tangent
vectors and the exponential map, staying within the conceptual framework of
transformations on a space M.

Recall that a transformation group 7 is a group whose elements are invertible
maps of a specified space M to itself. The action of 7 on M is evaluation; for
heT,

TxM— M, (h,2) = h*xz=h(2).

The group product is composition of mappings, and the identity element of 7°
is the identity map on M, id|y . A path A(¢) C 7 based at the identity, so that
h(0) = id| s, yields for every z € M a path in M based at z, denoted variously
as

h(t) * z = h(t)(z), h(z) or h(t, z2)

according to context to ease the exposition. Thus a path k(t) C 7 through the
identity yields a vector field on M,

d
> —

o 0@ eTM.

t=0

If M has local coordinates z = (z1, ..., 2,), We have

dr

h(t)(zl, ceey Zn) = ({I(Z)v s ;‘n(Z))

=0
for some functions ¢; is the vector field in coordinates; these are the infinites-

imals which are the components of the ‘infinitesimal action’ discussed in
Section 1.6.

Definition 2.6.1 We say two paths in 7 based at the identity transformation
are equivalent if the vector fields they generate on M are equal; in coordinates,
if their infinitesimals are equal.

Conversely, given a vector field V on M, the flow map z — F,V (z) yields
a one parameter transformation group hy (t) = I"tV on M. Indeed, applying
Theorem 2.3.8, we have

hy(s)ohy(t) =T (V) =T\ =hy(s+1)

by the flow condition. The flow may generate only a local one parameter
transformation group, since hy(¢#) may not be defined for all ¢, only for ¢
sufficiently close to 0. By the uniqueness of the flow maps given by Theorem
2.3.8, we have proved the following theorem, analogous to Theorem 2.4.1.
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Theorem 2.6.2 Equivalence classes of paths in the (local) Lie transformation
group T based at the identity transformation are in one-to-one correspondence
with (local) one parameter subgroups of T.

An example of a one parameter flow obtained by integrating the infinitesimal
vector field is given in Exercise 1.6.27.

Definition 2.6.3 The space of vector fields on M is denoted X' (M). The subset
of vector fields generated by the transformation group 7 is denoted X7 (M).

Theorem 2.6.4 If M is a manifold and T a transformation group on M, then
both X(M) and X1 (M) are vector spaces.

Proof Vector fields are maps ¢ : M — T (M), and each T, M is a vector space.
Thus the set of vector fields X' (M) with addition and scalar multiplication
defined point wise is also a vector space.

To show X7 (M) is a vector space, let ¢, & € X7(M) be the infinitesimals
for the paths h(t), ho(t) C 7 based at the identity map. Then &; + ¢, is the
infinitesimal for the path h(¢) o hy(t) C 7, while if k € R, then k¢ is the
infinitesimal for the path h(kt) C 7. O

It is now hopefully clear that:

the object analogous to T,G for a transformation group 7 is X7(M), since
it is a vector space whose elements generate the one parameter subgroups
of 7.

We can now write down a rigorous definition of the infinitesimal action,
given for one parameter Lie groups in Definition 1.6.1.

Definition 2.6.5 If the element v € T,G is represented by a path y(¢) in G
based at the identity e, that is, (0) = e and y’(0) = v, then the group action
G x M — M defines a map

.G - X(M), v X,
where
X,(x) = d t)-xeT M
= dr t=0y . o

and which we will call the infinitesimal action of G on M. The vector field X,
is called the infinitesimal vector field corresponding to the path y(¢t) C G.
A similar definition holds for an element v € X7(M).
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Note the infinitesimal action is not actually an action of either G or T,G
on M. However, the flow of the so-called ‘infinitesimal vector fields’ gives the
action.

Exercise 2.6.6 Show that X, is well defined, that is, does not depend on which
representative path y for v is used.

If we apply the Theorem 2.6.2 to the action of a Lie group on itself, given by
left multiplication, then we obtain Theorem 2.4.1. Using right multiplication
leads to the same theorem, although the vector fields to integrate are different.
More interesting is applying the above to the conjugation (or adjoint) action
(see Exercise 1.2.10),

G xG— G, (g, h) — g 'hg,
a typical example is considered in the next exercise.

Exercise 2.6.7 Suppose that G is a matrix group with identity /, so that the
product rule for differentiation holds. Let A(¢) be a path in G based at I, and
consider

B(t) = A(t)" ' BoA(?), B(0) = B,.
Show

d
3 B0 =18, AT A @] (2.8)

where [P, Q] = PQ — QP is the usual matrix bracket, see also Example
1.6.4, and
o A 'A'(t) € T;G for all ¢.

Bracket equations like equation (2.8) arise for example in mechanics, the most
famous example being the spinning top. Thus, solving the system B'(t) =
[C(t), B(t)] where B(t) € G and C(t) € T;G, involves solving the simpler
system A'(t) = A(t)C(¢) for A(t); one then has B(t) = A ' BoA®).

For further reading on Lie groups, see Gilmore (1974) and Tapp (2005).
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From Lie group to Lie algebra

In the previous chapter, we discussed the tangent structure on a Lie group, and
the relationship between the set of one parameter subgroups and the tangent
space T,G at the identity element. The most striking feature of the tangent
space at the identity of a Lie group is the existence of a natural product,
called a Lie bracket, so that T,G is an algebra; the Lie algebra of the Lie
group.

Since Lie groups arise in different formulations, so does the appearance of
the bracket in the Lie algebra. However, they all follow from the one formula for
the Lie bracket of two vector fields on R" which we consider in the first section.
The geometric formulation looks unusable in practice, so we ‘deconstruct’ it
to make it easily computable, prove some of its properties and discuss the
all important Frobenius Theorem. We then derive the Lie algebra bracket for a
general Lie group in Section 3.2, giving details in the two main cases of interest,
matrix groups in Section 3.2.1 and transformation groups in Section 3.2.2.
Although many authors simply give the formulae for the Lie bracket in these two
cases as the definition of the Lie bracket, and readers only needing to compute
can skip straight to these formulae, it is both interesting and helpful to know
that in fact they are both instances of the same geometric construction. Since
so many of the proofs are straightforward if one knows about the underlying
construction and almost impossible if one does not, leaving out the basic
underlying structure of the Lie bracket would have been counterproductive.

In Section 3.2.2 we discuss the so called Three Theorems of Lie, as originally
formulated for transformation groups. Their historical significance is immense
and they inform all and any understanding of a Lie group action. We then prove
an important formula that will be central in proving the symbolic formulae for
the differentiation of invariants in Chapter 4.

Finally in Section 3.3 we examine the Adjoint action of both matrix and
transformation groups on their Lie algebras. A beautiful application of the latter
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will appear in Chapter 7 where we discuss variational methods and Noether’s
Theorem.

Notation'

A generic vector field on a manifold will be denoted X or Y.

An infinitesimal vector field will be denoted v or w.

The infinitesimal vector field corresponding to the group parameter a will
be denoted v,.

The vector field obtained by the action of a one parameter group 7 will be
denoted vy,.

An element of T,G will be denoted v or w.

A generic point in M or R" will be denoted z. In many applications, z will
denote the generic point (x, u%, u%) in a jet bundle.

3.1 The Lie bracket of two vector fields on R"

Recall that if X is a vector field on R”, then the flowline or integral curve of X
passing through z is denoted ¢ — FtX (z) and satisfies

ri@ =z, %r,’( (2) = XTX)),

and T'TY = I'X ; see Theorem 2.3.10, and Figure 2.9.

Definition 3.1.1 If y(s) is a path in R" based at z, so that
yO =z y(0)eLR",
then the Jacobian of the flow map I')* is
DrX: T,R" - T,R", y=T%@2)
and is defined by

d
DI (') = o|  TF ).
S ls=0

Thus, if a vector field X = (X, X3) on R? has integral curves f >
I'}(z1,22) = (Fi(z1, 22, 1), Fa(21, 22, 1)), then with vectors represented as

T It was not possible to please all my colleagues regarding notation for vectors and vector fields,
since the notations in use are mutually exclusive. Some authors use X and Y for g -x and g - y,
others use X and Y for infinitesimals. Many use V for a vector field, while others reserve V to
denote the scalar corresponding to potential energy, and instead use f for a field. The language
used here is consistent with textbooks in Differential Topology and Olver (1993).
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columns,
oF, 0F;
dz1 020 <)//(()))
DT X(y'(0)) = ! )
- o) aF, 0F, | \n(0)
8Z1 322

Exercise 3.1.2 Using Ff,FtX(z) = F())((z) = z, deduce using the chain rule
—1
(DFtX) lz = DF)—(t|F,X(z)

We will also need the Jacobian of a vector field. In theory, this lies in T (7' M),
the tangent bundle of the tangent bundle. In practice, we note that the derivative
of a path of vectors in R” can be identified with a vector in R".

Definition 3.1.3 Givenavectorfield X : M — T M on M,andapaths — y(s)
on M based at z, the Jacobian of the vector field X in the direction y’(0) is
defined to be

d
DX(y'(0)) = Is |, X )

Example 3.1.4 Representing vectors as columns, the vector field X =
(X1(z1, 22), X2(z|,12))T on R? has Jacobian in the direction y'(0) =
(71(0), 75(0)" given by

o
: d Xi(y(s)) dz1 9z <y{(0)>
DX = — = .
vor=gl,(Xow) ax: x| o
321 822

Exercise 3.1.5 Noting differentiation with respect to the flow parameter ¢ and
the coordinates z; on M commute, and assuming X is a differentiable vector
field, show

d Xia,! /

2|, DT/ (0) = DX/ (O)).

Now let two vector fields X and Y be given, with integral curves F,X (z) and
FtY (z) respectively through a given point z. Consider Figure 3.1, which shows
the integral curve ['X (z) and the vectors Y (z) and ¥ (I'X(z)). The map (DT'}*)~!
takes any vector at the point F,X (z) to a vector at z. Define

V() = (DY (T @) 3.1

Then V(¢) is a path of vectors based at z, with V(0) = Y (z). The Lie bracket
of X and Y is, by definition, the derivative of V(¢) at = 0.
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Figure 3.1 Construction of the Lie bracket of the vector fields X and Y.

Definition 3.1.6 (Lie bracket of vector fields) If X and Y are vector fields
defined in a neighbourhood of z and X has an integral curve ¢ — I‘tX (z) through
z, then the Lie bracket [ X, Y] at z is defined to be the vector

X v = $|orraien. 62

The formula (3.2) requires serious ‘deconstruction’ before we can do any-
thing with it. For example, it is not apparent that [X, Y](z) = —[Y, X1(2),
although this turns out to be true. Also, it seems that we need to find the inte-
gral curves for X in order to calculate [ X, Y], which fortunately turns out to be
false for differentiable vector fields.

The deconstruction process requires the vector fields to be at least once
continuously differentiable, while the proofs of the properties of the bracket
require higher orders of differentiability. To keep the exposition simple, we will
assume that the vector fields we consider are smooth.

Theorem 3.1.7 If X and Y are smooth vector fields, then
[X, Y1(z) = DY(X(2)) — DX(Y(2)). (3.3)
Proof Define V(¢) as in equation (3.1). We seek [X, Y] = V'(0). We have then
DUXV(r) = Y(TX(2)). (3.4)

The left hand side is the product of a matrix DFTX and a vector V(t), while the
right hand side is the composition of ¥ with F,X . Thus applying d/dt to both
sides, by the product rule on the left hand side and the chain rule on the right,
we obtain

(%arﬁ) V(1) + DI¥V/(1) = DY(X(TX (),
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where we have used (d/dt)FtX =X (F[X (2)). Since derivatives with respect
to space and time coordinates commute, we have

d d
3 DI = Do T = DIX(TT) = (DX)DT)

where the last equality follows from the chain rule. Thus,
DIXV'(t) = DY(X(T'}(2))) — DX(Y(T'}(2))) (3.5)

where we have used equation (3.4) to simplify the final term. At t =0,
th is the identity map, and thus so is its Jacobian map, while by defi-
nition, V'(0) = [X, Y](z). Hence, setting ¢t = 0 in equation (3.5) yields the
result. O

First let us calculate equation (3.3) in coordinates, representing X and Y as
column vectors. If

f1@) 81(2)
X(2) = : , Y(z) = : (3.6)
fn(Z) &n(2)

and if y(s) is a path based at z so that y'(0) = (z}(0), ..., z,(0) is a vector
at z, then

d
DX('O) = —| _ X(r(s)
> Lo
~ 9z, -
J
oy
J
on o
021 0z, Z/1(0)
% | \z0
821 81}1
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and hence the Lie bracket

[X,Y](z) =
g I
3z 92, Si dz1 az, | [ 81 (3.7)
dgn dgn fu Ofn fn gn
071 02, 071 02,

Exercise 3.1.8 Given two vector fields on R® with coordinates (x,y,2)
expressed as column vectors, X = (y2 +x,z, x3)T andY = (9z2, 2x +1,x%+
y2)T, show that

1 2y O 0 0 18z
DX = o 1], pDY=2 0 0
3x2 0 0 2x 2y O

and hence that [X, Y] equals
(18x%z — 922 — 2y(2x + 1), 2(x + y?) — x* — y?,
2x(x + y2) + 2yz — 27x2H)7.

Definition 3.1.9 Representing the vector fields X and Y in (3.6) as operators,

d a
X:Zﬁa_zl’ Yngla_Zl,

define the product XY to be the operator (XY)(¢) = X(Y(¢)) for any suffi-
ciently smooth function ¢ (we assume the domains of ¢, X and Y are such that
X (Y (¢)) makes sense).

Itis a straightforward calculation to check that the right hand side of equation
(3.7), in operator form, is given by

[X,Y]=XY-YX (3.8)
since the second order derivative terms always cancel.

Exercise 3.1.10 Expressing the vector fields in Exercise 3.1.8 as operators,
so that X = (y* + x)d, + 23, + x93, and ¥ = 9729, + (2x + D)d, + (x* +
y%)., verify
XY —YX = (18x°z — 9z — 2y(2x + 1))d,
+ Q20+ y7) = x? = yhd,
+2x(x + y*) + 2yz — 27x°2%)d,

which is [ X, Y] in operator form.
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The formula (3.8) allows easy proofs of the following properties of the Lie
bracket of vector fields.

Theorem 3.1.11 The Lie bracket of smooth vector fields

(i) is skew symmetric, [X,Y] = —[Y, X],
(i1) is bilinear, [aX| + bX>, Y] = a[X, Y] + b[X,, Y] where a, b € R,
(iii) satisfies the Jacobi identity,

(X, [Y, Z1+[Y,[Z, X1+ [Z,[X, Y]] = 0. (3.9
Moreover,

(iv) if f and g are differentiable functions from the domain of the vector fields
Xand?Y, to R, then

[fX,gY]= felX,. Y]+ fX(@Y —gY(f)X, (3.10)
where (fX)(2) = f(2)X(2).
Exercise 3.1.12 Prove Theorem 3.1.11.

Definition 3.1.13 Suppose there exists a differentiable function f from the
domain of the vector field X to the domain of vector field X’, such that

X'(f(2)) = Df(X(2)).
Then we say that X and X’ are f-related.

We showed in Section 2.2.2 how to calculate Df(X(z)) in coordinates. It is
not the case that the image of a vector field under a Jacobian map is always a
vector field; if f(z') = f(z%) thenitis necessary that Df (X(z')) = Df(X(z%)),
otherwise Df(X) is not well defined (is multi-valued).

Theorem 3.1.14 Suppose f is a differentiable function from the domain of the
vector fields X and Y to the domain of vector fields X' and Y’ such that both

X'(f(2)) = Df(X(z)), Y'(f(2) = Df(Y(2)).
Then
(X", Y'I(f(2)) = DF([X, Y])(2). (3.11)

In words, if X and X' are f-related, and Y and Y' are f-related, then [X, Y]
and [ X', Y'] are f-related.

Proof To differentiate X'(f(z)) = Df(X(z)) in the direction of Y, we use the
chain rule on the left and the product rule on the right, as Df is a matrix. We
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(i) [X,Y] =0 (i) [X,Y] # 0

Figure 3.2 Flows commute if and only if their Lie brackets are zero, Theorem 3.1.16.

then obtain
DX'(Df(Y)) = D*f(X,Y)+ Df(DX(Y))) (3.12)
where D? f(X, Y) in coordinates is a vector whose ith component is

aZfi

Kyt
szaz‘X Y

YTHessian(fi)X = Z

k.t

where f'(z) is the ith component of f(z). It can be seen that D*f(X,Y) =
D? f(Y, X) as the partial derivatives commute. Similarly,

DY'(Df(X)) = D*f(X,Y) + Df(DY(X))). (3.13)
Subtracting equation (3.13) from (3.12) yields
DX'(Y')— DY'(X")= Df(DX(Y) — DY (X)),
the desired result. O

Example 3.1.15 Let R have the coordinate (x), and set X = d, and ¥ = x0, to
be two vector fields on R. Let f : R — R be the exponential map, f(x) =y =
exp(x). Then [X, Y] = X, and using Exercise 2.2.17, X'(y) = yd,, Y'(y) =
v log(y)d, and

[X', Y'1(y) = X'(y) = Df (X(x)) = Df (X, Y1(x))

as required.

Theorem 3.1.16 Given vector fields X and Y, then [X, Y] = 0 if and only if
TXrY = TYTX. Inwords, the bracket of X and Y is identically zero if and only
if the flows they define commute, see Figure 3.2.

Proof First assume [X,Y]=0. Then (DF,X)_l (Y(I'}(z))) is a constant,
which can be obtained by its value at t = 0. Now 1"8( (z) = z for all z, so
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DF())‘ is the identity map, and thus
Y(If(2)) = DTX (Y (2))

for all z and ¢. Now consider the map,

G:(s.t) > IX () (@). (3.14)
Then
E _ X Y
ot liey = P15 r(ry@)
= Y(rr! ()
= Y(G(s, tp)).

So for fixed s, G(s, t) satisfies the definition of the integral curves for Y, namely,

dG( 1) =Y(G(s, 1)
—G(s,t) = S,
dt
with initial condition
G(s,0) = T¥(2).
Thus,
G(s,t) =T7 (M¥(2). (3.15)

Comparing (3.14) and (3.15) we have proved the flows commute.
Conversely, assume 'Y TX = 'Y Differentiating both sides with respect
tos ats = 0 yields Y(I'*(z)) = DI} (Y (2)) so that
(or) " ¥ (rf@) = Y@
The right hand side is independent of ¢, so that differentiating again with respect
to t yields [X, Y] = 0. a
We will use the result in the following exercise in Section 4.6.

Exercise 3.1.17 Show that [X, Y] = —Y if and only if

XY Y X
Fs 1—‘exp(—s)t = Ft Fs .

Hint: adapt the proof of Theorem 3.1.16. Generalise the result to the case
[X,Y]=AY.

We can extend Theorem 3.1.16 to sets of pairwise commuting vector fields,
which we assume to be linearly independent. Thus, suppose X, X», ..., Xi
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are pointwise linearly independent vector fields defined near z with
[Xi, X;1=0, i,j=1,... k.

Define
¢:(t,....t)> T TR ),

with ¢(0) = z. Then, by the commutativity of the flows, we have

a9

- = X;(9@)).

dt j
Hence ¢ represents an invertible transformation from a neighbourhood of 0
R to a surface in R” containing z. On this surface, we can use (71, ..., #;) as

coordinates, and in these coordinates,

0

X; —.
dt;

The surface is called an integral element of the vector fields X;.

It is not necessary for vector fields to pairwise commute for an integral
element to exist. The necessary and sufficient condition is given in the Frobenius
Theorem which we discuss next.

3.1.1 Frobenius’ Theorem

This theorem is a key ingredient in understanding how the orbits of a group
action foliate the space on which the group acts, so we investigate it in detail.
We assume linearly independent, and in particular non-zero, vector fields, but
not just for simplicity, it is the case we need.

Definition 3.1.18 Suppose X, ..., X are linearly independent vector fields
on U C R" such that for each i, j there exist functions cfj : U — R so that
k
[Xi. X)) =) cl(2)Xu(2). (3.16)
=1
Then we say the vector fields X1, . ..,X} are in involution.

Pairwise commuting vector fields are in involution, as are their linear com-
binations with variable coefficients, by Theorem 3.1.11 (iv).

Exercise 3.1.19 In R? with coordinates (x,y,z), show that X| = yd, — xdy,
X, = z0x — x0, are not in involution.
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Figure 3.3 Three elements of a 2-plane field in R>.

\A
2y \F

Figure 3.4 The image of a k-plane field under a foliation chart map ¢.

Definition 3.1.20 Let X, ...,X; be linearly independent vector fields defined
onU C R". Let P(z) C T, M be the k dimensional plane spanned by the X; at
z. Then the set

P={Pix)|zeU}CTyM

is called the k-plane field generated by the X, illustrated in Figure 3.3. If the X;
are in involution, we say P is involutive, and by virtue of Frobenius’ Theorem
below, we also say P is integrable.

Frobenius’ Theorem provides a ‘trivialisation’ of an involutive k-plane field
in the form of a foliation chart map. The foliation map sends the k-plane field
P to the trivial k-plane field tangent to the parallel planes, R* x (i1, ..., Cn)
where the ¢; are constants, see Figure 3.4. In other words, there is a change
of coordinates such that in the new coordinates one can take for a basis of the
plane field the vectors 0; = d/dt;, fori =1, ..., k.
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;
/

Figure 3.5 The preimage of a coordinate k-plane under the foliation map ¢ is a
surface to which the k-plane field is tangent.

Definition 3.1.21 The coordinates (¢, 2, . . ., ) such that a basis for a given
involutive k-plane field is 9; = d/d¢;, for i =1, ..., k, are called canonical
coordinates for that plane field.

Remark 3.1.22 Classical methods to solve invariant ordinary differential
equations often relied on finding these coordinates. The use of moving frames
makes this difficult step unnecessary. Canonical coordinates are important from
the theoretical point of view. They give a clear picture of how group orbits foliate
a space, locally, near a point where the action is non-singular.

The preimage under ¢, of the parallel planes giving the k-plane field in the
canonical coordinates, are the integral elements of the vector fields X;, that is,
are surfaces to which the X; are tangent, see Figure 3.5. These surfaces can
then be seen to foliate the space in the same way that parallel planes foliate R”.

Exercise 3.1.23 Consider R* \ {0}, with coordinates (x, y, z). Let X and Y be
two linearly independent vector fields that are orthogonal to the radial vector
field r = x9; + yd, + z0;. Show that X, Y are in involution. What are the
integral surfaces? Hint: show DX(Y) — DY (X) is also orthogonal to r.

Theorem 3.1.24 (Frobenius’ Theorem) Suppose that the vector fields
Xy, ..., Xy areininvolutionin U. Let P be the k-plane field defined by the X;.
Then for each z € U there exists a neighbourhood U(z) C U about z, and a
diffeomorphism ¢ : U(z) — R" such that {P(y)|y € U(2)}, the k-plane field
generated by the X;, is given by

P(y) = (T$)™"],,,R" x {0} (3.17)

forall y € U(z). The map ¢ is called a foliation chart for P.
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Flowlines for X

Figure 3.6 Diagram for claim 2, proof of Frobenius’ Theorem.

Proof Suppose such a diffeomorphism exists. Define

Bl
P — -1 _ ] —
Y, = (T¢) |¢<~V>azi’ i=1,....k
where (z1, 22, .. ., 2,) are the coordinates on R". Then by Theorem 3.1.14, we
have [Y;, Y;] = 0. Since the X; are linear combinations of the Y;, the involutivity
condition follows from Theorem 3.1.11 (iv).

The converse is proved by induction on k. If k = 0, there is nothing to prove.
If k£ = 1, then the result follows from the existence and uniqueness of integral
curves of vector fields, Theorem 2.3.8, see Exercise 3.1.25.

Let I'; be the flow map for X;.
Claim I The flow I', determined by X preserves the set of k-planes {P(z) |z €
U},

TT;P(z) = P(I'i(2)) (3.18)

where TT; is the tangent map to I'; (recall in coordinates 7T, is DI, the
Jacobian of T';), see Exercise 3.1.26.

Claim 2 Let W be an n — 1 dimensional surface through z such that
I':(—€,e) x W — U(2), (s,y) — I'y(y), is a diffeomorphism onto a neigh-
bourhood U(z) of z, see Figure 3.6. Let P(y) = P(y)N T,W. Then any set
of vector fields spanning the set of planes {P(y)} satisfies the involutivity
condition, equation (3.16), see Exercise 3.1.27.

Claim 3 The foliation chart v for {P(y)} on W, which exists by the inductive
step, can be extended to a foliation chart on U(z) =~ (—e¢, €) x W. Indeed, set
¢(Try) = (¢, ¥ (y)), see Exercise 3.1.28. O



86 From Lie group to Lie algebra

(s,w)

w w

Flowlines for X

Figure 3.7 Diagram for Exercise 3.1.25. The 1-plane field is the set of tangent
spaces to the flowlines.

Exercise 3.1.25 Prove the existence of a foliation chart in the case of a
single non-zero vector field X. Hint: let W be a plane through z such that
X(z) ¢ T,W.Then any point Z in a neighbourhood of z is of the form x = I";(w)
for some w € W and some s € R. Consider the map qb(FSX(u))) = (s, w) taking
a neighbourhood U(z) onto (—¢, €) x W for some € > 0, see Figure 3.7. We
have P(Z) = RX(Z) and T4(P(2)) = R x {0} C Tis,uw) ((—€, €) x W). The fact
that ¢ is a foliation chart, that is, satisfies equation (3.17), follows from

d
R- E¢(F3‘(w)) =R Top(XT W) = TP(P(3)). (3.19)

Exercise 3.1.26 Let X, ..., X, satisfy the involutivity condition, equation
(3.16), let P(z) be the k-plane spanned by the X; at z, and let I, be the flow
map of X;. Let

ui(t) = DI'(X;(T(2))).

Then u;(0) = X;(z). Use Theorem 3.11 to show that

d
Tl = DIy([X 1, X; (I (x))).

Hence show that u; satisfies a first order linear system of differential equations,
whose solution exists by the Fundamental Existence and Uniqueness Theorem
for ordinary differential equations. Show thatu;(¢) € P(I';(z)) follows from the
uniqueness of the solution and the initial conditions, and hence prove Claim 1.

Exercise 3.1.27 Prove Claim 2. Hint 1: it suffices to find one set of vector
fields spanning the set {P(y)|y € U(z)} satisfying the involutivity condition.
Hint 2: set X/(y) = X; — o;(y)X; for some function o; : U(z) — R.
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Exercise 3.1.28 Prove Claim 3. Hint: adapt the proof from Exercise 3.1.25, but
using equation (3.18) proved in Claim 1 in (3.19) in place of the one parameter
flow condition.

3.2 The Lie algebra bracket on 7,G

In the previous section, we defined the Lie bracket of vector fields on R". Here
we consider the Lie bracket of vector fields on a manifold, specifically, our Lie
Group G, which is used to define a Lie bracket on 7,G. We then consider the
details for matrix Lie groups and transformation groups.

Exercise 3.2.1 Let X and Y be vector fields defined on a manifold M. In
each coordinate patch, [ X, Y] can be defined using the method of the previous
section. Show that [X, Y] is well defined as a vector field on the whole of M.
Hint: Use Theorem 3.1.14 with f = ¢; 0 ¢ .

Definition 3.2.2 Given v, w € T,G, the Lie bracket [v, w] € T,G is obtained
as follows.

Step 1 Extend v and w to vector fields D, @ on all of G by left multiplication:
if v = (d/dy)|s=0y(s) € T,G then

d
Do) = — . T,G,
v(g) e y(s)eT,

and similarly for w.
Step 2 Calculate [v, w].
Step 3 Define

[v, w] = [V, wl(e) € T.G, (3.20)

that is, the Lie bracket of the vector fields D, w evaluated at the identity
element.

Theorem 3.2.3 The Lie bracket on T,G is skew symmetric, bilinear, and sat-
isfies the Jacobi identity.

Proof The first two properties follow trivially from that of the Lie bracket of
vector fields. In order to prove the Jacobi identity, we note that by construction,
the vector field V" constructed in Step 1 above is L,-related to itself for all
g € G,where L, : G — G is left multiplication by g. By Theorem 3.1.14, we
have

[v, wl = [v, D]. 3.21)
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Since for v, w, r € T,G we have [v, [w,7]] + [w, [F, ?]] + [, [V, w]] =0,
applying (3.21) yields [v, [w, r]] + [w, [r, v]] + [F, [v, w]] = 0. Evaluating
this last at the identity element yields the result. O

Remark 3.2.4 Note that the Lie algebra bracket is not associative. The Jacobi
identity replaces associativity in any calculation.

Definition 3.2.5 The Lie algebra g associated to a Lie group G is defined to
be T, G, the vector space of tangent vectors based at the identity element of G,
together with the bracket g x g — g, (v, w) — [v, w] defined in (3.20).

The next definition collects standard names for some classical Lie algebras.

Definition 3.2.6 The Lie algebra associated with G L(n) is denoted gl(n), the
Lie algebra associated with SL(n) is denoted sl(n), the Lie algebra associated
with SO(n) is denoted so(n), and so forth. We denote by gl(V) the set of all
linear maps from the vector space V to itself.

In the next section, we will prove that gl(n, ) = M,,(IF), the set of all linear
maps from F” to itself.

More generally, an algebra L whose product is bilinear, skew symmetric and
satisfies the Jacobi identity, is called a Lie algebra, in which case the product
is called a bracket, even when there is no apparent Lie group G for which
L=T,G.

We give now some important definitions of the Ad, ad actions, and also for
Lie algebra homomorphisms and representations. These will be illustrated in
the next two subsections, where we discuss the details of the Lie bracket for
matrix Lie algebras and the concepts analogous to Lie algebra and Lie bracket
for transformation groups.

There is an important action of G on g induced by the conjugation action,
GxG— G,(g,h)— g 'hg.

Definition 3.2.7 Let y(¢) be a path based at e so that [y] € T,G = g. Then
define the Adjoint action Ad of G on g by

Ad:G x g— g, 1 (g 'yvgl (3.22)

Remark 3.2.8 The conjugation action is also called the adjoint action of G on
itself.

Further details of the Ad action for the specific case of matrix Lie alge-
bras is given in equation (3.26), and for transformation groups in Definition
3.3.1.
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Exercise 3.2.9

(i) Show Ad is well defined, that is, if in coordinates y;(0) = y,(0) then

I emmg =2 g

ar z=og yilt)g = ar z=og 2\1)g.
(ii) Show Ad is a right action.
(iii) Show Ad, : g — g, given by Ad,(v) = Ad(g, v) is a linear map.
(iv) Show g - [x, y] = [g - x, g - y]. Hint: use Theorem 3.1.14.

Definition 3.2.10 If g, ) are Lie algebras with Lie brackets [, ]g and [, ]y
respectively, and ¢ : g — b is a linear map, we say that ¢ is a Lie algebra
homomorphism if for all x, y € g,

¢([x, ylg) = [9(x), d(V)]-

If in addition fj = gl(V') where V is a vector space and [A, Bl = AB — BA,
the usual matrix Lie bracket, we say that ¢ is a representation of g. A Lie
algebra homomorphism ¢ is said to be an isomorphism if ¢ is a bijection. A
Lie algebra representation is said to be faithful if it is injective.

Since g is a vector space, the set gl(g) of linear maps g — g is well defined.
The Ad action induces a representation of g in gl(g), also called the adjoint
representation.

Definition 3.2.11 Let v € g = T,G be represented as a path y(¢) through
e € G,andlet w € T,G. Then we define the adjoint representation of g in gl(g)
to be

d
ad, : g — g, ady,(w) = P Ady i (w).
=0

Exercise 3.2.12 Show ad, is well defined. Hint: apply standard arguments
from multivariate calculus in coordinates.

Theorem 3.2.13 Forv, w € g = T,G,
ad,(w) = [v, w]. (3.23)

Proof Let v, w € g = T,G be extended to vector fields v, w on G as in the
definition of the Lie bracket, so that [v, w] = [V, W](e). Then representing v
by (d/dr)|,_o I';, we have

d St
ady(w) = | (DIY)"'D( () = [v, w]. 0
t=0
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Remark 3.2.14 For an arbitrary Lie algebra, not necessarily equal to 7,G
for some Lie group G, equation (3.23) is taken as the definition of the adjoint
action of the Lie algebra on itself.

Exercise 3.2.15 Prove thatad : g — gl(g), ad(x) — ad,, is a linear map, that
is, ad(x +y) = adyy, = ady + ady, = ad(x) + ad(y), and ad(Ax) = ad), =
Aad, = lad(x). Show further that ad is a representation of g by showing that

ad([x, y]) = ad|xy) = adrad, — adyad, = ad(x) o ad(y) — ad(y) o ad(x).

3.2.1 The Lie algebra bracket for matrix Lie groups
Theorem 3.2.16 If G is a matrix group and A, B € g, then

[A, B] = AB — BA,
the standard matrix bracket.

Proof For A, B € T,G, extending these to vector fields X, B on all of G by
left multiplication yields

A(g)=gA,  B(g) =gB

where the products gA, gB are obtained by the standard multiplication of
matrices. Recalling the discussion in Section 2.5 (where A was denoted X4,
we have changed the notation to ease the exposition), we have

I(g) = g exp(tA)

and thus

B(r'}\()) = gexp(tA)B.
Now

A d A ’
DT/ (y'(0)) = I Y_OF, (y(s)) =y (0)exp(rA)
and thus the inverse of DF,X is right multiplication by exp(—¢A). Hence
(DTA"'B(I'A(e))) = exp(t A)B exp(—t A).
Finally, we have
d
(A, Bl = |  exp(tA)Bexp(—tA) = AB — BA
1=

as required. O
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There is an enormous literature on matrix Lie algebras, solvable, nilpotent
and semi-simple Lie algebras, the classification of semi-simple Lie algebras,
their representations, root spaces, and so forth. The examples we describe here
will be used in the later chapters, and give an idea of the kinds of calculations
we will be needing.

Exercise 3.2.17 Consider the group G = SL(2) of 2 x 2 matrices with deter-
minant 1. Show that an arbitrary element in a neighbourhood of the identity
is

a b
g(a’bac)z 1+bc
c
a

By differentiating g with respect to the parameters at the identity, thatis,a = 1,
b = ¢ = 0, show that a basis for 7,G = sl(2) is
1 0
h= . 3.24
(6 ) o

o 0 1 Fo 00
—\o o)/’ —\1 0/
Hint: adapt the argument of Exercise 2.2.10; see also Exercise 1.5.7. This basis
is sometimes called the Chevalley basis and the names h, e and f are standard,

although there are many others in use, particularly in the physics literature. A
common one is

- (0 0 + (0 1 o_1(1 0
J_(l O)’ J_<0 O)’ =2 0o -1/
These are sometimes labelled as J~ (%) and so on, to indicate that the dimension
of the representation is 2 (1) + 1.

Since the Lie bracket is bilinear, it suffices to give a ‘multiplication table’
for the basis elements. In this case show

[L]]lh e f
h| O 2¢ —2f
e |—2e O h
2f —-h O

)

where for example the (1, 2) entry means [h, e] = 2e.
Exercise 3.2.18 Show that the map ¢ : s51(2) — gl(3) given by
b —2a —c 0
¢ <" B > = -2 0o -2
c 0 —-b 2a
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is a faithful representation of sl(2). That is, ¢ is linear, injective, and
¢([A, B]) = ¢(A)p(B) — ¢(B)p(A)forall A, B € s5l(2), see Definition 3.2.10.

Exercise 3.2.19 The group SL(3) is the group of 3 x 3 matrices with determi-
nant equal to 1. Write the generic element as

a b ¢
g=|d e f| (3.25)
h k ¢

Solving det(g) = 1 for £, back-substituting into g and then differentiating with
respect to the parameters at the identity, a =e=1,b=c=d=f =h =
k = 0, yields a basis for s(3). For example, the basis elements corresponding
to the parameters a and h are

1 0 O 0 0 0
v(a) = — 00 0], vih)=10 0 O
0 -1 1 00

respectively. Find all eight basis elements and construct the Lie bracket mul-
tiplication table. How many copies of s[(2) can you find inside s((3)? Hint: a
less obvious one is the adjoint representation of sl(2) constructed in Example
3.2.27.

Exercise 3.2.20 Find a basis and the Lie bracket multiplication table for the
Lie algebra of the group SE(2) of rotations and translations in the plane, by
considering its standard matrix representation,

cosf —sinf a
g@,a,b)=| sinf cos6 b
0 0 1

Exercise 3.2.21 Let /; be the 2 x 2 identity matrix and let J be the 4 x 4

matrix
0 I
J = .
<—b 0>

Define the symplectic group Sp(2) to be the set
Sp2) ={A e GL#)|ATJA = J}.

Show that Sp(2) has dimension 10 and that the Lie algebra T,(Sp(2)) = sp(2)
is given by

sp(2) ={X e gl@ | XTJ +JX =0}.
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Hint: adapt the proof of Exercise 2.2.11. Show that a typical element of sp(2)

has the form
A B
c —AT

where A is an arbitrary 2 x 2 matrix and B and C are both symmetric, that
is, B= BT and C = C”. Hence write down a basis for 5p(2). Consider the
six dimensional subgroup H of Sp(2) that fixes the vector (1 0 0 0)7 under
left multiplication. Show that the Lie algebra ) of H sends (1 0 0 0)7 to zero
under left multiplication. Write down a basis for h and construct its Lie bracket
multiplication table as in Example 3.2.17. Show h = a ® b where a = sl(2),
b is a solvable Lie algebra (see Definition 4.6.7) containing an element that
commutes with all of h and if x € a, y € b then [x, y] € b.

Exercise 3.2.22 Let I, be the 2 x 2 identity matrix and let S be the 4 x 4

matrix
(0 L
s_<12 0).

Define the orthogonal group O(4) to be the set
O@4)={A e GL@4)|ATSA =§}.

Show that O(4) is a group of dimension six. Show that the Lie algebra 7, 0 (4) =
0(4) is given by

04)={X egl4)| XTS+ SX = 0}.

Show that a typical element of 0(4) has the form

P AK
nkK —PT

0 -1
K = A R
(T 0) mue

and P is an arbitrary 2 x 2 real matrix. Hence write down a basis for 0(4).

where

Exercise 3.2.23 Exercise 3.2.22 continued. Show that ¢, ¢, : sl(2) — 0(4)
given by

A 0 a b al, bK
¢1(A)_<0 —AT>’ ¢2<c —a>_<—cK —a12>
are representations of s[(2). Show that any element in 0(4) can be written
in the form ¢(A) + ¢,(B) for some A, B € sl(2). Show that ¢;(s[(2)) N
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P>(s1(2)) = {0}. Show that [¢;(A), ¢p2(B)] = 0 for all A, B € sl(2). Conclude
that

0(4) ~ sl(2) @ sl(2).

Exercise 3.2.24 Show that R? is a Lie algebra with bracket being the standard
vector cross product. Construct the Lie bracket multiplication table. Show that
a change of basis to make the table the same as that for s[(2) requires complex
coefficients. Is R isomorphic to either of sl(2, C) or sl(2, R)? Is C? with the
vector cross product isomorphic to either of s[(2, C) or s[(2, R)?

The Ad action, see Definition 3.2.7, is readily calculated for matrix groups.
Since the product rule of differentiation holds for matrices, we have for fixed
g € G that

Ad, g — g, Ady(B) = g 'Bg. (3.26)

Exercise 3.2.25 Let G = SL(2). Calculate Ad, on the standard basis of s[(2)
given in Exercise 3.2.17, for generic g.

Exercise 3.2.26 Show directly from Definition 3.2.11 that if g is a matrix Lie
algebra then

adx(B) = [A, B],
thus confirming Theorem 3.2.13 for matrix Lie algebras.

In the next example, a matrix representation of the adjoint action of s[(2) on
itself is calculated.

Example 3.2.27 Let g = sl(2). Considered as a vector space, s[(2) is three
dimensional. So, gl(g) can be viewed as the set of 3 x 3 matrices. Recall the
basis for s((2) given in Example 3.2.17. Let

1 0 0
h<|0], e | 1], f< 10
0 0 1

Looking at the Lie bracket multiplication table for s[(2), we need the matrix
representing ady, to be such that

1 0 0 0 0
adh 0 = 0 s adh 1 = 2 s adh 0 = 0 ,
0 0 0 0 1 -2
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and thus
0O 0 O
adpb=10 2 O
0O 0 -2
Similarly,
0 0 1 0 -1 0
ade=| -2 0 0], adg=10 0 O
0O 0 0 2 0 0
It can be checked that

[adh, ade] = ad[h.e] = adze = 2ade
and so forth.
Recall the definition of a faithful representation.

Definition 3.2.28 A representation ¢ : g — gl(V) is said to be faithful if
ker ¢ = {0}, that is, if ¢(x) = 0 implies x = 0.

A faithful representation can always be constructed, a result known as Ado’s
Theorem. The construction begins with the adjoint representation as this rep-
resentation exists for every Lie algebra. Clearly ad, is the zero map if and
only if x € g commutes with every element of g, so the challenge in con-
structing a faithful representation is to include such elements, see de Graaf
(2000).

3.2.2 The Lie algebra bracket for transformation groups, and
Lie’s Three Theorems

In Section 2.6, we argued that given a transformation group 7 acting on a
manifold M, then the concept analogous to the tangent space at the identity
element is the subspace X7(M) of the set of all vector fields X'(M) on M.

We briefly recall the construction of X'7(M). Let y(¢) be a path based at the
identity of 7'; this is a set of smooth invertible maps of M parametrised by ¢,
such that y(0) = id|y, the identity map on M. Then y (¢) induces a vector field
X on M as follows:

d
i X@) =21 y(O@.
t=0
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The set of all such vector fields for all paths based at the identity in 7 is denoted
by X7 (M). In Section 2.6 we proved that X7 (M) is a vector space, and that the
induced flows were in 7.

The central content of Section 3.1 can be summed up as the following
theorem.

Theorem 3.2.29 The space of vector fields X(M) on M is a Lie algebra with
the bracket being the Lie bracket defined in (3.2).

The first theorem we prove in this section is known as Lie’s Second Theorem.

Theorem 3.2.30 (Lie’s Second Theorem) If T is a transformation group of
M, then the vector space X17(M) is closed under the Lie bracket of vector fields,
and hence is a Lie algebra.

Proof If X, Y € Xr(M) then F,X, Ff € 7 for s, t near 0. Hence
h(s,)=(TY)"'I'rf eT

and h(0, ) = idy,, for all ¢ near 0. Therefore
a

as

Since X7(M) is a vector space over R and therefore is closed under limiting
processes,

t

h=(DrX) " Y(TX) € Xr(M),

s=0

% (DTX) ™ Y (TX) € Xr(M)

and in particular, [X, Y] € X7(M). a

It is important to realise that the dimension of a Lie algebra of vector fields
has nothing to do with the dimension of the space on which they are defined;
this will be become clear when we look at the examples below. First of all,
the vector space X' (M) is said to be an ‘infinite dimensional’ Lie algebra since
we allow the vector fields to have coefficients that vary with x. For example if
M = R and we restrict to analytic vector fields, then writing the generic vector
field f(x)d, in terms of the Taylor coefficients of f, it can be seen that a ‘basis’
of the analytic part of X'(M) is given by {x"9, |n =0, 1,2, ...} (this is not
really a basis since, while every analytic vector field has an expression of the
form Z a jxj dy, not every such sum is analytic, since convergence in an open
interval on R is required).

Transformation groups arising as symmetries of differential equations have a
finite dimensional part depending only on constants, the number of independent
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constants giving the dimension of the finite part of the group, and an ‘infinite
dimensional’ part depending on functions. These functions will be solutions
of a partial differential system which may be null (that is, an empty set). The
infinitesimals corresponding to the finite dimensional part generate a finite
dimensional Lie algebra, as in Exercise 3.2.32, while those depending on
functions generate a Lie pseudogroup, see for example Olver and Pohjanpelto
(2008).

Sophus Lie, in his investigation of the transformation group 7 that maps
the set of solutions of a given differential equation to itself, arrived at a method
that allowed him to calculate Xr(M), the set of infinitesimal symmetry vector
fields, even when the direct calculation of 7 itself was intractable, see Remark
1.6.22. His so-called second key theorem concerning X7 (M) is stated above.
The third theorem can be stated as follows.

Theorem 3.2.31 (Lie’s Third Theorem) Given a Lie algebra L of vector
fields on M, then there is a transformation group T such that L = X7(M).

The local transformation group 7 is generated by the flows of the infinitesi-
mal vector fields X7 (M), see for example Ovsiannikov (1982).

The concept of a Lie algebra is now so familiar to us that it is easy to be
blasé about Lie’s results, even to miss the point. For the fact is that a symmetry
group of a differential equation typically involves highly non-linear actions.
Yet the infinitesimal vector fields of these actions not only form a vector space
but any basis {X'} satisfies the relations

(X', X1 =) cipx*
k

where the ¢; i, if they are not constant, depend only on those functions appearing
explicitly in the X'; there is no other dependence on the variables as would
generally be the case. At the time, this must have seemed incredible, and if you
think about it, it still is.

Exercise 3.2.32 For the SL(2) action acting on M = R,

ax +b

_ ad —bc =1,
cx +d

_’)? =
the infinitesimal symmetry vector fields are

v, = 2x0,, Vp = Oy, V. = —x20,, (3.27)

so that Xr(M) is the three dimensional real vector space (v,, Vp, V.)r. Note
that X7(M) is three dimensional even though M = R is one dimensional. Show



98 From Lie group to Lie algebra

the table of Lie brackets is

IR
\ 0 =2v;, 2v,
vy | 2V, 0 —V,
Ve | =2v. v, 0

Show that the change of basis
Vh = —Va, Ve = — Vb, Vi = —Vc

yields a multiplication table exactly the same as the standard one for sl(2) given
in Exercise 3.2.17, with

vh < h, Ve <> €, vi o f.
Hence in this case, X7(M) is isomorphic to s[(2).

Example 3.2.33 Consider the projective action of SL(3) acting on the plane
as

~ ax+bu—+c ~ dx+eu+f
=, U= ————, (3.28)
hx +ku + ¢ hx +ku + ¢
where
a b ¢
det|d e f|=1. (3.29)
h k ¢

Solving equation (3.29) for ¢, back-substituting into equations (3.28) and then
differentiating (X, ) with respect to the parameters at the identity, « = e = 1,
b=c=d= f =h=k =0, yields the infinitesimal vector fields to be

Vy = 2x0, +ud,

Vp = l/lax

Ve = ax

Vi = X0, (3.30)
Ve = X0y + 2ud,

Vi = B,,

v, = —xzax — xud,

Vi = —XU0, —u2au.

Note that the representation of the Lie algebra sl(3) generated by these vector
fields is eight dimensional, even though the space on which they act is two
dimensional.



3.2 The Lie algebra bracket on T,G 99

Exercise 3.2.34 Show that the multiplication table for the representation of 51(3)
represented as vectors as given in equation (3.30) above, and that for the matrix
representation, Exercise 3.2.19, is exactly the same under the identification of
basis elements

Vo & —v(a), V< —v(b),
Explain the origin of the minus sign. Hint: one is a left and one a right action.

Since X7(M) is a Lie algebra, its basis satisfies the involutivity condition
needed to apply Frobenius’ Theorem. Hence the orbits of a transformation
group action foliate the space M on which it acts. Where the vector fields are
linearly independent as elements in 7'M, the orbits have the dimension of the
Lie algebra.

Exercise 3.2.35 Consider the vector fields X = 9, ¥ = x9; — yd, — 2z9; in
(x, y, 2)-space. Show that [X, Y] = X and thus by Frobenius’ Theorem, the
orbits of the transformation group foliate (x, y, z)-space with two dimensional
surfaces away from the origin where Y = 0. Show the integral surfaces, also
known as leaves of the foliation, are given by z = c¢y? where ¢ is a non-zero
constant. Hint: y?/z is an invariant of both flows.

3.2.2.1 Prolongations of Lie algebras of vector fields
Prolonging vector fields leads to the same Lie algebra (Olver, 1993, Theorem
2.39) In effect, the prolongation yields another representation of the original
Lie algebra on an enlarged space.

Exercise 3.2.36 Prolonging the vector fields (3.27) to (x, u, u,, u,,) space
yields

prPv, = 2x8, — 2u,d,, — du, 0,
pr(z)vh = 0y (3.31)
pr@ve = —x%8, + 2xu, 0, + Qu, + 4xu,,)d,, .

Show that the Lie bracket multiplication table for the pr'v j is the same as for
the v;. Hint: the variables x, u, and u,, are viewed as independent variables
for this calculation, since they are independent coordinates on the prolonged
space. Show that the Lie bracket multiplication table for the pr™v j is the same
as for the v;, for all n, see Exercise 1.6.20 for the infinitesimals.

Since prolonging an action leads to involutive vector fields on ever higher
dimensional spaces, there is a chance that for high enough prolongations, the
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orbits will foliate the space with surfaces the same dimension as the group, at
least in substantial parts of the space. This is one of the conditions we will need
for a moving frame, discussed in Chapter 4, to exist.

3.2.2.2 An important formula
In this section, we prove a formula needed for the proof of Theorem
4.5.5 in Chapter 4. Let coordinates near the identity e of G be given by

g = g(ay,ay, ..., a,) where r is the dimension of the group. Recalling Defini-
tion 1.6.11, the infinitesimals at z = (zy, . . ., z,) with respect to these coordi-
nates are

i G
¢i(2) = ag L,

)

so that for any path y(¢) in G based at the identity, we have

d i /
a Ly a= Zkzgj(z)aj(O).

The question is, what can we say about

d
—v(@) -z, t #£0?
dt)/()z #*

As usual, we investigate by considering the SL(2) action on R,

ax +b

_ d—bc=1.
cx +d a ¢

X =
We will be looking at elements close to the identity and thus we may take d =
(1 + bc)/a since a will be close to unity. In coordinates given by (a, b, ¢), the
identity element is (a, b, ¢) = (1, 0, 0) = e and we know that the infinitesimals
are

0

da

5 2x
aw [l=| !

0 e 2
0

—X
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It can be readily checked that
d
5 a -b =
da a oz
X
9 2
Zxl=]c 4 < 1 (3.32)
ab a ~
—X
d - 0 0 1
_x —
ac a

where d = (1 + bc)/a. Interestingly, the derivatives with respect to the group
parameters at a point g of the orbit other than the identity, are a linear combina-
tion of the infinitesimal vector fields at that point, and this linear transformation
depends only on g. The two questions are, is this always so, and what is the
matrix of group parameters appearing in equation (3.32)? The answer to the
first question is ‘yes’. In this section we will prove a formula for the matrix
which involves right multiplication on the group. We will need this formula in
the next chapter.

Given a Lie group G, recall right multiplication is the action of G on itself
given by

G xG— G, (h, g) — Ry(g) = gh.
Looking at SL(2) in local coordinates near the identity, we have
Rupo(@ B, ) = (A, B,C) = (ac + B, ba + dB, ay + cd)

where § = (1 + By)/a. The Jacobian of R, ) at the point («, B, y) is then

Tw.p.y)Rabe) =

A
dar
B
o
aC
s
a

b

o

cd

9A
op
9B
op
aC
p

C

d
Y

o

9A
ay
2B
ay
e
ay
0

0

a+&
o

It can be checked that the matrix of group parameters appearing in equation

(3.32) is given by

(T.Rwpo) "
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In words, evaluate T(y g ) Ra,p,¢) at (o, B, y) = (1,0, 0) and take the inverse
transpose.
The result we will prove is the following.

Theorem 3.2.37 Let (a1, az, . . ., a,;) be coordinates about the identity element
e=1(0,0,...,0)in G, and let h € G be in the coordinate chart domain. Then
for each coordinate z; of z,

ag - z; .
adl ;11 (h ° Z)
: = (TR T : ) (3.33)
0g - z; = ¢i(h - 2)
da,

Proof Since the argument is the same for each coordinate of z, we sup-
press the indices on z and the corresponding index on the infinitesimal ¢.
Set Ry(ay,...,a,) =(Aq,...,A,) where A; = A;(ay,...,a,) so that h =
(Ay, ..., A))le. Then by the chain rule,

o (o0 0A
gj(h-z)—aaj(g h Z)‘g=8—<2 A 301)‘8=9

k
so that
@Gh-2,eenth-2) = (a(ga'fl'”,...,a(ga':r“mg:emh
_ (8(5‘1.11)’ 8(;;1)) L:hTeRh'
Rearranging yields the result. O

Another way to understand the proof is as follows. Let g(¢) be a path in G.
Then for either a left or a right action,

d d
a8z = a),z‘vg@)g(s)“ (gs) D) =v-(g(s)-2)  (3.34)

where

v==| ose) ) eTG.
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Now

d
7, 0e)™)

I ‘t:s Ry)-1(g(1))

d
= To(s)Ry(s) dr ‘t:sg(t)

= (TeRg(s))71 g/(s)v

using the result of Exercise 3.2.38. This second proof of Theorem 3.2.37
concludes by noting that since the infinitesimals are the coefficients, with
respect to some coordinate basis of 7,G of the vector d/d¢t|,—og(t) -z € T, M,
the map induced on them will be the transpose of the linear map on 7,G with
respect to that basis.

Exercise 3.2.38 Use R,-1 R, = Ry,-1 = R, which is the identity map, to show
that

(T,R) ™ = T,Ry1.

Exercise 3.2.39 Consider the action

~_ ax+b ~
x:m, u(x) = u(x), ad — bc = 1.
Calculate the infinitesimals @jy.q, @px],c> Plx].c» Where
9| ~
¢[x],a = % eux

and similarly for b and ¢, where e is the identity element given by (a, b, ¢) =
(1,0, 0), for the induced action on iz, and verify

d

—

da o

9 ¢[x]$a(xv U, y)

%ﬁ} = (T.Rwp.e) " | s, 1, iiy)
¢[x],c(3?’ FII, ’Zr)

J

— Uy

dc

where (TER(L,,;,,C))’T is the same matrix appearing in equation (3.32). Do the
same for the induced action on i, thus verifying Theorem 3.2.37 for these
two cases.

3.2.2.3 Lie’s First Theorem
We have discussed Lie’s Second and Third Theorems above. We now briefly
state and prove Lie’s First Theorem for completeness. Let G be a local Lie
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group with parameters (ay, ... ) such that the identity element corresponds to
a; = 0, for all i. We note the general statement of the theorem is not restricted
to groups with finitely many parameters. Let the multiplication law be given,
in parameter form, as

w:ar,...), (b, ...)) — (ua, b, ...) = pula, b).
Recall the definition of left multiplication,
L,:G— G, b — ab.

and that of its tangent map,
d
— | La(b(@) = TpoyLa(b'(0)).
i a(b(1)) = Ty La(b(0))

The associative law, u(a, u(b, ¢)) = u(u(a, b), c) can be written as

Ly(Ly(c)) = Lya,p(c)
and the chain rule gives

TyLy o T,Ly = T, L. (3.35)
Setting

A(a) = T. L, V=L,

into (3.35) yields ‘Lie’s first equation’,

Ty = AW (b)Ab) . (3.36)

Note by Exercise 3.2.38, A(a) = T, L, has an inverse. Thus, Lie’s first equation
is the infinitesimal form of the associative law, in some sense.

Lie’s First Theorem starts with equation (3.36) and gives conditions under
which a group multiplication law can be constructed.

Theorem 3.2.40 (Lie’s First Theorem) Let G be a smooth space and fix a
point ‘0’e G. Assume for all b € G, there exists a linear, bijective map A(D) :
ToG — T,G. Ifforalla € G, equation (3.36) has a solutiony =, : G - G
satisfying ¥,(0) = a, then G is a (local) Lie group with multiplication law
u(a, b) = ,(b) and identity element 0.

If G is described by parameters (ay, .. . ) then O can well be the point given
by a; = 0, all i. If the space G is infinite dimensional, then the tangent spaces
T,G need to be interpreted in some appropriate way, and the existence and
uniqueness of solutions of first order differential equations need to be proven
to hold.
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Proof We show the four properties needed for G to be a group.

The property of closure under the multiplication law is guaranteed by the
hypothesis that v, maps into G.

To show 0 is the identity, by hypothesis, u(a, 0) = a for all a. To show
(0, b) = b, we show that v is necessarily the identity map. Invoking the
existence and uniqueness of solutions of first order differential equations, we
note that both the identity map and v solve the differential equation (3.36)
with the same boundary condition 1(0) = 0 = id|5(0), and hence are the
same function.

To show the associative law, we note that both ¥, o ¥, and ¥4 5 solve the
differential equation (3.36) with the same value at 0,

Va o Yu(0) = ¥a(b) = pla, b) = Ypua,n)(0)

and hence are the same function. Thus

pla, (b, ©)) = va(Vp(c)) = Yuap(c) = nlula, b), c).

Finally, given a € G we need to exhibit an inverse a~' € G such that
w(a,a™") =0 = ("', a). Considering equation (3.36) and noting the
assumptions on A(a), we see that for any solution v, 7,3 has an inverse for
all b and hence ¥ is invertible at least locally near 0. Taking the inverse of
both sides of equation (3.36), noting that (T,y)~! = wa)w—l and setting
B = ¥ (D) yields

Tey ' = AW (B)A(B).

In other words, ¢~ satisfies Lie’s first equation. If ¢ = ¥, then for a
sufficiently close to 0, we can define a~! = wa_'(O), so that %_l =, It
is straightforward to check that ! has the required properties. O

1

Exercise 3.2.41 Fill in the details of the proof of the associative law. Note that
b in equation (3.36) is a dummy variable, while that in both ¥, o v, and V(4,5
is fixed.

3.3 The Adjoint and adjoint actions for
transformation groups

In this section, we consider the Adjoint action Ad of a transformation group 7°
on its Lie algebra X7. We will use the formulae proved here in Chapter 7.

Astute readers will have realised that we have already used the analogues of

the Ad and ad actions, given in Definitions 3.2.7 and 3.2.11, for transformation
groups, in the proof of Theorem 3.2.30.



106 From Lie group to Lie algebra

Definition 3.3.1 Given a transformation group 7 acting on M, the induced
Adjoint action Ad of G on X(M) is

(&, X) = Ady(X), Ady(X)(x) = Tg™ ' X(g - x)

where Tg : TM — T M is the tangent map of g consideredasamap g : M —
M.

Recalling that a vector field is amap X : M — T M such that the base point
of X(x) is x, we have that the diagram

Tg

™ — TM
Ady(X) 1 X (3.37)
M 5 M
commutes.
Thus, for a vector field given in column vector notation, we have given
coordinates z = (z1, 22, ..., zz) and with g - 2z =7 = (21, 22, - - - » Zn)s
dZ1 azi\ !
0z 0z [i(@) o
AdH =] © .. | = a—j £3)  (338)
0o % \n®)
0z1 9z,

where the last line defines the matrix 97/9z, the Jacobian of the map z +—
g - 7 = Z, which is of course, the map Tg in coordinates.

Exercise 3.3.2 If X = f(x)d, and g - x = X, show Ad,(X) = f(X)dx.

For a vector written in operator notation, the Ad action of G on a vector field
is, given coordinates z = (z1, 22, ..., zy)and with g - 2 =7 = (21, 22, . . . » Zn)s

0 .0
Ad, (Z ﬁ(Z)a_z,) => e (3.39)

Indeed,

9
Ad, (Z f"(Z)a_z-)

0% 25\ !
EE 21
=A@ HE| :

3Zn aZn aZ}’l
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071 02, 0
R "
=(fi(Ds..., ]| oo :
07 0z, 0
¥z, oz, 92,

~. 0
=2 D=

Of particular interest is the Ad action restricted to the infinitesimal vector
fields. We first verify that Ad, is an action on X7 (M) as given in Definition
3.2.7, and prove some of Exercise 3.2.9 for the particular case of transformation
groups.

Lemma 3.3.3 Let 7 be a transformation group, and let v € X7(M) be an
infinitesimal vector field. For g € T,

Ady(v) € X7 (M).

Proof Let T be the flow on M induced by v. Then g~'I"Y g is a path in 7', and,
att = 0, is the identity map. Hence

d
Ady(v) = Tg"'vg = a}t_og—lr;g € Xr(M). -

Lemma 3.3.4 For g, h € T, v e Xr(M), and assuming a left action of T on
M,

Ady, (Ady (V) = Adg, (v).

Proof Using diagram (3.37) twice, we have

Th Tg

™ ™ X M
Ady(Ady(X) 1+ Ady(X) 1 1 X
Mo M 5 M

and

Ady (Ady (V) (z) = Th™'|, (Adv) (h - 2)
= Th™'|,.Tg7"| 4.,V& (h-2)
= (TgoTh)™'|,,.V((gh) - 2)
= T(gh)™"|,..V((gh) - 2)
= Adg, (V) (2). 0
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Since T g is a linear map, then Ad, is linear on X7(M). Lemma 3.3.3 implies
that for any basis vi,i=1,...,rfor Xr(M), where r = dim 7T,

Ady(Y V) =) i Ady(v) =Y o Ad(g)' v (3.40)
i i ij
for some r x r matrix Ad(g). We next investigate the properties of .Ad(g) and
how to compute it.

Lemma 3.3.5 The map g — Ad(g) € GL(r), defined in equation (3.40), is a
representation of T .

Proof Letg,h € G.
> @i Ad(gh)v* = > a;Adgyvi
N = Xl:aiAdhAdgvi
= Xl:a,-Ad(g);Adhvf

L]

= ) o Ad(g) Ad(h)v*
i,j.k

= Y ai(Ad(@) Ad(h)v*

ik
where we have used the linearity of Adj, in the third line. O

If we write
D Ad(@)v =) @V
ij i
then writing & = (ay, ..., (x,)T as a column vector, we have

o= Adg) a. (3.41)

To calculate Ad(g), it can be easier to obtain the action on the ¢; using the
form of the Adjoint action given in equation (3.39).

Example 3.3.6 For the SL(2) action

ax +b

_ d—bc=1
cx +d a ¢

X =
with infinitesimal vector fields

v=(a+Bx+yx))i,
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we obtain
~ ~n 0
Ad,(V)(x) = (a + Bx + yXx ) PES
LB ax—+b L ax +b\*\ /ox\ "' @
= o _— —_—
cx +d Y cx +d 0x 0x
0
= (a(cx +d)* + Blax + b)(cx + d) + y(ax + b)) P
-~ ~ 0
= (a—l—,Bx—i—yxz)a—x
so that
a o d? bd b* o
Bl=Ad)" | B|=1|2cd ad+bc 2ab B | (3.42)
y y c? ac a’ y

Exercise 3.3.7 Show that for the SL(2) action,

~ b ~
X = ﬂ, u =6c(cx+d)+(cx+d)2u, ad —bc =1
cx +d

that Ad(g) is the same as that given in equation (3.42) for the action in Example
3.3.6. Explain.

Exercise 3.3.8 For a matrix Lie group G C GL(n) acting linearly on R", the
infinitesimal vector fields are the constant vector fields,

V.(X) = ax, xeR" aeg.
Show the Adjoint action is
Ady(V,)(x) = g~ 'agx.
What is Ad(g) in the case G = Sp(2)?
Exercise 3.3.9 For the action of the Euclidean group acting on R?,
(36) _ <0059 —sin@) (x) 4 <a)
u sinf  cosf u b)’
the infinitesimal vector fields are

v =o(—ud, +x9,) + B, + Yo, (3.43)
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for arbitrary constants «, 8, . Show that

B B
7| = Adg®.a,b)" | v
o o

cosf sinf asinf —bcosh B

= | —sinf® cosf bsinf + acosb y

0 0 1 o

Obtain the Adjoint representation another way by adapting the method
of Exercise 3.3.8; consider the standard representation of the Euclidean

group,

cosf —sinf a
R(g@,a,b))=| sinf cos® b | e GL@3)
0 0 1
with Lie algebra
0 —a B
a 0 y]laB,yeR (3.44)
0O 0 O

and a linear action on R restricted to the plane {(x, y, 1)|x, y € R}. Show
that both methods yield the same Ad(g). Hint: the use of the same names
for the arbitrary constants in (3.43) and (3.44) is deliberate; it indicates the
isomorphism between the two presentations of the Lie algebra.

We come now to the main computational result we will need in the sequel,
concerning the Ad action as induced on X'7(M), which is essentially equation
(3.40) in matrix form.

Theorem 3.3.10 Let coordinates on M be z = (21,22, ...,2,), and g -7 =
7= (1,72, ...,2Zn). Denote the Jacobian matrix of the group action as
oo o
dz1 022 0z,
3z dz1 022 9z, |- (345
82‘;1 a’zvn B’Zn

dz1 02 0z,
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Let (ay, aa, . . ., a,) be coordinates on G, or the independent parameters for T,
and let the infinitesimal vector field with respect to the coordinate a; be given

as
i i 8 i 8
V(z)=§1(z)a—zl+~--+§n(z)az .
Let the matrix S2(z) be given by
21 22 Zn
ar (4@ LG ... @)
a | @ GG ... @)
Q(2)= . : : . :
a \¢ @ &H@ ... @

Let Ad(g) be the r X r matrix giving the Ad action on X7 (M) with respect to
the basis (V1 VAL V') of X7(M) used to write down Q, that is, Adg(vi) =

> Ad(g)v/. Then
J

a3\ T
Ad(2)Q(z) = QG) <8—§) . (3.46)

Proof Multiplying both sides of equation (3.46) on the right by

VT_(a 9 a)’
- 8leazz3""8zn )

the ith component of the right hand side is the definition of Adg(vi), while the
ith component of the left hand side is, by construction, Ad(g);vj . These are
equal by the definition of Ad(g). O

Example 3.3.11 For the action

au +b

_ d—bc=1,
cu+d a ¢

X =x, U=
consider the prolonged action on (u, u,, u,,) space. The prolonged action

1S

~ Uy ~ Usx 5 cu?
Uy = —"5> Uxxy = - .
(cu + d)? (cu + d)? (cu + d)?
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The infinitesimal vector fields corresponding to the parameters (a, b, c) are

0 0 0
2u— +2uy— 42Uy ——

v, =
5 au ouy Ollyy
v, = —
b ou
Ve = —u2i — 2uu i — 2(u2 + utty ) ——
‘ u * o Dty
so that
u uX uxx
a [ 2u 2u, U5y
Qu, Uy, Uyy) = b 1 0 0
c \—u? —2uu, —2(u)2( + Ultyy)
Next we have
1
—_— 0 0
(cu +d)?
8('1,7, II;H uf;;) _ _2cux 1 0
(U, Uy, Uyy) B (cu + d)3 (cu + d)2
—2c((cu + dyu,, — 3u)2() —4dcu, 1
(cu +d)* (cu +d)?® (cu+d)?

The matrix Ad(g) is more or less that given in equation (3.42), adjusted to the
basis we are using here,

a b c

a (ad+bc 2bd —2ca

Ad(g)= b cd a2 =
c —ab —b? a’

It is straightforward to check that

3, i, u}))‘T

Ad(2)Qu, uy, uyy) = QU iy, tiry)
(U, Uy, Uyy)

Exercise 3.3.12 Prolong to (u, iy, Uy, Uyxx, Uxrrx) Space the action of Exam-
ple 3.3.11. Check that

o e
Ad(g)Q(u7-~-vuxxxx): Q(ﬁ,...,uxxxx) S R St i
a(u’ cee uxxxx)
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Finally, we recall that the induced adjoint action of X7(M) on X'(M) is, for
v € Xr(M) with flow g(¢) = I'} and w € X7 (M), given by
d
ady(W) = —|,_yAdgin(W) = [v. W], (347)
the standard Lie bracket of vector fields.

Exercise 3.3.13 Prove equation (3.47). Hint: compare the formulae for the
definitions of the Adjoint action and the Lie bracket of vector fields.

The adjoint action ad clearly restricts to an action of X7(M) to itself, and
is the same as what was defined earlier as the adjoint action of any Lie algebra
on itself.
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Moving frames

In this chapter we can begin our study of the invariant calculus. The concept
from which all else derives is that of a moving frame. We use the definition and
construction as detailed by Fels and Olver (1998, 1999). Although the term
‘moving frame’, or ‘repere mobile’ is associated with Elie Cartan (1953), the
idea was used, albeit implicitly, long before. A pre-Cartan history of the subject
is given by Akivis and Rosenfeld (1993), and the Fels and Olver papers have a
more recent historical overview. The definition of a moving frame used here has
the major advantage that it can be applied to both smooth and discrete problems.
In particular, there is no need for any of the paraphernalia of Differential
Geometry such as exterior calculus, frame bundles and connections. '

4.1 Moving frames

The original problem solved by moving frames was the equivalence problem,
‘when can two surfaces be mapped one to the other, under a coordinate trans-
formation of a particular type?’ It turns out there are many problems which
can be formulated this way. One is the classification problem of differential
equations. If you have a differential equation to solve and a database of solved
equations, it is only sensible to ask, is there a coordinate transformation that
takes my equation to one of the solved ones? Viewing differential equations
as surfaces in (x, u, Uy, Uyy, ...) space, you might then apply moving frame
theory. The computational complexities might be considerable, but at least you
have an idea of how you might proceed.

Computer vision experts study a discrete version of the equivalence problem:
given a digital image, can you match it to one of a database? Of course, the
image you have and the image in the database will not be exact matches, there

T Unless, of course, Differential Geometry is your application.

114
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All different

orbits

Figure 4.1 A local foliation with a transverse cross section.

may be arotation involved or some kind of distortion, but since they are pictures
of the same object, you want the computer to recognise they are equivalent up
to some well defined ‘distortion group’.

In later chapters, we will see other uses of moving frames. The applications
all involve the fact that a moving frame defines local coordinates that provide
a ‘divide and conquer’ mechanism for studying the problem at hand.

Moving frames exist when and where the group action is free and regular,
see Definition 1.4.8. Under quite general conditions, there are ways and means
of getting the group action you have to be free and regular on an extension of
your space if it is not already, so the condition is not as restricting as it sounds.

If the action is free and regular in some domain €2, then the following will
be true; see Figure 4.1: For every x € €2, there is a neighbourhood U of x such
that the following hold.

¢ The group orbits all have the dimension of the group and foliate U'.

e There is a surface )L C U which crosses the group orbits transversally (see
Definition 1.4.9), and for which the intersection of a given group orbit with
K is a single point. The surface K is called the cross section.

¢ If O(z) denotes the group orbit through z, then the group element / taking
z € U to {k} = O(z) N K is unique.

The cross section /C will not be unique. It is usually chosen to make the
calculations as simple as possible.

Definition 4.1.1 The map p : U — G which takes a point z € U to the unique
group element p(z) € G such that

p@)-z=k, {k} = 0@)NK, 4.1)

is called the right moving frame relative to the cross section .
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Figure 4.2 Construction of a right moving frame using a cross section.

The element /4 in Figure 4.1 is p(z). If the action is left, then the map p is
right equivariant, that is,

p(g*2) = p(2)g".

Indeed, looking at Figure 4.2, we see that the group element taking g * z to k
has to be hg~!. If the action is right, then the map p satisfies

p(gez) =g "'p).

The inverse of the right moving frame is called the left moving frame.
More generally, we have the following definition.

Definition 4.1.2 Given a group action G x M — M, a moving frame is an
equivariant map p : M — G.

We have the following table.

left action right action

right frame  p(g x2) = p(2)g~" p(gez) =g 'p(2)

left frame  p(g * z) = gp(2) p(gez) = p(2)g

The conditions on the group action for the above construction to be valid
typically hold only locally, and thus a moving frame can be constructed only
locally. In general, it will not be possible to construct a moving frame in a neigh-
bourhood of every point on a manifold: no moving frame can be constructed in
the neighbourhood of the origin of R? for the rotation greup SO(2).

We summarise the discussion as a theorem.
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Figure 4.3 The construction of a moving frame for rotations in the plane.

Theorem 4.1.3 If a group action is free and regular in Q2 C M, then for every
x € Q there is a neighbourhood U of x such that there exists a moving frame
onU.

In practice, we do not wish to study the details of the foliation of the space by
the group orbits. We need a way to derive the frame knowing only the formulae
for the group action. Thus, we use the following procedure. We define the
cross section KC as the locus of a set of equations ¥ (z) =0, k=1,...,r.
The number of equations, r, equals the dimension of the group. In order to
obtain the group element that takes z to /C, we solve the so called normalisation
equations,

V() =0, k=1,...,r 4.2)
The frame p(z) therefore satisfies
Yi(p(z) *2) =0, i=1,...,r

If the solution is unique on the domain U, then p is a right frame, one that satis-
fies p(g * 2) = p(z)g "' or p(g ® z) = g~ ' p(z). One chooses the normalisation
equations to minimise the computations as much as possible for the application
at hand. A fuller discussion appears in Section 4.2.

Example 4.1.4 Consider the usual action of SO(2) in the plane,

X X cosf® —sind x
~ =Ry = . )
y y sinf  cos6 y

refer to Figure 4.3. If we set U = R?\ {(0, y) | y < 0}, that is, we remove the
origin and the negative y-axis from the plane, then the action is free and regular.
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Taking the normalisation equation to be X = 0, then p(x, y) is the rotation that
takes the point (x, y) to the positive y-axis, which is the cross section K to the
orbits. The generic element z € U has coordinates (x, y). Specifically, we have

y X
Va4
plx,y) = X y

Vai+yr o Jxi4y?
To verify that p is equivariant, let R, be a rotation matrix with angle 7. Then

sin(z)x + cos(t)y B cos(t)x — sin(t)y

cos(t)x — sin(t)y sin(t)x 4+ cos(t)y

y

X
N VA _\/x2+y2 cost  sint
* Y —sint cost
Vaiyr o at gy
= p(x, YR/

P(R; * (x,y)) =

as required. If we solve the normalisation equation for the group parameter
0, namely, X = cos(9)x — sin(d)y = 0, we obtain p not in matrix form, but
parametric form,

X
arctan | — 0
plx,y) = (y) v
0 y=0

with the usual caveats on the definition of the arctan function to make p
continuous on U. To verify that p in this formulation is equivariant, note that

P(R; * (x,y)) = p(cos(t)x — sin(t)y, sin(t)x + cos(t)y)

(cos(t)x — sin(t)y)
arctan [ ———
sin(¢)x 4+ cos(t)y

( (x/y) —tant )
arctan | —————
14+ (x/y)tant

X
= arctan <—> —t
y
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using the addition formula for tan. Since R;R; = R,;,, we see that on the
parameter level, group multiplication is addition and thus the inverse of an
element’s parameter is its negative.

Exercise 4.1.5 Redo the calculations for Exercise 4.1.4 above but using
the cross section IC = {(x,0)|x > 0}, so that the normalisation equation
isy=0.

Example 4.1.6 Consider now the special Euclidean group SE(2) of rotations
and translations acting on curves in the plane, and the induced action on its
tangent lines, depicted in Figure 1.1. The induced action on derivatives is called
the prolonged action detailed in Section 1.3.4. If the curve y (s) has coordinates
(u(s), v(s)), the prolonged action takes place in (u, v, uy, v, Ugy, . .. )-Space;
as many derivatives as make sense for the curve you have. The curve must be
at least once differentiable, and then the prolonged group action is free on an
open domain. The generic group element has parameters (6, (a, b)) where 6 is
the angle of rotation and (a, b) is the vector of translation. The calculations are
much easier if the ‘inverse’ action is taken, namely

W) [ cos® sin@ u—a
v) \—sin® cosh v—>b)"

This is now a right action. Since the curve parameter s is invariant, the prolon-
gation action is simple to calculate. We obtain

uy\ [ cos® sinf uy
07 ) \—sin6 cos6 vy

where J is the index of differentiation. Let us take the cross section K to be the
coordinate plane, u = 0, v = 0 and v; = 0. Thus the normalisation equations
are

=0, V=0, vy = 0. (4.3)
The action of the frame defined by these equations on a curve is depicted
in Figure 4.4. Solving equations (4.3) for the group parameters in terms of
(u, v, ug, ...) yields

Us

a=u, b=, 6 = arctan (v_x) . “4.4)

This is the frame in parameter form, valid on an open domain that excludes,
say, the line {(uy, 0) | uy < 0} in the (u,, v;)-plane. In matrix form, the frame is
obtained by substituting the values of the parameters on the frame into a matrix
representation of the generic group element. For the standard representation of
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(2)
N

Figure 4.4 The action of the standard Euclidean frame group element, defined by
#=0,7=0and v; =0, at the point z = (u, v, ug, vy).

SE(2) (see equation (1.21)) we obtain

Ug Vg
Jera  Jare
o, v, ug, vg,...)= Us Us e 4.5)
Vg v Jui v}
0 0 1

To verify that this is equivariant, we act on the components of p with a generic
group element which we take to have parameters («, (k;, k»)); it is not a good
idea to take the same parameter names as those used to calculate the frame.
Then

78 U
Vai+572 Vil + 02
o, v, uy,...)= Vs U o
Vit + 52 Vil + 07
0 0 1
. -1
cosa —sina ki
= | sinae cosa kp p(u, v, ug,...)
0 0 1

which is the equivariance of a right frame for a right action.

Exercise 4.1.7 Show that taking the usual Euclidean action in the above
example results in the inverse of the frame calculated above, with the same
normalisation equations. Verify its equivariance.
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Figure 4.5 An orthonormal vector ‘frame’ attached to a curve in the plane.

21
e
e ®z3 =Y
22

ez

Figure 4.6 Euclidean motion on sets of points in the plane.

Example 4.1.6 provides a nice illustration of the relationship between the
Fels—Olver frame and Cartan’s frame of vectors at each point of the curve. If
we look at the columns of the rotation part of the matrix form of p, we see that
they form the unit tangent and unit normal of the curve, depicted as e; and e; in
Figure 4.5. Cartan’s frame consists of this pair, as well as the point of the curve
at which they sit. The rotation angle of our frame is that required to rotate the
vector pair ((1, 0), (0, 1)) to the vector pair (e, e3).

Example 4.1.8 Consider now Euclidean motion on sets of points in the plane,
see Figure 4.6. Let the point z; have coordinates (x;, y;). Again, let us consider

the inverse action,
X\ _ ( cos® sinf Xi—a
5] \—=sinf cosé )\ y;—b)"

Taking the normalisation equations,
X =0, yi =0, =0

and solving for the three group parameters, we obtain

a=x, b=y,  6=arctan <u> : (4.6)
X2 — X1

We leave it to the reader to define the domain of validity of the frame.
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Remark 4.1.9 The frame given by equation (4.6) works regardless of the
number of points in the plane we consider. In particular, it can be used in the
study of Euclidean motions on piecewise linear curves in the plane.

Remark 4.1.10 Actions on sets of points in M is equivalent to considering the
product actionon M x --- x M, see Section 1.3.2. Further examples appear in
Section 4.7.

In the above examples, we have looked at two different actions induced from
the standard Euclidean group action on the plane, one on curves and one on
sets of points. It is not possible to define a frame for the standard action on the
plane itself. One of the requirements of the construction of the frame given at
the start of the chapter is that the group orbits foliate the space, and that these
orbits have the same dimension as the group. Since the Euclidean group has
dimension three and the plane has dimension two, this is impossible. Thus, it
is necessary to find a larger space on which to act.

The examples and exercises in this and subsequent sections may give the
impression that one can always solve the normalisation equations for the frame
in explicit detail. Unfortunately, this is not true in general, although it is sur-
prising just how often one can solve them. As we go through the theory and
applications of moving frames, we will always be asking, how much informa-
tion can we obtain without solving for the frame. The answer is: a great deal,
as we shall see.

4.2 Transversality and the converse to Theorem 4.1.3

Given a free and regular group action on €2, we constructed above moving
frames in the neighbourhood of any point. Let us now consider the converse: if
a moving frame exists, is the group action free and regular?

Suppose we have a smooth equivariant map p : M — G. We first show the
action is free. Let 4 € G be an element of the isotropy group of z. Then, for
example, if we have a left frame for a left action, hp(z) = p(h * z) = p(2).
Multiplying these equations on the right by p(z)~! yields & = e, the identity
element. Similar remarks hold for the other cases.

Next we consider the conditions for regularity. Since by hypothesis the
action is free and smooth, the orbits foliate the space by the Frobenius Theorem,
Theorem 3.1.24. The cross section to the orbits for the moving frame as we
constructed above can be described as the set K = {z € M | p(z) = e}. This
set is non-empty, since if p(z) = g say, then g_1 * z € K. Further, each orbit
intersects with K at most once; if not, there exists z €  and g € G, g #
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Figure 4.7 Group orbits all tangent to /C; a nowhere transverse frame.

e, such that g x z € KC. But then by definition, e = p(g xz) = gp(z) = g, a
contradiction.

Finally, we need to show there exists a transverse cross section to the orbits.
To show the orbits are transverse to ', we need to demonstrate that for any
zek,

T.K + T.O(z) = T, M,

see Definition 1.4.9. Unfortunately, this is not true in general for the K given
above.

Example 4.2.1 Consider the action of (R, +) on the plane whose orbits con-
sist of the cubic curves depicted in Figure 4.7. The actionis X = x + ¢,y =
(€ + y'/3)*. Now let p(x, y) = —y'/3, obtained by solving the normalisation
equation y = 0. This is a right equivariant mapping since p(¥, y) = —y/° =
—(e+y'?) = p(x, y) — €. The set £ = {(x,y)| p(x,y) =0} = {(x, 0)}, is
the x-axis, to which every orbit is tangent, not transverse. However, it is appar-
ent that a transverse cross section exists arbitrarily close to K.

Arbitrary surfaces can always be deformed locally to be transverse to a
foliation. The foliation in Figure 4.8 is given by the action X = exp(—1)x,
y = exp(t)y, t € R, which is both free and regular on R\ {(0, 0)}. The circle
C drawn in the figure can be deformed so that near any point on the deformed
circle, the orbits are transverse to it, but this cannot be achieved simultaneously
for all points. The inability to have simultaneous transversality is due to the
existence of orbits arbitrarily close to C that do not intersect with it, no matter
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T
~ | |

N

Figure 4.8 The cross section X cannot be deformed so as to be transverse to the
foliation simultaneously at every point.

how C is deformed. Note that this ‘cross section” does not define a global frame
as most orbits intersect it either twice or not at all, but on certain open sets of
R? \ {(0, 0)} it does define a local frame.

A proper discussion of the existence, at least locally, of a transverse cross
section would take us too far afield into Differential Topology. However, the
key words are hopefully clear: transversality is generic, which means that we
can deform the cross section to one that is transverse, at least locally.

Looking more closely at the use of normalisation equations to define a frame,
we see that we must solve

Yi(g *x2) =0, k=1,...,r

for the r group parameters that describe the Lie group near its identity ele-
ment. Writing the solution to these equations as g = p(z) which gives the
frame p, requires the application of the inverse function theorem, for which
a necessary condition is that the derivative of the map ¥ : G — R”, where
W = (yy,...,¥,) and z is regarded as a multidimensional parameter, has
non-zero determinant on the cross section. ‘Non-zero determinant’ is an open
condition on z, and thus W will typically be invertible on an open piece of
the cross section {z | W(z) = 0}: in general, we will only be able to define
frames locally by this method. The right equivariance of the frame is a con-
sequence of the uniqueness of the solution that the inverse function theorem
provides. Indeed, since both p(h * z) and p(2)h ™" solve Y (g % (h % z)) = 0,
k =1, ..., r,uniqueness implies they must be equal.
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However, transversality requires more than solvability of the normalisation
equations, as Example 4.2.1 shows.

Why is transversality so important and desirable? Look again at Figure 4.1
at the start of this chapter. If XC is transverse to the orbits, then p defines local
coordinates as follows. Since the group element that sends z to K is unique,
each O(z) N U can be given the same coordinates as that of the group about its
identity element. Moreover, the element {k} = O(z) N KC = p(z) - 7 tells you
which orbit you are on. Thus, assuming a right frame p for a left action, the map

0:U—>GxK, z > (p(2), p(z) * 2) 4.7)

is invertible on its image. Transversality guarantees the derivative of ¢ is also
invertible, and so is a genuine coordinate transformation, or diffeomorphism.
We will be using these coordinates in just about every application in this book.

If the frame is not transverse, then the map ¢ given in equation (4.7) will
not be a diffeomorphism. Consider the frame in Example 4.2.1. Since K is the
x-axis, it suffices to take the x-component of p(z) - z, so that

gp(x, )’) = (_yl/sv-x - y1/3).

The Jacobian map of ¢ is easily seen to be non-invertible when y = 0, that is,
on K. Replacing the normalisation equation with ¥ = ¢ yields the frame to be
p(x,y)=c? —yY% and p(x, y) = (¢'? — y'3, x + ¢/ — y!/3) which has
invertible Jacobian in a neighbourhood of the line y = c.

The Morse—Sard Theorem (see Hirsch, 1976) can be used to show that the
transversality of the frame is the generic situation, and can always be achieved
by altering the constants ¢; in the normalisation equations ;(z) = ¢;, perhaps
on a smaller neighbourhood than the one we started with. We summarise this
discussion as a theorem.

Theorem 4.2.2 Let the normalisation equations be V;(Z) = ¢;, and let D, W
denote the Jacobian of the map V = (Y1, ..., ) with respect to the group
parameters. If the determinant

DoV |,—,

regarded as a function of 7 is non-zero on the locus K = {z|¥i(z) = ¢;,i =
1,...,r}, so that the implicit function theorem may be applied, then the map
0 : G —> M defined by ¥;(p(z) - z) = c; is a moving frame on a neighbourhood
of K. Moreover, the surface IKC can be assumed to be transverse to the group
orbits for generic c;.

In all that follows, we will assume that the orbits are transverse to the cross
section that defines the frame.
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Remark 4.2.3 For algebraic actions, one can dispense with the inverse function
theorem, see Hubert and Kogan (2007a, 2007b) replacing its role in the theory
with results from commutative algebra. This means that well-defined algorithms
can be developed and algebraically certified for studying moving frames and
their applications in a symbolic computing environment.

4.3 Frames for SL(2) actions

We now turn our attention to the three non-linear actions of SL(2) in the plane,
given in Chapter 1. None of these actions is free as they stand, so we need to
extend the space on which they act in some way. We will use these frames in
examples all through the book.

Example 4.3.1 To calculate the frame for the action (1.17), as induced on
curves (x(s), y(s)) in the plane, we take normalisation equations,

X=0, xg =1, X5 = 0.
Near the identity element, the group parameter d = (1 4+ bc)/a. Solving the
normalisation equations for the three independent group parameters yields
1 X Xss
, = , C= 55
N N 2(x,)3/2

In matrix form, the moving frame is

a =

1 X
Xs X
P, Xgy Xggy o) = \){_ 2x2 :/_xx . 4.8)

20x)2 2(x5)*2

The choice of the positive square root is to ensure that p is the identity element
on the cross section /.
Since the normalisation equations, which define the cross section, include
X; = 1, the frame is defined in a neighbourhood of (x, y, xy, y;, ... )-space
where x; # 0. It can be seen by examining the group action on x;,
~ 'xS'

that the group action leaves the coordinate slice, x; = 0, invariant, and in fact
is singular there (see Olver (2000) for a discussion of the singularities of group
actions).

Exercise 4.3.2 Which equivariance equation is satisfied by the frame (4.8)?
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Exercise 4.3.3 Suppose instead one induces the action (1.17) on curves
parametrised as (x, y(x)) in the plane. Calculate the frame for the normali-
sation equations,

X=0, =1, Yox = 0.
Explain why it is not possible to have a normalisation equation of the form
y=c.

Exercise 4.3.4 Calculate frames for curves given as (x(s), y(s)) and as (x, y(x))
for the SL(2) actions, (1.18) and (1.19). Hint: in order to have an equation for
the group parameter b, it is necessary to have a normalisation equation of the
form X = c¢. One always chooses the simplest possible form of the constants
involved, usually either O or 1; in this case, X = 0 is recommended.

4.4 Invariants

One can think of the transverse moving frame, defined in U with cross section
K C U, as providing local coordinates, sometimes called a local trivialisation,
of the manifold, as discussed in Section 4.2. For a right frame, the coordinate
transformation is given by

o: U—GxK, 2 (p(2), p(2) - 2).

The leaves of the foliation given by the group orbits are parametrised by the
group parameters, while p(z) - z yields the element O(z) N K. We show in this
section that K has coordinates given by invariants of the group action.

Theorem 4.4.1 If p is a right frame, then the quantity 1(z) = p(z) - z is an
invariant of the group action.

Proof For a left action we have

I(gx2)=p(g*2)*(g*2) = (p(g*2)g) ¥z = (p()g 'g) * 2
= p2) *xz = 1(2).

For a right action, p(z) e z is similarly invariant; since g e (h @ 7) = (hg) e z,
we have

plgez)e(gez)=(gn(ge2)ez=(gg pz)) ez =p(2)ez.
So, we write both cases simply as p(z) - z. O

Definition 4.4.2 The map z — I(z) = p(z) - z is called the invariantisation
map. Other notations in use are ((z) and iz.
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Solving normalisation equations always yields a right frame, so that eval-
uating 7 = g - z with ¢ = p(z) in parameter form yields an invariant. This is
true whether we consider z in coordinates or not; even though the parity of the
action is opposite for z and its coordinates, the equivariance changes to match.

Thus, if z = (z1, 22, . . ., 2,) and the normalisation equations are z; = ¢; for
i =1,...,r, where r is the dimension of the group, then the components of
p(z) = (617 '~'scra I(Zr+1)7 LR ] I(Zn))
where
Ize) =g Zk|g=9(z)

are all invariants.

We note that the 7(z;) are all functionally independent. For if there were an
expression of the form F(I(z;)) = 0, then by back-substituting for the I(z;)
their expressions in terms of the z;, we would have that the z; were functionally
dependent, a contradiction.

Seeing is believing, so we turn our attention to considering the invariants
for the examples considered in the previous section.

Example 4.4.3 For the rotation group in the plane, Example 4.1.4, the calcu-
lation looks like

& Z|g=p(z)

= ((cos@)x — (sinf)y, (sinf)x + (cos G)y)}(;:arctan(xm

= (0,v/x> +y?).

The first component is zero because the normalisation equation is X = 0; the
frame is defined to be the group element that sends the first component of
7 to zero. The second component of p(z) - z is evidently invariant. Moreover,
looking at Figure 4.3, it is clear that the intersection of an orbit passing through
the point (x, y), with the positive y-axis, is the point (0, v/x2 + y2). In this
simple case, the coordinates provided by the frame are essentially the usual
polar coordinates.

Example 4.4.4 Consider next the Euclidean action on sets of points in the
plane, Example 4.1.8. Calculating p(z) - z means back-substituting in g - z the
specific values of the parameters that determine the frame, equation (4.6), in
the Z; = g - z;. Doing this yields 7(z;) = (0, 0), as expected, since these are the
first two normalisation equations, and then

1(z2) = (V(x2 = x1)2 + (72 — y1)%, 0)
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and

El

o Gz = x)( —xp) + (y3 — y) (2 — y1)
I(z3) =
V2 = x1)2 + (y2 — y1)?

(y3 — y1)(x2 — x1) — (x3 — x1)(y2 — m)
\/(Xz —x1)?+ (2 — »n)?

Each component of /(z;) and I(z3) is an invariant. The second component
of 1(z») is zero since that is the third normalisation equation. The geometric
interpretation of the non-trivial invariants are as functions of lengths, angles
between two line segments that meet at a point, and areas of triangles, all
of which are evidently invariant under the Euclidean group action on the
plane.

Example 4.4.5 Looking at the Euclidean action on curves in the plane, Figure
4.4, Example 4.1.6, the frame in parameter space is given in equation (4.4). The
coordinates are (s, u, v, Uy, Uy, Uyy, ... ). Lhe invariants are the components of

(g~s,g-u,g~v,g~us,g'vs,g~uss,g~vss,-..)‘ ,
g:

2 2 UssUs + UssUs  UssVUs — Ussl
=1s,0,0,,/u?+ 020, , R I
Y Vuz+v2 o Jul 02
K s s K

Exercise 4.4.6 The radius of any circle in the plane is invariant under transla-
tions and rotations, and hence the radius of an osculating circle to a curve,
pictured in Figure 4.9, is a Euclidean invariant. The Euclidean curvature
of a curve at a point is the reciprocal of the radius of the osculating cir-
cle there. If the curve is parametrised as (x, y(x)), then show the curvature
is

o Yu
D7

Hint: let the equation of the circle be ¢(x) = v/r2 — (x — x.)* + y. where r is
the radius and (x., y.) its centre. Then there are three equations for the three

unknowns, r, x. and y., namely yp = y(xo) = c(xp), Y» = ¢x and yyx = Cxx
evaluated at the point of contact (xg, yo).

Exercise 4.4.7 Consider the inverse Euclidean action on curves in the
plane, but this time described by (x, y(x)), so that the action takes place in
(x, ¥, ¥x» Yxx, - - . )-Space. Let the normalisation equations be

=0, y=0 . =o0.
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Figure 4.9 Two osculating circles, at x = 0 (blue) and at x = 0.5 (in black), on
the parabola (x, x?) drawn in green. Note the osculating circles do not necessarily
lie on only one side of the curve.

Show that the frame is given by
a=zx, b=y, 6 = arctan y,

and that
yxx
(142772

which is the Euclidean curvature defined in the previous exercise. Find 1 (yyyx)
and I (yyxxx) explicitly.

)’};c = I(yxx) =
g=p

Definition 4.4.8 For any prolonged action in (x;, u®, u% )-space, the specific
components of /(z), the invariantised jet coordinates, are denoted

~
o

Ji =1(x;) = & Ig = 1) = u%| (4.9)

8g=p(2)’ §=p(2)
which is the original Fels and Olver notation. More recently, some authors have

denoted these as t(x;), t((u%) or x;, Tu.

Explicit expressions for these invariants in terms of the original variables
can often be obtained even when the frame is not known explicitly. This is
because the frame dependent invariants /(zz) may be related to historically
known invariants using the Fels—Olver—-Thomas Replacement Theorem (Fels
and Olver, 1999, Theorem 10.3) which states the following.
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Theorem 4.4.9 If f(z) is an invariant then

f(@) = f(2).
Proof Substitute g = p(z) into f(z2) = f(g - 2). ]
An important corollary is the following.

Theorem 4.4.10 (Replacement Theorem) Any invariant is a function of the
I(zy). In particular, the set {J;, 1%, I¢}, defined in Definition 4.4.8, is a complete
set of differential invariants for a prolonged action.

Example 4.4.11 To show the power of the Replacement Theorem, consider
the action induced on curves by the group of Euclidean motions in 3-space. We
take a curve parametrised as u = (u(s), v(s), w(s)). The action leaves the curve
parameter s invariant, so’s = s, and sends U = Ru + a where R € SO(3) and
a € R? is the constant vector of translation. Let the normalisation equations be

F=T=w=0, @& =w.=0 w5=0.

Using the notation of Definition 4.4.8, wehave I[* = 1" =" =0,1{ = I’ =
0 and I}| = 0. We do not solve for the frame explicitly in order to calculate
the other Ig. Instead, we apply the Replacement Theorem to obtain the 77
in terms of historically known invariants. Thus, from the invariant |uy| where
u; = (ug, v, Wy), We obtain

i+t wd = Japr apr - apr = i,

applying the normalisation equations. This solves for I{' up to a sign. Another
known invariant is the curvature, k = |u, X u|/|uy|*/?. Applying the Replace-
ment Theorem and the normalisation equations yields an expression for 1{; in
terms of « and |uy|. Finally, applying the method to the invariant determinant
T = (Ug X Uyy) + Uggg/ «> which defines 7, the torsion of the curve, yields an
expression for }],. The curvature and torsion form a complete set of invariants
for the Euclidean action on curves in 3-space; any other invariant is a function
of these and their derivatives with respect to s. Thus, the remaining /g can
all be obtained by differentiation and replacement. Further details appear in
Section 5.4.

The Replacement Theorem implies that expressing any invariant in terms of
the I¢ is achieved by simple substitution. This process is called invariantisation.
In a computer algebra environment, invariantisation is achieved by substitution
of the normalised invariants followed by simplification with respect to the
normalisation equations. For a discussion of the subtle issues that arise in this
context we refer to Mansfield (2001).
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Our final example in this section will prove important in the applications in
later chapters.

Example 4.4.12 If we consider left multiplication on any matrix Lie group,
prolonged to the tangent space T G, we obtain

G xTG — TG, h+(g,8) > (hg,hg").

Taking the normalisation equation g = e, then the frame is given explicitly
by
pg.8)=4g".
Moreover the components of
I(g.8)=¢"'¢ €g

are invariants under left multiplication.

4.5 Invariant differentiation

This section relates purely to moving frames for prolonged actions. We investi-
gate not only invariant differential operators but the formulae for the invariant
differentiation of the invariants I¢.

The method for obtaining invariant differential operators is similar to that
of obtaining differential invariants.

Example 4.5.1 A simple example is provided by the scaling action in the plane,

X = Ax, u=u/r, A>0
and prolonged to curves parametrised as (x, u(x)). With the normalisation
equation X = 1 on the domain {(x, u, u,,...)|x > 0}, the frame is A = 1/x.
The invariant differential operator is then
d _dx d d

= —= = = =X .
dx lxi=1/x  dx dx la=1/x dx
To see this is invariant, note that
~d dx d d

X—= = X—

= X—=— = .
dx dx dx dx
Evaluating u on the frame leads to the invariant xu = ;.. Since

—_~

k
du e

dx* dxk’

dru
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we have invariants

dku o A
L= — S
dx* lrh=1/x dx*

where we have suppressed the index u on I; = I as there is only one dependent
variable. It is interesting to compare I; with D1, and more generally, I with
DI. It is trivial to verify

DI = (k+ DI + Iiy1,
and thus we see that even though
ddu du
dx dxk — dxk+!’
the same is not true for their invariantised counterparts,

DI # Iy (4.10)

Since to obtain DI, we first invariantise dku/ dx* and then differentiate, while
to obtain [ we first differentiate and then invariantise, equation (4.10) says,
‘differentiation and invariantisation do not commute’.

Definition 4.5.2 A set of distinguished invariant operators is defined by

evaluating the transformed total differential operators on the frame. They are
D; =D, ,

! e=p(2)

where the 5} are given in Chapter 1, equation (1.35).

By an argument similar to the Replacement Theorem, Theorem 4.4.9, any
invariant differential operator can be written in terms of the D; and the symbolic
invariants J; = «(x;), I* = «(u®) and Iy = t(u%). The D; are linear derivations
on functions of J;, I* and Ig, that is, they are linear operators and the product
rule holds. As we shall see, in general,

[D;, Dy] #0
and as Example 4.5.1 shows,
D»I“:ﬁ»‘ u, Diu® = u?, =12
K / g=p(2) K g=p(2) K g=p(2) Kj g=p(2) K

This motivates the following definition.
Definition 4.5.3 The correction terms N;; and M, are defined by
D;J; = 6;j + Nij, Dilg = Ig; + Mg, 4.11)

where §;; is the Kronecker delta.
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It follows from their definition that the invariants Iy are left unchanged
by permutations within their index K. The correction terms, however, are
not invariant under permutations in their index, because the operators do not
commute.

In order to understand the formulae for the correction terms, we need to
recall the infinitesimals of the group action in Section 1.6. If the parameters of
the group in a neighbourhood of the identity element are ay, . .., a, where r is
the dimension of the group, then the group infinitesimals with respect to these
parameters are

f-j — a'f;| P = 8“0;(|
i aai g=e’ K,i 3(1,‘ g=e
These are functions of x;,i = 1,..., p,u®, @ =1,..., g, and u%.

Definition 4.5.4 Given &/ = &/ (x, u”), define £/ (I) = £/ (J, I?) and similarly
() =% (J, I B I f ), that is, where the arguments have been invariantised.

Theorem 4.5.5 There exists a p X r correction matrix K such that
Nig =Y Kutf (), Mg = Ky (1) (4.12)
=1 =1

where £ is the index for the group parameters and r = dim(G). If the action on
the base space is left and the frame is right, then K is given by

Ko = 5‘,-m(“z‘)\g = (TR, " Dyp) (4.13)

=p(z

where p = (p1, ..., p,) is in parameter form and R, : G — G is right mul-
tiplication by p.

Proof To show the result for the My, we apply the chain rule to 5,-1 (2)
evaluated at g = p(z). The proof for the Ny; is entirely similar. Writing

1;;}‘; = Floé(al,...,a,,x,uﬂ,...)
where the a; are the group parameters (near ¢), we have by definition that
D;F¢ = Fg,.
Assuming a right frame, we have

I,f‘:Fg(pl,...,pr,x,uﬂ,...).

If the frame is left, then one must use p~ ! in place of p in Fg to obtain the

invariant /¢ ; we leave this case to the reader.
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Applying the chain rule, we have

L (OFY —~ ~
e = K ‘ D, ( D Fe
K ;( ) g:p( j0¢) g:p+( iFx) o=p

08

~

D;

4.14)

-

The second summand of equation (4.14) is I; by definition. By Theorem
3.2.37, we have

IF IF !
( PRCES 8gK(g,z)> | = ROz ).

where z = (x, u, ... ) and by definition
IF dFe ’
CRON <,z)> | =0,
( 8gl 8 8gr 8 g=e K
the vector of infinitesimals of the group action on the u% coordinate with respect

to the group parameters (ay, .. ., a,).
Hence the first summand of equation (4.14) is

ZCD D (T.R;'D;p),

where ®% (1) is defined in Definition 4.5.4 above. This proves one of the
expressions for K. Finally, we note that p(g * z) = p(2)g™! implies

Djp(g2) = DjRy-1(p(2)) = T, Re1 Djp(2)
by the chain rule. Evaluating this at g = p and using the result of Exercise

3.2.38, we have proved the equality of the two expressions for the components
of K. O

The rows of K will take on additional significance in Chapter 5.

It is of great computational importance in the applications that the matrix K
can be calculated without explicit knowledge of the frame. All that is required
are the normalisation equations {y;(z) =0,A =1, ..., r} and the infinitesi-
mals. Suppose the n variables actually occurring in the ¥, (z) are ¢y, ..., &
typically m of these will be independent variables and n — m of them will be
dependent variables and their derivatives. Define T to be the invariant p x n

total derivative matrix
T, =1
Y ( Dx; €]>

Also, let ® denote the r x n matrix of infinitesimals with invariantised argu-

ments,
B
cb,-j:( (g C,)’ )
g
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Furthermore, define J to be the n x r transpose of the Jacobian matrix of the
left hand sides of the normalisation equations ¥, ..., v¥,, with invariantised
arguments, that is

i)
R (%)
Using the above defined matrices, which are easily calculated, the correction

matrix can be obtained as follows.

Theorem 4.5.6 The correction matrix K, which provides the error terms in the
process of invariant differentiation in Theorem 4.5.5 is given by

K=-TJ®)!,
where T, J and ® are defined above.
Proof We compute the invariantisation of the equations

Di(p(z) - £) =0 (4.15)

where { = ¢y, ..., ¢, are the actual arguments of the v,. The invariantised nor-
malisation equations are functions of both the variables ¢; and the coordinates
of the frame p;(z). Since the latter depend on the former we have to be careful.
We separate the different dependences by writing ¥,(0(z) - {) = ¥, (¢, p(2)).
Here the Y are functions of n variables, whereas the W depend on n + r
variables. Thus from equation (4.15) we obtain

v v
ZD: pi(2) g({ (P)(Z)) " ZD 4 A(a{;l/)(Z)) 0

We use the chain rule once more and write

WL, p(2)) _ Z 9p(2) - & Y (p(2) - &)
opjx) o i) )b

The theorem is proved by invariantisation of the different terms, that is, replace
z by Z (¢ by ¢) and evaluate at g = p(z). O

To calculate K in practice, it is easier to use labelled rows and columns for
the intermediate matrices ®, J and T rather than indices.

Example 4.5.7 Consider the prolongation of the SL(2) action on (x, ¢, u(x, t))
space,

au+b
cu+d’

U=

=
I

=
=
Il
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The table of infinitesimals is

X ¢ u Uy u; Uiy
a {0 0 2u 2u, 2u; IT
b0 0 1 0 0 0
c\0 0 —u? —2uu, —2uu; —2u§ — 2y

If we take the normalisation equations ¥ = 0, iy, — 1 = 0 and u,, = 0, then
the vy are Yri(u, uy, ty) = u, Yo(u, Uy, uyy) = ue — 1 and Y3(u, uy, tyy) =
Uyy, SO the arguments ¢; are u, u, and u,,, and the invariantised nor-
malisation equations are " =0, I;' =1 and I{; = 0. Thus, selecting the
appropriate columns of the table of infinitesimals and invariantising, we
obtain

u ux MXX

a {0 2 0
®=5H(1 0 O
0 0 -2

The Jacobian matrix is the identity matrix,

Yid) Yol) YD)

I" 1 0 0
J=1 0 1 0 ,
I} 0 0 1
and
U Uy Uy
(L0 )
t \L, Iy Iy
Hence

a b c

K 0o 1 -—iny
ot %Iluz Iy _%111112 '

Using K to calculate symbolic invariant derivatives, we have using the formula
(4.12), that

a b c 21\ a
DIy = I}, + (0 -1 %Ilun ) 0 b =I5,
0 c



138 Moving frames

where we use the row of K corresponding to x since we are calculating D, of
something, and the column from the table of infinitesimals corresponding to u;
since we are calculating a derivative of I}’ = I(u,).

Exercise 4.5.8 Example 4.5.7 continued. By calculating the infinitesimals for
Uty Uxyx> Uxxxx and Uy, show that

Dily; = Iy,

Diliy, = Ifyo — 215014,

Dilfyy = Iy

DIy = Iy — 11
Exercise 4.5.9 Consider the third of the SL(2) actions in Example 1.2.14.

The table of infinitesimals is given in Exercise 1.6.15. Using the normalisation
equations X = 0, Yy = A, y, = 0, where A is an arbitrary constant, show the K

matrix is
a b c
3 | -
X — I 1 —I,
2)2 2A
K= 1 3 -
t o I; + 2A2112 0 5112

Exercise 4.5.10 Using the code written for Exercise 1.6.21, implement the
formula for both K given in Theorem 4.5.6, and hence the symbolic differenti-
ation formulae, in Theorem 4.5.5. Your input will now include the normalisation
equations. You will need as a subroutine an invariantisation procedure, to cal-
culate ¢% (1) from ¢%. You also need to be able to simplify expressions with
respect to the normalisation equations with invariantised arguments, that is, the

yi (D).

An examination of the formulae for the M ; shows that even when |K|
is less than the order of the normalisation equations, M ; may contain terms
whose order is up to one more than the order of the normalisation equations.
Further, the M &, will cancel the I¥; term if Iy is a normalised invariant, that is,
if % % = c is a normalisation equation. The consequences of the existence and
formulae for the M% ; are discussed in Chapter 5. In particular, examples there
will show that the invariants Ig are not necessarily the result of differentiating
some other quantity.

Since the invariant operators do not in general commute, My # M. For
this reason, the index on the M;?‘K is not of the form of an element in N”; it
is important to keep track of the order in which the differential operators are
applied.

The commutators of the invariant derivative operators can be calculated
using only the K matrix and the infinitesimals of the group action. The following
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formula is taken from Fels and Olver (1999), Equation 13.12. Denote the
invariantised derivatives of the infinitesimals & by

Ef; = Dt&k@’

g:ﬂ(z)'
Then we have
[D;.Djl=)_ALDi.  Af =) KjEf — Ky Ej;. (4.16)
k =1

The proof of equation (4.16) uses the formula for the Lie bracket of vector
fields and 9x;/dg; = éj"-()?,-). It is not necessary to implement it if you have
implemented the symbolic invariant differentiation formulae. Simply calculate
[D;, D;1I" where w is an invariant dependent variable introduced for the
purpose. The coefficient of 1;” will be Afj.

Exercise 4.5.11 Consider the action of SE(2) on the plane,
X\ ([ cos® sinf X —a
y/) \—sinf cos®)\y—b

and let u = u(x, y) be an invariant. Take the normalisation equations X = 0,
y = 0, i, = 0. Show that

Uy D u D u D Uy D
D, = 2 — = -~ Dy=———— t ————
/u%—i—u% Dx /u%—l—u% Dy /u%—l—u% Dx /u%—l—u% Dy

and that

I I
[DXa Dv] = FDX + FDy
2 2
Calculate I{;, I}, and I, explicitly and verify the result both directly and
using the symbolic differentiation formulae. Note the error matrix for these
normalisation equations is

a b 0
Ko™ (—1 0 11",/12“)
yNO -1 IR/h

4.5.1 Invariant differentiation for linear actions
of matrix Lie groups

If the action of a matrix Lie group G C G L(n, R) is the standard left multipli-
cation on R", or more generally is the standard affine action of G x R" on R”,
it is not necessary to put coordinates on G in order to calculate the error terms
My; in DIy = Ig; + Mg;.
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Consider first linear actions, and suppose for a curve u(s) C R" that g - u =
gu, and that the parameter s is invariant. Then if
i
u, = @U(S)
we have that
g u = gu;.

Let uY) denote the derivatives of u up to order N, where N is such that G acts
freely and regularly on some open subset of smooth curves and their derivatives
up to order N. By definition, if p = p(u™) is a right frame, taking the space
of smooth curves in R” to G, then

W) = puy,
and for any g € G we have
) = pg~' guy. 4.17)

Differentiating equation (4.17) with respect to the curve parameter s and setting
g = p, we obtain

d
3100 = () + s~ L(ay). (4.18)

Thus the error term in the invariant differentiation of t(uy) is precisely
,os,oflt(uk). Comparing equation (4.18) with equations (4.12) and (4.13), and
noting that the invariantised infinitesimal of the action on uy is t(u;), we see
that K is indeed the invariantised Jacobian of the frame, not in coordinate form,
but in matrix form.

The solution of the following exercise is discussed in detail in Lemma 5.2.1.

Exercise 4.5.12 Since the action is left and the frame is right, we have p(g -
u™) = p(™)g~". Hence show that the components of psp ! are invariants.
Further, show p,p~! € T,G = g.

Applications of equation (4.18) are detailed in Section 5.5, where the affine
case is discussed.

4.6 *Recursive construction of frames

There are several cases where a frame can be defined recursively, that is, where
the frame can be written as a product of frames for lower dimensional group
actions. This topic was explored by Kogan (2000a, 2000b). In this section we
consider first the simplest case, and then generalise in various ways.
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Irrl (z) = F‘T/(S\I)Fi( ()

Figure 4.10 If [X, Y] = AY, then the flow of the vector field X maps flowlines of
Y to flowlines of Y.

Consider the two parameter group action
X =x, = exp(€)u +k (4.19)
of scaling and translation. The infinitesimal action is
Ve = U0,, Vi = 0y
and
[Ve, Vi ] = —Vy.

This is the simplest example of a solvable group, which we define below
and which is one of the main examples where a frame can be defined recur-
sively. Prolonging the action to (x, u, uy, Uy,. ... )-space, the group orbits are
two dimensional except along the plane v = u, = u,, = --- = 0. By Exercise
3.1.17, with Y = v; and X = v,, we have

LX) g =TT (4.20)
This implies that the flow map F,X of X maps the flowline of Y through x to the
flowline of ¥ through T'*(x). For this to be true, we need 'Y/ = FTY(S,,)F,X,
see Figure 4.10. And indeed we have 7(s, t) = exp(t)s. This can be verified in
this simple case by noting

TXTY ) =T+ s) = exp(t)u +s) = TL 0 TN )

which is equivalent to equation (4.20).
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flowlines of X lie
in K’

flowlines of Y

Figure 4.11 The cross section K’ comprises flowlines of X; the flow of X maps
the set of flowlines of Y to itself.

Let the transformation group 7 be that generated by the flows of both X
and Y, that [X, Y] =AY, and that X and Y are linearly independent (non-
zero). Suppose the action of 7 is free and regular. Then we can take a cross
section K for 7 which defines a frame p. We will show that this can be
written as a product of frames for the actions given by the flows of X and Y
alone.

The first step is to use the flow of the vector field X to create a cross section

K' = U, TX(K)

for the flow of the vector field Y'; consider Figure 4.11.

We first prove that we can define a frame for 7 recursively using X', and
then generalise to other intermediate cross sections.

By the Frobenius Theorem, the orbit O(z) of 7 through any one point z
where the action is regular is a two dimensional surface, and the intersection
of that surface with KC will be a single point, which we will call k; see Figure
4.12.

Assume the action is a left action. Then a right frame for 7 for points on
O(z)isamap p : O(z) — 7 such that p(g * z) = p(z)g~". Since K’ is a cross
section for the Y action, there is a I'Y -equivariant map py : O(z) — {F[y |t}
such that k¥ = py(z) * z € K'. Then since K’ is an orbit of X there is a unique
I'X such that TX (k) = k. Define px (k') = T'*. We thus have

p(2) = px (k') - py(2), K = py(2) * z. 4.21)

Reversing the process just described, we have that given a frame py for the
action of the flow of Y relative to the cross section X', and a frame for the flow
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Figure 4.12 Defining a frame recursively. On the orbit O(z) of z, we have {k} =
K N O(z) and p(z) = px(k")py(z), where k' = py(2) * z.

py (g * 2)

flowlines of Y

Figure 4.13 Diagram for the proof of equivariance in the case g = FSX , some s.

of X restricted to the cross section ', we may use equation (4.21) to define a
frame for 7. (We remove the need for K’ to consist of flowlines of X below.)

Lemma 4.6.1 The recursively defined right frame (4.21) is equivariant.

Proof We assume the action is left. To prove that p is equivariant, that is,
o(g *27) = p(z)g’l, there are two cases to consider. The firstis g = FSY, which
follows from

pr(g*2)=py(z)-g ', and py(g*2)x(g*2) = py(z)*z.

For the second case, g = FSX , consider Figure 4.13. Even though py(g * z) #
pr(2) in general, indeed equality holds only if the X and Y flows commute, we
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Figure 4.14 Generalising the intermediate cross section. If the projection of X |x
to TK' is non-zero, the induced flow on K’ can be used to define py.

1

still have g ' py (g * z) = py(z)g " since both these group elements take g s z

to k£’ and the action is free. We then have

p(g *2) = px(KNg ' py(g * 2) = px(K)py(2)g™"

as required. O

Finally, we remove the need for the intermediate cross section to be com-
posed of flowlines of X. Consider Figure 4.14, where we have depicted the
vector field X restricted to the proposed new intermediate cross section K.
Provided the projection of X|i to the tangent space TK' of X' is non-zero,
there will be an induced flow on K’ that can be used to define px on K'. We leave
it to the reader to check that the frame thus defined satisfies the appropriate
equivariance condition.

From the discussion in Section 4.4, we know that the cross section for the
flow of Y has coordinates that are invariants of that flow. Thus, the action of
I'* induces an action on those invariants. Consider again the simple scaling
and translation action, equation (4.19). By the theory we have developed,
there will be a scaling action on the translation invariants. These are u,, uy,,
Uyyys - - - and the induced scaling action is

Uy = €XP(E)lhy...x.
The frame pyx is then a frame for this induced scaling action.

Exercise 4.6.2 Show that translation does not induce an action on the scaling
invariants of the action (4.19). Thus show that a recursive frame cannot be
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defined for the action (4.19) by first using a frame for the scaling action
followed by one for the translation action.

Exercise 4.6.3 Suppose that the action of 7 is right, not left. How does this
affect the formula for the recursively defined frame?

Exercise 4.6.4 Consider the two parameter Lie group with infinitesimal vector
fields

Vo = X0, — 20,
vy = xlogxd, — 2(1 + log x)o,.

These arise as the infinitesimals of the symmetry group of the ordinary differ-
ential equation

Yxx + %yx +e'=0 (4.22)
see Cantwell (2002), Example 8.2. Show that
[Va, Vol = Va.
Show that one parametrisation of the group action is
X =ax’, Y=y —2log(ab) — 2(b — 1)log x

with identity element (b, a) = (1, 1), and deduce that the group is G = Rt x
R* (or (C\ {0}) x (C\ {0}), depending on whether x and y are real or complex
variables) with product

(B, a) - (b, a) = (Bb, aa®).

Hint: the action on x and y will be a right action while the group product refers
to a left action of G on itself. Show that a matrix representation of this group

is given by
b loga
(b,a) — (0 | ) .
Show that
d
D=x—
Y

is an invariant differential operator for the flow of Y = v, and that the differ-
ential invariants of the flow of Y are functions of
di’l

2 n —
x“expy, xdx”y’ n=1,2,...
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Show that the flow of X = v, induces an action on the invariants of the flow
of ¥ = v,. The normalisation equations X = 1 and ¥ = 0 yield the frame, in
parameter form,

b =xexp(y/2), a = exp(—x log x exp(y/2)).

Show that the frame can be obtained recursively and write the frame in matrix
form as a product. Note: we will use moving frames to integrate equation (4.22)
in Chapter 6.

There are several ways in which the above discussion can be generalised.
The first is to the case where the transformation group 7 can be expressed as
the product of two subgroups, 7 = G'H such that if g is the Lie algebra of G
and b is the Lie algebra of H then

[x,y]leh, forall x eg,yeh. (4.23)

Then the action of G maps orbits of H to orbits of H. One can then define a
right frame for 7 as p = pgpx.

Remark 4.6.5 If equation (4.23) holds, we say that b is an ideal of the Lie
algebra of 7.

Exercise 4.6.6 In Section 1.2.1 we defined the semi-direct product of two
Lie groups. Consider the special affine group SA(2) = SL(2) x R? given in
Example 1.2.19. Use the standard representation given in equation (1.21) to
write down a basis for sa(2). Prove the subalgebra corresponding to R? is an
ideal of sa(2). Consider the space (x, u, v). Assume x is invariant, taking the
standard linear action

<g>:(i Z) (Z>+(12) (4.24)

where ad — bc = 1, setting u = u(x) and v = v(x) and prolonging the action
to (u, v, Uy, Uy, Uy, Uxy)-Space, so the action becomes free and regular, show
that the SL(2) part of the group takes the set of orbits of the translation group R>
to itself, and further induces an action on the translation invariants. Obtain the
frame as a product and show it is equivariant. Hint: the calculations are much
easier if the inverse action is taken, see Example 4.1.6; in this case p = pr2051.(2)
since the action is now aright action. Use the standard representation in equation
(1.21) to write the frame p as a matrix product.

A second generalisation is to the case where the group is solvable.
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Definition 4.6.7 A Lie group G is said to be solvable if there is a basis vy,

Vo, ..., V, forits Lie algebra g such that
vViovil= Y ciuve. (4.25)
k>max{i, j}

We also say the Lie algebra g is solvable.

Since (v, Vgt1, ..., V,) generates an ideal of (vi_y, V¢, Viyy, ..., V,) for
eachk =2, ..., n, aframe for a free and regular action of G can be written as
an n-fold product.

The standard example of a solvable group is that of invertible upper triangular
matrices. In fact, any solvable group can be represented by a matrix group whose
elements are upper triangular.

Exercise 4.6.8 Show that the Lie group of real invertible 3 x 3 upper triangular
matrices has Lie algebra

a a as
g= 0 a4 das |ai eR
0 0 de

Let the basis elements w; be defined by

a a as
0 a4 as | = E a;w;.
0 0 uag i

Find a change of basis such that the new basis satisfies equation (4.25).

Exercise 4.6.9 Consider the three vector fields on (x, y)-space,
wy = 1x2y%d, (4.26)

Note x is invariant under the action induced by the flows of the vector fields.
Show these generate a solvable Lie algebra by finding a change of basis, to v;,
i = 1,2, 3 that satisfies equation (4.25). Obtain the action on y generated by the
v;. To make the action free and regular on some domain, prolong it suffuciently,
to (X, ¥, Yxs Yxxs Yxxxs - - - )-Space, and obtain a frame for the action. Show that
the group underlying the action can be represented as the subgroup of the set
of invertible 3 x 3 upper triangular matrices, given by

exp(t) s r
0 1 0)|rs,telR
0 0 1
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Show that v; and v, induce a flow on the invariants of the flow of v3, and that
v, induces a flow on the invariants of the flows of both v, and v;. Hence show
that a matrix representation of your frame for this action can be written as a
triple product.

A classical theorem of the subject is that an ordinary differential equation
of order n with a solvable symmetry group of dimension n can be integrated
by quadratures. A moving frame demonstration of this theorem will be given
in Chapter 6, together with a far simpler integration procedure. One of the joys
of the moving frame approach is that the solvability of the symmetry group is
much less important for success in integrating an ordinary differential equation
than in the classical theory.

4.7 *Joint invariants

This section concerns invariants for actions on sets of points, sets of curves
and so on, in other words, for the product action. Invariants of product actions
are called N-point invariants and were defined in Definition 1.3.6. Moving
frames were used to find N-point invariants for the Euclidean action in Exam-
ple 4.4.4. Differential invariants for such actions involving more than one
dependent variable are called joint invariants. They are obtained by the same
process as described earlier, by evaluating the transformed variables on a chosen
frame.

Example 4.7.1 Consider the action on smooth curves in (u1, u», ... )-space,
given by

sS=s, u; =expl@u; +b, i=12,...

where a, b € R and where the action on each dependent variable is the same.
For the normalisation equations

i =0, s =1
the frame is exp(a) = 1/u; 5, b = —u1/u; 5 and the joint invariants are
U —Up Ug, Uk,s
f=———  If=— Ij=-"

Uls Ul,s Ul,s
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and so on. For the normalisation equations u; = 0, uy = 1, the frame is

exp(a) = 1/(up» — uy1), b = —uy/(uy — uy) and the joint invariants are
U — Uy Uk, s uk,ss
- TN
Uy — Uy Uy — Uy Uy — U
and so on.

It can be seen that the set of joint invariants includes the N-point invariants.
In this next well-known example, we show that the solution of Liouville’s
equation is a joint invariant of the standard SL(2) action.'

Example 4.7.2 Liouville’s equation is
Uy = exp(ﬁ”)a

where o and B are non-zero constants that can be changed by scaling u and x.
We consider the product action on ( f, g) by SL(2),

(f?):(af+b ag+b

, , d—bc=1,

cf +d cg—+ d) 4 ¢

X = x,T = t, and where the key trick isto set f = f(x), g = g(t). The solution
of Liouville’s equation is then the lowest order joint invariant. The restricted
dependences of f and g yield, for any frame,

0=1/, K=11---122---2 n>0
——
0=15% K=11---122---2 m>0.
——

If the normalisation equations are

~ ~

f=o, fo=1, g=1
then the invariant derivatives of the lowest order invariants are
d . r

5111 = 20
9
I (rh+2) 1.

Hence the equation satisfied by 75 is

2

0x0t

log If = —2I5.

t This example was calculated after listening to a lecture by Ian Anderson given in Sommergy on
the problem of deciding when a partial differential equation was Darboux integrable.
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Setting u = log I yields a solution of Liouville’s equation with « = —2 and
B = 1. Calculating the invariant 5 explicitly, by solving for the frame, yields
the well-known solution.

We leave it to the reader to find joint invariants of other actions, and the partial
differential equations satisfied by the joint invariants. The inverse problem, that
of deciding when a partial differential equation can be solved in terms of the
joint invariants of some (unspecified) Lie group action, is related to the problem
of deciding when a differential equation is Darboux integrable.
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On syzygies and curvature matrices

In Chapter 4, Section 4.5, we introduced the moving frame for a prolonged
action, and in particular considered the distinguished set of invariant differ-
ential operators {D;} that the frame yields, as well as the formulae for the
differentiation of the symbolic invariants, I .

The existence of the correction terms N;; and M in the formulae

D;J; = é;j + Nij, Dilg = Ig; + Mg;

has profound consequences for the study of invariant differential systems. In
this chapter, we consider the main features of the ‘landscape’ of the invariant
calculus. In particular, we consider finite sets of generators of the differen-
tial algebra of invariants, and the functional and differential relations, called
syzygies, that they satisfy.

For simple normalisation equations, naive ‘lattice diagrams’ can be drawn
that show the location of generating invariants and syzygies, and we show how
to draw these. The theorems guaranteeing explicit finite sets of generating sets
of generators and syzygies in terms of the normalisation equations, obtained by
Hubert (2009a), are subtler to state and prove than were originally thought; the
statements in the original Fels and Olver (1998, 1999) papers were proved later
to hold only for so-called minimal frames (Definition 5.1.4). Simpler to obtain
are the generators found as components of the correction matrix K, given in
Theorem 4.5.6, and syzygies found as the components of the ‘Maurer—Cartan
equation’, Proposition 5.2.8, satisfied by these generators. For applications
we consider, these syzygies suffice; at the time of writing, it is not known
whether these form a complete set of generators for the set of syzygies or
not.

The second part of the chapter is devoted to the curvature matrices

Q; =Dio-0"

151
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where ¢ is a matrix representation of the frame. These matrices provide a
computational link between a differential system and its invariantisation. For
example, they allow Lie group based numerical integrators to be used to inte-
grate ordinary differential equations numerically, as explained in Chapter 6.
The major result we prove is that the matrices Q; can be calculated for any
given representation of the Lie algebra of the group, using only the infinitesi-
mals of the group action and the normalisation equations. In particular, it is not
necessary to solve for the frame.

The curvature matrices are well known in Differential Geometry. We exam-
ine in depth the most famous example, the Serret—Frenet frame for the action
of the special Euclidean group on curves in R, and show how the classical
results appear in the symbolic invariant calculus notation. We then consider
some results for linear actions on curves in R" induced by a matrix Lie group.

Notation Throughout this chapter, we continue with the notation used in
earlier chapters. We will assume that the Lie group G acts on the space with
local coordinates

12
(1, %2, .o, xp,uu”, o, uf).

The x; are the independent variables, u® = u®(x1, x2, ..., x,,) and the action
is prolonged to the jet space with local coordinates

e Xy e, U U,
( X u u )

where K denotes the multi-index of differentiation with respect to the x; and
where the ‘...’ will be left implicit. The normalisation equations are denoted as

Yilxe, u uy) =0, j=1,...,r =dim(G).
The frame is denoted as p. The invariantisation map is given as
UF (o, u®, uf)) = F(g - xi, & - u®, (8 - uy))lg=p = F(y, I%, I),
and the distinguished invariant differential operators are
Dy = Dyl

where 5k is defined in equation (1.35).

5.1 Computations with differential invariants

To best appreciate the major differences between the set of derivative terms {u% }
and the set of their corresponding invariants {/¢}, we recall first some simple
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« «
Uyy  Uzyy . .
(e} «
Uy Uy — Uzzy . .
o e e e
u II/.L ILI xT II/L xrxr

a'L‘

Figure 5.1 The ‘differential structure’ of {u% | |[K| > 0}.

facts. For a given smooth function u, the set {#%} can be obtained by acting
with differentiation operators on the ‘fundamental’ set {u®*}, @« =1, ..., ¢ of
dependent variables. Every derivative term u% is generated by applying the
derivative operators d/dx; the requisite number of times. As coordinates of a
prolonged space, they are independent; there are no functional relations between
them. Furthermore the only differential relations between the u% are of the form
D*u§,, = DMu%  for indices K, L and M, all of which are consequences of
the fact that the operators commute. This situation is represented in Figure 5.1.
By contrast, we have the following.

(i) For fixed «, the set {I/ | |K| > 0} may not be generated by /% under

invariant differentiation. Indeed, /% may be normalised to a constant.
In general more than one generator will be needed to obtain the complete
set, {Ig}, under invariant differentiation.

(i1) The invariant differential operators may not commute.

(iii) There are functional relations between the invariants, given by the nor-
malisation equations.

(iv) Non-trivial differential relations, known as syzygies, may exist.

Further, when computing with invariant derivatives symbolically, the following
is also important.

(v) Invariant derivatives of the /g may not be of polynomial type. If the normal-
isation equations are polynomials and the infinitesimals are rational, then
the correction terms are rational. Their denominators consist of products
of a finite number of factors which can be determined in advance.

We now look at these items in turn, beginning with the question of generators
of the algebra of differential invariants. We know from Theorem 4.4.10 that
any differential invariant can be written in terms of the J; and the /.
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Definition 5.1.1 We denote by 7 the algebra generated by the set
{(Ji,Igli=1,....,psa=1,...,q; |K| = 0}.

Since any function of invariants is invariant, the set Z consists of invariants.
Further, invariant differential operators take differential invariants to invariants.
Since any invariant differential operator can be written in terms of the D;,
j =1, ..., p and the elements of Z, then assuming the correction terms are
rational, 7 is a differential algebra with respect to the D;.

Definition 5.1.2 We say that the finite subset Zy., C Z is a set of generators
if any element I € 7 can be written as a function of the elements of Zg, and a
finite number of their invariant derivatives.

A classical theorem (Tresse, 1894) states that a finite set of generators exists.
Since we have the formulae (4.11), a first result is that a set of generators is
given by the (non-normalised) J; and those I¢ with |K| < 1+ ||, where ||
is the order of the normalisation equations.

Example 5.1.3 Consider the action of SL(2) X R?> on curves x>
(u(x), v(x)) € R? given by

(5)=(C ()= (0) wamrem

where X = x is the curve parameter. Since the single independent variable is
invariant, we have D = d/dx. Take the normalisation equations to be

U=v=0, ix=0,=0 =1

sothat [* =1" =0, I{ = I}, =0 and Iy = 1. Since there is only one inde-
pendent variable, the diagram of invariants analogous to Figure 5.1 is also
one dimensional; there is one diagram for each dependent variable. They look
like

u: 0 0 Iy 2 Iy, e O o

v D v
v: 0 1 0 i~ I @ @

The arrow in the diagram does not mean that DI}, = I{},, but rather that I{;,
can be obtained in terms of DI}| and other invariants. From the normalisation
equations, we see that the equations for the group parameters that define the
frame involve at most second order quantities. Hence, since I} is the second
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order quantity evaluated on the frame, it is a second order invariant. Similarly,
both I{}, and I}, are third order invariants. The table of infinitesimals is

X u v Uug Vg
ki fO 1 O 0 0
k10 0 1 0 0
a 0 u —v ug -—-vg
b |0 v 0 9wy 0
c 0 0 u 0 Ug

The K matrix is

a b C k] k2
K=x 1 7u .
11

Thus, we have the invariant differentiation formulae,

u o __ qu u  __ qu _qu v
Dlll - [111’ Dllll - [1111 1111111

and
I
v gqu 111 yu
DIIII _11111_ J 1111
11

and so forth, and since the derivative of an nth order invariant is of ordern + 1,
we see that I}, and I}, generate all the I} by invariant differentiation.

Example 5.1.3 above is an example of a minimal moving frame (see Hubert
2009a, Section 4.2). We give a working definition here.

Definition 5.1.4 (Working definition) A minimal frame for a prolonged Lie
group action is obtained by using normalisation equations that solve for as
many group parameters as possible at every order of prolongation.

The next example contrasts the ‘landscape of invariants’ given by a minimal
frame and a non-minimal frame for a simple group action.

Example 5.1.5 Consider the simple situation when the action on curves in the
plane parametrised by x +— (x, u(x)) is

X = Ax, U=u.

The lowest possible order normalisation equation is X = 1, yielding the frame,
A = 1/x. The invariants are

u u u n
1" = u, I = xuy, I' =x
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o r2nr—@ @ @
i @1 n—i—@ @ @

Figure 5.2 Diagrams of invariants for Example 5.1.5.

where we have used I; to denote /' ; with n 1s in the index. Since the invariant
differential operator is

we have that I" is the single generator. The diagram of invariants is given in
Figure 5.2 ().

But suppose that we take the normalisation equation to be i, = 1. The
frame is now A = u,. We distinguish the system of invariants obtained with
this second frame, from those of the previous frame, by a~ (a ‘hat’). We have

-~ ~ -~ 1 d"u
J = xu,, It =u, "= —
u” dx”
and the invariant differential operator is now
~ 1d
D=——
u, dx

The diagram of invariants is given in Figure 5.2 (ii). The diagram indicates that
in addition to J, we need two additional generators, /* and /| (recall I = 1).
But we also have two syzygies, namely

Di=14157, Dhi=1.
It can be seen that a minimal set of generators is thus I* and 7T, that we cannot

reduce the number of generators further, and that we have still the one relation
on the generators.

It should not be assumed that invariants J; play the role of the independent
variables in the standard differential rings. The above Example 5.1.5 serves as
a warning. Indeed, the invariant derivative of the invariant corresponding to the
independent variable, f is in terms of the second order invariant fz”

We now look at some higher dimensional examples. The first example
illustrates the fact that invariant differential operators may not commute.

Example 5.1.6 If the group is SO(2) x R? acting on the independent variables

as
X\ cos(@)  sin(9) xX—a
y/)  \—sin@® cos@ ) \y—b
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with the dependent variable u = u(x, t) being an invariant, then a moving
frame

p(x5 y’ uv MX’ uyv .. ') = (arCtan(_uX/uy)’ (x7 Y))
is obtained from the normalisation equations X = 0,y = 0, &z, = 0. Thus
J=0, L=0, I“=u I'=0

while the invariants corresponding to uy, u,, are

u __ 2 2
Iy = ,juy +uj

2 2
o Uylyx — 2l yUyy + ULUyy
11 — M2 +M2 .
X y

The right hand sides of these can be checked independently to be invariants.
Applying the Replacement Theorem, Theorem 4.4.9, verifies the left hand
sides.

The two invariant differential operators obtained by evaluating 3/9X and
0/07 on the frame are

Dy = : (1y0x — uxdy)
uz +u?
1
D, = (uxax +uy8V)
ui +u?

[D), D,] = LD, 4+ 2D,
5 5

Despite the fact that /{' = 0 and thus D, [}’ = 0, the invariant I{; is not zero.
As an example of the correction terms arising with invariant differentiation, we
have that
I 11

Iy

Dilyy = Ijy =2

which is not of polynomial type. In Figure 5.3, we show the ‘differential
structure’ of the set of invariants. In this example there are two generating
invariants, namely /" and I{}: it is not possible to obtain I}; from I using
invariant differentiation; note both I{' and Dj are zero.

Because the formulae for the correction terms are so complex, it seems a
difficult question to say in advance just what the smallest set of generators and
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® 6 0 ©o
I3, Iy, . .
L Ly I, @ @

DQ DQ

I 0 I I'n . .
1

Dy D

Figure 5.3 The ‘differential structure’ of {I¢ | |K| > 0} for Example 5.1.6.

relations are, for a given frame. The difficulty is compounded when one has
normalisation equations for cross sections that are not coordinate planes, and
in particular that are non-linear.

Drawing lattice diagrams of invariants and calculating symbolic invariant
derivatives is a good way to begin to investigate which of the Ig may be
generators. Two distinguished sets are the following.

Definition 5.1.7 We denote by Z° the set of zeroth invariants,
' =(xp)=Jjuw)=1=1,....p, a=1,...,q)}.

Further, we denote by & the set of edge invariants,

5={L<%> lk=1,...,r, j:l,...,p}.
a.Xj

If the normalisation equations are for a cross section that is a coordinate
plane, then the edge invariants can be located easily on the lattice diagram of
invariants; if a normalisation equation is zﬁ( = ¢ for some constant c, then its
corresponding edge invariants are /g, for j = 1, ..., p. For minimal frames,
the edge invariants give an easily visualised generating set of differential
invariants. The following result is proved for example in Hubert (2009a),
Theorem 4.2.

Theorem 5.1.8 If the normalisation equations ¥, =0, k=1,...,r, give a
minimal frame, then I° U € form a generating set of differential invariants.

Theorem 5.1.8 is false if the frame is not minimal. However, many useful
frames are not minimal. Hubert proves a generalisation of Theorem 5.1.8
which removes the requirement of minimality. The statement of the result uses
concepts from the theory of over determined differential systems, and the proof
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uses results from non-commutative differential algebra. The result is important
not least because it leads to a generating set of syzygies, the subject of Section
5.1.1. The next theorem, Theorem 5.1.9, also due to Hubert (Hubert, 2009b,
Theorem 4.2) is useful in applications.

Theorem 5.1.9 Suppose the normalisation equations Y, =0, k=1,...,r,
vield a frame for a regular free action on some open set of the prolonged space
with coordinates (x;, u®, u%). Then the components of the correction matrix
K, given in Theorem 4.5.6, together with I°, given in Definition 5.1.7, form a
generating set of differential invariants.

Theorem 5.1.9 means that once we have calculated the correction matrix
K, which we need to do in order to use the symbolic differentiation formulae,
then we have already calculated a relatively small set of generating differential
invariants.

5.1.1 Syzygies

We now turn to the general question of relations and syzygies. In the previous
section we noted that the set of invariants Z is an algebra.

Definition 5.1.10 A syzygy S on the set Z is a function of finitely many
elements of 7 that is identically zero when written in terms of the coordinates
(xx, u”, u%). The set of syzygies of Z is denoted S(Z).

Syzygies are often written as an identity or equation of the form
Sk, 1%, I¥) = 0,

where S has a finite number of arguments. In terms of a finite set of generators
{o1,...,0n} of Z, asyzygy is an identity of the form

S(ox, PXop) =0

with a finite number of invariant derivatives of the o} appearing as arguments
of S.
There are two distinguished sets of syzygies.

(i) The firstis the set of invariantised normalisation equations. Since the frame
p solves the equations ¥ (p - x¢, p - u®, p - u%) = 0, then by construction,
Y (Ji, 1%, I¥) = 0.If the dimension of G is r, we will have r normalisation
equations which solve for the r parameters and hence » = dim(G) of these
relations.
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(i1) The second distinguished set is the infinite set of symbolic invariant differ-
entiation formulae,

DjlJi =6ij+ Nij,  Djlg = Ig; + My;,
where §;; is the Kronecker delta.

Since functions of syzygies are again syzygies, and invariant derivatives of
syzygies yield syzygies, the set S(Z) is a differential algebra. Since we can
multiply a syzygy by an invariant and still obtain a syzygy, we say that S(7) is
a module over 7.

As with Z, we seek a small finite set of generators of S(Z). A complete
set of generators of the syzygy module for edge invariants (Definition 5.1.7)
is given by Hubert (2009a), Theorem 5.14. This theorem requires concepts
from the theory of over determined differential systems and non-commutative
differential algebra to state and prove, so we concentrate instead on a discussion
of the main types of syzygy and examples.

Two interesting kinds of syzygy are the following.

(i) If Ig, is a normalised invariant but /¢ is not, then in the equation D; I =
Ig, + Mg, the term [y, must cancel. In terms of the lattice diagram, these
syzygies arise when an invariant maps into a ‘hole’ in the diagram of
invariants, as in Figure 5.2 (ii) where DI = 1, or in Figure 5.3 where
D1 =0.

(ii) If p > 1, another interesting kind of syzygy is possible. Let 17, I} be
two (generating) differential invariants, and let indexes K, M be such that
JK = LM.Inthe two equations for Dg I] and Dy I}, theterm I, = I},
must cancel, and then

Dglj — Dyl = My — Mpy (5.1
is a syzygy.

Example 5.1.6 continued Consider Figure 5.4. There are two paths of dif-
ferentiation from a generator to I{,. Taking the two symbolic differentiation
formulae from /* and I to I}, and cancelling the I{}, term yields

1
DIDoI" ~ Dl = - () +2(119)" = 151 13) -

Since D, 1" = I, D1(13) = I}, and Dy (1)) = I, the syzygy can be written
in terms of the generators /" and /7 in the form

u u u u 2 u u u
Dy(I") (DD, 1" — Dyl) — ((1“) + 2D, Dy(I") — 1D )) —0,
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I Ity @ @ @

"Dy . Dy
=1, @ @
Do Do

I 0 @ @

Figure 5.4 Visualising a syzygy for Example 5.1.6; two paths leading to I}, from
generators yield a syzygy.

where recall that the order of differentiation matters. A different set of genera-
tors and their syzygies for this example is obtained as follows. The correction
matrix K for this action is

a b 0
x [ -1 —Iil
Iy
K= 1
y{\ 0 -1 ——=
5

and hence by Theorem 5.1.9 we cantake og = I", 01 = I},/I;} and oy = I}, / I}
to be a set of generators. The syzygies between oy and o0,, and between o and
0p, are

D;(09)D1(D2(0p)) — 02 =0
Di(02) — Da(01) + 07 + 05 = 0.

5.2 Curvature matrices

We consider first the simplest one dimensional case, that of a curve s +— z(s) €
U where U is the domain of the moving frame p : U — G. Then the image of
the curve under the frame yields a curve in G, s — G, given by s > p(z(s)),
see Figure 5.5.

Recall from Definition 1.2.1 that an n dimensional matrix representation R
of a group G isamap G — GL(n, R) such that R(g)R(h) = R(gh). Note that
this implies that if e is the identity element of G, then R(e) is the identity matrix
and further ’R(gil) = R(g)’l. Let o(z) denote the matrix o(z) = R(p(2)).
Then o(s) is a path in the matrix representation space of G.

Lemma 5.2.1 Given a group action on U, let s — z(s) € U be a path and
assume that the parameter s is invariant under the group action, so that d/ds
is an invariant operator. Further, suppose the frame is given in matrix form, Q.
Ifo:U C M — G is aright frame for a left action, then
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Orbits

cross section

Figure 5.5 A right moving frame on a curve parametrised by s in U yields a path
p(s)in G.

(i) the components of the matrix o,0~ ' are invariants, and
(i) 050" : U — 4.

Proof The first follows, setting z = z(s), from

d -1 d -1 -1 d -1
(d—Q(g : z)) o(g-2) = <—Q(z)g ) go(z)” = <—Q(Z)> 0(z)
s ds ds

since the generic group element g is independent of s. To see the second, note
that

d
aQ(Z(S)) € To(s)G

and hence right multiplication by o(z)~' yields the result. (Recall for a matrix
group, the tangent map induced by right multiplication is simply right multi-
plication.) O

We leave it to the reader to work out the corresponding invariant matrices
for a left frame or a right action.

Lemma 5.2.1 generalises to images of ¢ on surfaces in U, with d/ds replaced
by the invariant derivative operators D;.

Definition 5.2.2 We define the curvature matrices

Qi =Die ", i=1,...,p. (5.2)
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Exercise 5.2.3 Show that the components of the curvature matrices Q; are
invariant, and that Q; : U — g.

Theorem 5.2.4, from Mansfield and van der Kamp (2006), provides a new
significance for the correction matrix K; its rows are the coordinates of the
curvature matrices, when expressed as a linear combination of the relevant
basis of the Lie algebra.

If the coordinates near e in G are (aj, ay,...,a,), then differentiating
R(ay, az, ..., a,) with respect to g; at e, we obtain
dR
l.:ﬁ , i=1,...,r (5.3)
da,- g=e

which span a matrix representation of the Lie algebra g of G induced from the
representation R of G.

Theorem 5.2.4 The curvature matrices Q; can be constructed in a matrix
representation of g, induced from a representation R of G, with basis {a;}
defined in (5.3), using only the normalisation equations and the infinitesimal

Q= Z Kija;
J

where K is the correction matrix given in Theorem 4.5.6.

action. Indeed,

Remark 5.2.5 It is implicit in the statement of Theorem 5.2.4 that the param-
eters a; used to calculate the matrices a; are the same as those used for the
infinitesimal action and hence in the calculation of K. In practice, given a
faithful representation, one checks that the Lie bracket multiplication table for
the —a; (note the minus sign) is the same as that for the Lie bracket of the
infinitesimal vectors. The change of sign is due to the change of parity in the
action of G, which is left for the action of G on itself, but right for the action
on functions on M.

Proof Choose g € G arbitrary with 7 = g * z. On the one hand we have
BR(p()| _ = DiR(p@)R()"|
g=p(2) g=p(2)
=Q;

and on the other hand

~ - dR
DiR(p(Z))’g:p( _Z 0P ]( YA (,O(Z))

dp;j(Z) lg=p@
= Z Kija,
j=1
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using the first expression for K;; given in equation (4.13), and noting p(po(z) *
) =e. O

We demonstrate the theorem in two examples where the result can be
checked since we know the frame explicitly.
Example 5.2.6 Consider the action of SL(2) on (x, u(x)) space given by
au—+b
cu+d’

prolong it to (x, u, uy, ., ...) space and take the frame u = 0, i, = 1 and
i, = 0. Then the frame is

ad —bc =1

X =x, U=

1 XX
0= p=—_" c= (5.4)

A/ Uy ' kY, Ux ' 21,{)3(/2 '

and
a b c

K=x (0 =1 11t

In matrix form, we have

a b
gm,ac)=:<c (1+b¢Va>

and thus

(v 0 (01 (00
“=\o -1)° *>=\o 0)° <= \1 o)

Inserting the frame parameters in equation (5.4) into g(a, b, c¢) to obtain o, we
obtain directly that

0 —1
QxQ_l =| 1 (trxx 3 "‘)Zcx
2\ u, 2 u?

_< 0 —1)
LTI

= 0a, + (—Da, + %I,““ac
= Kxaaa + Kxbab + Kxcac-

Exercise 5.2.7 Verify the details in the following. Consider the action of SL(2)
on (x, u) space given by
ax+b

_ il = 6c(cx +d) + (cx + d)’u, ad —bc =1
cx +d

X =
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prolong it to curves on this space, that is, to (x(s), u(s), xs, Us, Xss, - . . ) Space
and take the frame X = 0, ¥ = 0 and x; = 1. We have

a b c
K=x (= -1 i)

and
1 1
a= \/x_é b:—)j/(i_i, c:—gu(s)«/xs.

Using the same matrix representation of SL(2) as in the previous example,
inserting the values of @, b and ¢ on the frame to yield ¢ and calculating o;0 "
both directly and using Theorem 5.2.4, yields

1yx
—51 -1
—1 2°11
os0 = . . ) (5.5)
< —sli 2l
where the Replacement Theorem can used to produce the invariantisation of
.ngfl when it is given in terms of (x, u, x;, ... ).

It can happen that the infinitesimal vector fields of a transformation group
are known, but not the group action, much less a matrix representation of the
group. This is the case when investigating symmetry groups of differential
equations using Lie’s algorithm. Given the Lie bracket multiplication table of
the infinitesimal vector fields, a matrix representation of the Lie algebra can
always be constructed, a result known as Ado’s Theorem; further, the construc-
tion has been implemented (de Graaf, 2000). Applications of Theorem 5.2.4
to partial differential equations will be given in Section 5.6, and applications
to invariant ordinary differential equations will be given in Chapter 6. The
analogue of Theorem 5.2.4 in terms of the infinitesimal vector fields, without
reference to a matrix representation, is given in Section 6.7.

The following proposition generalises a result, well known in many dif-
ferent contexts, to the case of non-commuting invariant differential opera-
tors. In Differential Geometry, this result is essentially the structural for-
mula for the Maurer—Cartan form (Choquet-Bruhat and DeWitt-Morette,
1982, page 208), while in physical gauge theories, it is the zero curvature
equation.

Proposition 5.2.8 The curvature matrices (5.2) satisfy the syzygy

Dj(Q) — Di(Q)) = (D}, Dile)o ™" +1Q;, Qil- (5.6)

Exercise 5.2.9 Prove Proposition 5.2.8. Hint: po~! = 1 implies Di(0™ ') =
1

-0 '"Di(0)o™".
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If p > 1, the components of equation (5.6) yield first order syzygies of the
symbolic invariants.

Example 5.2.10 We take the group SO(2) x R* with representation

cosf sinf —bsinfd —acosb
R(a, b, 9)_' = | —sinf cosf —bcosh +asinfd
0 0 1

acting on (x, ¢, u(x, t))-space as f = ¢ and

X\ [ cos® sinf X —a
) \—sin@® cosh u—>b)’

Since we use the inverse action we take the inverse of the standard representa-
tion. The generators of the matrix representation of the Lie algebra are

0 0 -1 0 0 O
a=10 0 0 ], a=10 0 -1
0O 0 O 0 0 O
and
0O 1 0
(10——100
0O 0 0

If we take the normalisation equations X = 0, # = 0 and &, = 0, the correction
matrix is

a b 0
x (1 0 I
<=7 (o p 1)
t \0 I} Iy
and hence

0 Iy -1 0 I, 0
O,=|-I}y, O 0l &=\|-15 0 -I
0 0 0 0 0 0

Setting these into equation (5.6), from the (1, 3) component we can deduce that
[D., D] = -1}, 5Dy,

if we had not calculated it already, while the (2, 3) and (1, 2) components yield
respectively

DIy =15, DI, — DIy = 1Y (1)
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These last two combine to yield the syzygy between the generators, I,' and I,
namely

DIy = (D7 + 1)) I3 (5.7)

Other fully worked examples can be found in Mansfield and van der Kamp
(2006). Applications of syzygies will appear in Section 5.6 and in Chapter 7.

5.3 Notes for symbolic computation

In a symbolic computing environment, one often wants to simplify invariant
expressions with respect to the invariantised normalisation equations and more
generally the syzygies. Typically the normalisation equations are polynomials
in their arguments, and then, in order to obtain well-defined reduction processes,
one must assume that the normalisation equations are an algebraic Grobner
basis for the algebraic ideal they generate. It should be borne in mind, however,
that not all Grobner bases are suitable to define a frame. The solution space
of the equations W = 0 needs to be a unique surface of dimension equal to
that of the ambient space less the dimension of the group. But this is not
enough; normalisation equations such as (1 1)2 = 0 will lead to undetected zero
coefficients of leading terms, and even zero denominators. So, the normalisation
equations need to form a prime ideal.

For a given term ordering on the set {7 | |K| > 0}, a normalisation equation
Y(J;, 1%, Ig) = 0 (containing terms other than J;, j =1, ..., p) will have a
leading invariant term. This term is called a ‘highest normalised invariant’.
Denote the set of such highest normalised invariants by HNI. Similarly, we
may take an ordering on the terms J;, j = 1,..., p and obtain from those
normalisation equations not containing any of the Ig, a set HJ of highest
normalised invariants deriving from the independent variables.

Simplification problems noted above are eliminated if we assume that the
elements of KNI and HJ occur linearly in the normalisation equations. In
this case standard simplification procedures have the effect of eliminating the
highest normalised invariants from all results of all calculations.

Simplifying with respect to differential syzygies in a well-defined way is
a much harder problem. To begin with, depending on the group action, the
correction terms My ; may not be of polynomial type. If the group action is
rational and the normalisation equations are polynomials, the correction terms
may contain denominators. Fortunately, the multiplicative set generated by
factors of the possible denominators can be determined in advance; they are
the factors of the denominators appearing in the matrix K.
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Figure 5.6 An orthonormal ‘frame’ of vectors defined at every point of a curve in
R; T is the unit tangent, while N and B lie in the plane normal to 7.

The difficulties of forging a theory of differential algebra for the symbolic
invariant calculus, that gives well defined simplification processes in a symbolic
computation environment, for large classes of Lie group actions, were overcome
by Hubert (2005). The difficulty that sets the invariant calculus apart from earlier
work in differential algebra (Hubert, 2000) is the existence of non-commuting
differential operators. An exposition of Hubert’s 2005 paper is beyond the
scope of the present book, but it is important to be aware of the difficulties of
reduction processes in symbolic computation, and the existence of a solution.

5.4 *The Serret-Frenet frame

This classical example concerns the linear action of the Euclidean group SE(3)
of rotations and translations on curves in R. Since an element of SO@3) is
equivalent to an orthonormal basis of R, and since the tangent space at a
point of a curve is isomorphic to R?, one can think of the moving frame,
as a map from the jet space on curves to SO(3), literally as a ‘frame’ of
orthonormal vectors at each point of the curve, see Figure 5.6. This conflation
of the classical and modern concepts of frames applies particularly to examples
arising in Differential Geometry.

We will first derive the Serret—Frenet equations and then show how they
may be obtained using Theorem 5.2.4. This example is thus one of several
we calculate to demonstrate Theorem 5.2.4. In this particular case, calculating
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everything needed to apply the theorem looks more complicated than obtaining
the Serret—Frenet equations directly, mainly because we are giving complete
details in this pedagogic example, and using the opportunity to show how the
new and the classical ideas are related.

Remark 5.4.1 The value of Theorem 5.2.4 is not that it can be used to reproduce
well-known results. The value lies in that the curvature matrices can be obtained
algorithmically in a symbolic computation environment once the action and the
normalisation equations are given; no geometric insight is needed. Algorithmic
methods allow one to play with the normalisation equations and representations
to find those that offer particular computational advantages in the application
at hand.

The method shown in this example can be adapted to a wide variety of linear
Lie group actions acting on tangent spaces.

Notation We use (v, w) for the scalar product of vectors vand w, and || v || =

VAV, V).

Leta curve s — y(s) C R? be given. If s is arc length, then we have

('), 7' () =1 (5.8)

for all s. This follows from the three dimensional Pythagoras Theorem, which
implies As® ~ (Ax)> + (Ay)* 4+ (Az)*. The standard definitions of T', N and
B, the tangent vector, the normal vector and the binormal vector at some fixed
point on the curve, are

T=y, N=2"_ B=TxN.
ll¥ss I
From equation (5.8) we have ||T'|| = 1 and (T, N) = 0, so that the three vectors
T, N and B form an orthonormal set, see Figure 5.6.

Definition 5.4.2 The definition of the Euclidean curvature of the curve y(t) C
R" at each point is
X
_ lly: );lt” (5.9)
[l

The torsion is
X )
= (Vi X Yu )/t;z>' (5.10)
ly: X yull

For a curve parametrised by arc length s, T = y; satisfies (T, T) = 1, so that

K =Tl = Vsl (.11
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while the torsion becomes
1
T =—(T x T, T). (5.12)
K

Exercise 5.4.3 Prove that the curvature and torsion are differential invariants
of the standard action of SE(3) on curves in R>.

Theorem 5.4.4 The Serret—Frenet equations for a curve parametrised by arc
length are

T, = kN
Ny =—«kT +tB (5.13)
B; = —tN.

Proof The first equation follows from the definition of the curvature «. To
obtain the other two Serret-Frenet equations, we first note that from (7, T') = 1
we have || T ||2 + (Tys, T) = 0. Differentiating Ty = « N yields

1 Ks
N,=-T,, — =N (5.14)
K K

so that (Ny, T) = —k. Next,
1
(Nﬁ T x N) = _2(Tm’ T x Ts) =T,
K

while (N, N) = | implies (N, N) = 0. Since any vector is determined by its
components in the directions 7, N and B, the second Serret—Frenet equation
results. The third follows from the first two by noting that By, = Ty, x N + T x
N;. O

Exercise 5.4.5 Show using equation (5.14) that (Ty,, N) = k.

Exercise 5.4.6 If the curve is not parametrised by arc length, so that (y;, y;) = v
is not necessarily unity, show that

T, = vk N
N, = —vkT +vtB
B, = —vtN
where
— Yi , N=BxT, — M
llll lve x veell

If we put 7, N and B to be the columns of a matrix g, we have that

¢=(T N B) e SOQ). (5.15)
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The matrix in equation (5.15) is known as the classical Serret—Frenet frame.
Indeed, since the columns are orthonormal, gT g = I3,the 3 x 3identity matrix,
so that g~! = g7 Also,

0 k 0
g_lgsz -« 0 1] €esod (5.16)
0O -t O

by the Serret—Frenet equations. This provides a different proof that k¥ and 7 are
rotation invariants.

Our aim in the rest of this section is to show how equation (5.16) is of the
form p;p ' = A where A is given by Theorem 5.2.4.

The standard left action of SE(3) = SO(3) x R? in R? is

(R,v)*X=Rx+vV
and this prolongs to curves x(s) C R> as
(R, V) * (X, X;, Xg5, ... ) = (RX+ v, RX, RX, ...)

since
d
—(Rx 4+ V) = Rx;
ds

and so forth. Thus the induced action on the matrix g = (T N B) where the
vectors T, N and B are columns is

(R,v)*xg=(R,v)*(T N B)=(RT RN RB) = Rg
and similarly,
(R,v)* gs = (R,v)* (Ty Ny B;) = (RT; RN, RB;) = Rg;.

In other words, the action on the vectors associated with the curve is precisely
that of left multiplication of the group S O(3) on itself, and the prolonged action
is the same as that induced by left multiplication on the tangent space of the
group 7' SO(3). This is precisely the case considered in Example 4.4.12. In
that example, we defined a frame p(g) = g~ ' from the normalisation equation
g =e, and so p is ‘our Serret-Frenet frame’. Since (g7'), = —g 'g,g” ", it
follows that p,p~! = —g 7 'g,.

We now restrict our attention to the action on the coordinates x;, y; and zg
and their derivatives, that are equivalent to that for the frame p(g) = g~ above.
We will then show that p,;p~! is indeed the negative of the matrix appearing in
the Serret—Frenet frame equations.

In the case at hand, the normalisation equation g = ¢ amounts to T =

(10 0)" and N = (0 1 0)7, from which B = (0 0 1T follows. In terms of
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the original curve x = (x, y, z), we have since T = (x; y; zS)T that the three
normalisation equations for the three rotation parameters, giving ‘our’ Serret—
Frenet frame, are

Vs = 25 = Zss = 0. (5.17)

Let 6, be the parameter of rotation about the origin in the (a, b)-plane, and v,
the associated infinitesimal vector field. The infinitesimal vector fields of the
rotation group are

Viy = Y0, — X0,
Vy; = 20y — X0, (5.18)
Vy = 20y — y0,

so that the table of infinitesimals is

s X y Z Vs s Iss
O (0 y —x 0 —x 0 0
6: 10 z 0 —x 0 —x5 —xg
0, \0 0 =Y  Zs  —Ys —ss

The matrix K is thus

9xy ze Gyz

Ilyl Ilzll
1 11

The Lie bracket multiplication table for the infinitesimal vector fields is

L vy Vee vy
Vol O Ve Ve (5.19)
\ 0 Viy
Vyz| Vaz =V 0
If we take a faithful representation of this Lie algebra to be
0 -1 0 0 0 1 0 0 O
Ay=11 0 0}, A= 0 0 0], A,=]0 0 -1
0O 0 O -1 0 O 01 0
we note its Lie bracket table
L1 Ay  An Ay
ol 0 Ay ¢ (5.20)
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is the negative of the Lie bracket table for the vector fields, (5.19). Hence by
Theorem 5.2.4 and noting Remark 5.2.5, we have

:0510_1 = Ks@(xy)Axy + Ks@(xz)sz + Ks@(yz)Ayz

0 _l 0
Iy
— ﬁ 0 _Ilzll
Iy I,
0 If;l 0
111

If 5 is arc length, then pT = (100)" = (I L LI )" by the Fels—Olver—Thomas
Replacement Theorem, so we have I{ = 1. Next, since

1 I
PN = /OTA/K = p(-xss Yss Zss)T = ;(I]x] Ily] If])T =01 O)T

we have « = I} (and also I}, = 0, which follows as well from the invariant
differentiation formulae applied to I;" = 1). Finally,

Xs Vs s le 0 0
Xss  Yss s | = Ifcl Ii‘I 0 =le11}111le'
Xsss  Ysss  Zsss Iy, Ilyl] Iy
Hence
G Ty
6
Thus
0 — O
psp =k 0 -1
0 = 0

as promised.

Exercise 5.4.7 Redo the calculation above but with a scaling action s = As on
the curve parameter. Use the normalisation equation /{7 = 1. Can this be used
to mimic the effect of s being the arc length, or are additional equations still
required? Hint: does the invariant I}, = 0?

We will use the result of the next exercise in Section 5.6.

Exercise 5.4.8 Redo the above calculation but this time applying Example
4.4.12 to the full rotation and translation group, SE(3). Use the normalisation
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equations X = y = Z = 0, that is, the generic point on the curve is translated to
the origin, as well as those used previously, given in equation (5.17). Suppose
that not only is the curve parametrised by (arc length) s, but also that it evolves
in time ¢. Taking 5 = s, 7 = t, show the matrix K is now

ke ky ke 0y O 6y,
I I}
s -1y 0 o 1L o 8
Il Ill

K:

, I, I, I, IR
i - -8 - I I fp Ipin

T A

where the k; is the group parameter for translation in the ith direction. Show

that if s is arc length, so that I = 1, then I}} = I}, = 0. Using the standard

representation of SE(3) in GL(4), find p,p~" and calculate the components of
9 -1

D o = L = 1o pp ]
8t S 8S t t s Vs .

Since both ¢ and s are invariant, we have D, = /9t and Dy = 9/0ds. Show
that the resulting syzygies can also be obtained via the invariant differentiation
formulae. Draw the diagrams of invariants similar to that in Figure 5.3 for this
action and frame; there will be one for each of x, y and z, but the invariants
Ix may all be determined in terms of the others by virtue of /' = 1 when s is
arc length. Show that the generating syzygies can be written in the form

5 (1T I

o le =" A (5.21)
t Iz
2

where H is a matrix of differential operators with respect to s only, whose
coefficients depend only on «, T and I", and their derivatives with respect to s
only.

Exercise 5.4.9 There is a different frame for the Euclidean action on curves
in R? called the normal frame. The vector T is the same as for the Serret—
Frenet frame, but there is a different choice of N and B such that setting
g=(T N B) € SO(3), one has

0 —k —k
g le¢s=lk 0 0 |. (5.22)
kk 0 0

Let x be a point on the curve, and consider the rotation in the plane normal
to T about the point x, that is, about the origin in TXRS, that takes the Serret—
Frenet frame psp to the normal frame pN. Show pn ps}l is arotation in the (y, z)
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plane about the x-axis. Show the associated rotation parameter 6(s) satisfies
a differential equation, 6; = t, and that k; = k cosf, k, = « sin6. Can the
normal frame be obtained via normalisation equations which are functions of
Xs, Vs, Zs, and their derivatives?

5.5 *Curvature matrices for linear actions

In this section we examine linear actions of matrix Lie groups acting on curves
in R". Our study of this case was begun in Section 4.5.1; we repeat the basic
facts for convenience.

We denote the curve as a column vector u = (ul(s), uz(s), ey u”(s))T and
take the affine action of G x R" as

(g, v)-u=gu+v.

If we denote the nth derivative of u with respect to s as

d"u
ds”

= Uy
then
(g»V)'unZglln, l’l>0

We recall from Section 4.5.1 the formula for the symbolic differentiation of the
invariantised derivatives t(uy). If p is a frame so that pu; = t(uy), then equation
(4.18) gives

d
350 = ) + psp " L(my). (5.23)

Typically, the translation part of the affine group action is normalised by
1 = 0, and one then is restricted to considering the linear action of G on u;,
i > 1. The frame p that one considers is then an equivariant map on the space
of first and higher order derivatives of the curve, to G.

The main idea of this section is to show how one might go about choosing the
remaining normalisation equations so that p; 0! has the property that its non-
constant components are functionally distinct invariants. The main example we
investigate is G = Sp(2). The result for Sp(n), n > 2, amongst other examples,
is detailed in Mari Beffa (2008a).

Exercise 5.5.1 Let the Lie group G be of the form

G ={AeGLn)|ATSA = S} (5.24)
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for some specified n x n matrix S. Show that the scalar functions
u; Su,
where k, £ > 0, are differential invariants. Further, if we define the n x n matrix
U as
U=(u1 uz...u”), (5.25)
then
u'su
has all its components invariant. If p is a frame for the action, so that«(U) = pU,
show that
(TS ) =UTpTspU = UT SU. (5.26)
If ST = —§ then show that

d
ds (1 Sue) = w, Suy.

Consider G = Sp(2) C GL(4,R) where Sp(2) is the symplectic group
defined in Exercise 3.2.21. The symplectic group is of the form in equation
(5.24), where S = J and where J is the 4 x 4 matrix

0 I
J =
<—12 0)
and I, is the 2 x 2 identity matrix. We have J7 = —J and thus all the results
of Exercise 5.5.1 hold.
If the matrix U is given as in equation (5.25), with n = 4 since Sp(2) C
G L(4), then the normalisation equations giving a frame for the action on curves

impose conditions on the entries of ((U). Since the dimension of Sp(2) is ten,
we need ten conditions.

Exercise 5.5.2 Setting

U=(ll1 u U3 ll4)

and
K1=l12TJll1, K2=U3TJllz, K3=UZJ113,
show
/ "
0 -k —k; —(K] —K2)
r K1 0 —K —K)
U'Ju = , =k,
Ky K2 0 —K3

" !
K| —K2 K K3 0
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where we have denoted d/ds by a prime, ’, and where this defines the matrix k.

To begin the normalisation process, we set the first four normalisation equa-
tions to be @; = (1 0 0 0)”. This means that

1
0
t(ay) = 0
0

and since «(U) = pU satisfies

(WHTIU)=U0TJU =«, (5.27)

we obtain conditions on the next column, ¢(uy) of «(U). Doing the calculation
reveals that we may choose all but one of the components of U, to be zero, but
that we must have that L(u%) = — for equation (5.27) to hold. Hence we take
the next three normalisation equations to be

and obtain

uup) = e

0

Setting this into equation (5.27) reveals conditions on the third and fourth
columns, t(u3) and t(uy) of «(U). Specifically, we must have

K2 )
K1 K1
() ) = @) wd |-
—ki =k + K2
W(u3) 1(uy)
where
KKy, K ,
L(M%)L(Mj) _ L(ui)[(ug‘) = % + K_2 (Kz — Kl/) — k3. (5.28)

1 1

We have three undetermined components of (U) and three remaining nor-
malisation equations to be chosen. So far, we have not looked at the form
that p,p~! takes, and to do this we note that we have both equation (5.23)
to satisfy, and that p; p~! € sp(2). The form that elements of sp(2) take was
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calculated in Exercise 3.2.21; they depend on ten parameters and are of the
form

ap a b b
-1 _ as  da bz b3
Psp =
¢y € —ap —a3

Cy C3 —dy —dag

Setting this together with the elements of «(U) obtained so far into equation
(5.23), we obtain
Wud) t(u )
a) =dadz = = 0, a) = ———, bz 1 =Kj. (529)
K1 K1

We now take note that we want the components of p o~ ! to be either constant or
functionally independent invariants. Taking into account equations (5.28) and
(5.29), we may choose two more normalisation equations from the components
of ﬁ3,

u3 =0, us = kKi.

Inserting all the above information and choices, into equations (5.23), (5.27)
and (5.28) we have that L(ui) is determined, indeed we have

K2k | K2 KK K3

4 2
(uy) = — = 4 = — =
IC12 12 K12 K1
and that
(u) (u3) K|
3 = — 4 s ag = — 4 2 !
K1 K1 K1

With all this, we have that so far

0 0 - 1
! .

0 — (2] — (u?) 1 b;
ot = o (4~ 1) ’
K| 0 0 0

1

0 — (k| — k3 — kb +x3k1) 0 —— (26] — u(u3))
Kl K1

where b3 may be determined from a fifth order invariant using equation (5.23).
In order to have that the non-constant components of p;p ' are functionally
distinct, the tenth and final normalisation equation is taken to be

~) /
uy; = 2«;.
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Finally, one has that

it (1u?) + 1o — 3k7)

b’; = —
- 2 ’ "
Ky + KjKy — Kok — K1K3

while the other fifth order invariants are determined to be
"
1 K3 — K
L(us) =
1
Wud) = 2y — k]’
4 1 / " / /i /
t(us) = 3 (K3K1 + koK) — 2065 — Ky K|+ K3K1) .

1

It follows from equation (5.23) that the sixth and higher order invariants may
be determined from «, k>, k3 and L(u%) and their derivatives.

Exercise 5.5.3 Verify the calculations detailed above. Find an expression
for L(ug) in terms of «y, K, k3 and k4 = uST Juy. Hint: use the Replacement
Theorem. Conclude that k1, k>, k3 and k4 are a finite set of generators and write
pxp ! in terms of them.

Mari Beffa (2008a) goes on to notice that setting k; to be the (j + 1)st order
differential invariant appearing in p,p !, then

0 0 k |
ppi |0 01K
g kk 0 0 0

0 ks 0 O

and then shows that in general, for G = Sp(2n) for a suitable choice of nor-
malisation equations, one may obtain the beautiful result,

ky 1 0 0
1 ks 1 0
0
I koo 1
psp = 0 0 1 kum
kk O 0
0 ks
0
0 kan—1
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5.6 *Curvature flows

As ever, the favourite example comes from an SL(2) action. For the projective
action

~ b
X =x, r=t, ﬁ:ﬂ, ad —bc =1,
cu+d
the generating invariants are
Iu { } Uyxx 3 Uxx 2 I“ Uy
= U, X5 = —_ = —_— y - —.
111 i, 2\, 2T
Setting V = I{},, W = I}, the syzygy is
0 33 d
—V=—=+2V—+V, | W 5.30
ot <8x3 + ox + ) (5.30)

The operator on the right hand side of equation (5.30) is well known as one
of the Hamiltonian operators associated with the Korteweg—de Vries equation;
if the function u(x, t) satisfies the equation V = W, thatis, u, = u,{u; x}, then
v = V/2 satisfies the Korteweg—de Vries equation,

Uy = VUypx + OV,

This example is one of many that go under the general name ‘curvature
flows’. The picture is that of curves u(x) in the plane evolving in such a way
that if two curves are related by a group action at time ¢ = 0, then so are the
curves after time ¢ (see Figure 5.7),

(g-ur =uz) 0=>g-u1 = u, for all 7.
=

The first key idea involves the signature curve of a curve under a moving
frame.

Definition 5.6.1 Given a Lie group G, an action of G on a manifold M, and a
right moving frame p : U — G with domain U C M, the signature curve of a
curve y(s) C U is the image of y under p.

All curves equivalent to y under the group action have the same signature.
One can think of the signature as being the projection of the curve onto the cross
section /C used to define the frame p. Since this cross section has coordinates
which are the invariants of the action, another way to think of the signature is
as the invariantised curve in invariant space.

Exercise 5.6.2 Consider the group SE(2) of translations and rotations in
the (x, u)-plane. A smooth curve in the plane s > (x(s), u(s)) yields a curve
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— ge ™ g

)time t

t

g7

}time t

Figure 5.7 An invariant evolution of curves commutes with the group action.

s > (x(s), u(s), x5, Uy, X5, Uss, - - . ) in the prolonged space, and hence a curve
in the space of Euclidean invariants, s — («, 5, . .. ), where

P UgsXs — XssUy
- 2 2\3/2 °
u? +x2)3/

Plot s — (k, «5) where « is Euclidean curvature for parabolas s +— (s, as® +
Bs + y) for various «, B and y. What do you notice? What are the signature
curves for circles? ellipses?

Exercise 5.6.3 For the standard linear action of S E(3), of rotations and trans-
lations in (x, y, z)-space, plot the signature curves s — (k, T) for a selection
of curves in 3-space, including spirals, under the Euclidean group SE(3); see
Definition 5.4.2 for definitions of the curvature « and the torsion .

To ease the exposition, we describe the calculation of the curvature flow
equation in the simplest case, curves on the plane. Suppose that a curve y(s) =
(x(s), u(s)) is evolving in time, and that we have a group action on (x, u)
which we prolong to some suitably high order. Then so will the signature curve
evolve. If the evolution commutes with the group action, then we can study the
evolution of one in terms of the other. To incorporate the time dependence on y,
we could write ' (s) = (x'(s), u’(s)), or equivalently (s, t) — (x(s, t), u(s, t)),
which is simpler. The evolution of curves is then a system of partial differential
equations for x and u. We set7 = ¢ and treating x and u as depending on both s
and ¢, can prolong the action to obtain an action on derivatives of x and u with
respect to time.
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Since there are two independent variables, the error matrix K will have two
rows from which we obtain the entries to the matrices

Q, =00 ", Q =o00".

Calculating

a

a
EQJ = aQr + [Qt, Qs]

as in Proposition 5.2.8 leads to syzygies between the ‘spatial’ invariants
obtained by invariantising pure s-derivatives of the dependent variables, and
the ‘time’ invariants obtained by invariantising their pure ¢-derivatives.

The particular feature of the normalisation equations for moving frames
applied to flows on spaces of curves, is that they involve only the dependent
variables and their s-derivatives. In the case of curves in the plane parametrised
as (x(s), u(s)), typically there will be one generating invariant for each of x and
u, I7 and Iy, say. One then finds that the syzygies can be written in the form

3 (I} A
= = 531
ot <1K> H(G‘) 63D

where H is a matrix of operators depending only on powers of d/ds, the
generating s-derivative invariants, /7 and Iy, and their s-derivatives.
Let the spatial derivative invariants be generated by

I7 =n, Iy =«k.

A curve evolution which commutes with the group action is standardly of the
form, after invariantisation,

L'=Fm,ns, ..k, Ksyo.)

5.32
qug(n’nxv"'a’calcsv"') ( )

and inserting this into equation (5.31) yields a system of partial differential
equations for the generating spatial invariants. If there are more spatial deriva-
tive generators than one for each dependent variable, the syzygies between them
need to be included in the system. This system is denoted as the ‘curvature flow
equations’ induced by the flow on curves given by equation (5.32).

Thus the Korteweg—de Vries equation is the curvature flow corresponding to
the flow on curves given by u, = u,{u; x}; this latter equation is called, perhaps
unsurprisingly, the ‘Schwarzian KdV’ equation. Note that reparametrising
(x, u(x)) as (x(s), u(s)) is unnecessary when x is invariant under the group
action.

The second most famous example involves the Euclidean action of curves in
R3. Here the flow on curves is the vortex filament equation, and the curvature
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flow is solved in terms of the non-linear Schrodinger equation. Details are given
in Mansfield and van der Kamp (2006).

A third beautiful example' is given by examining the standard action of
SL(2) x R? on curves in R%. We now look at the details of this example. The
actioniss =s,7 = and

()= 0)e()

The normalisation equations we take are

~

U=7=10; =i, =0, iy = 1.

The matrix of infinitesimals is

u v
ki [1 O
k|10 1
a |lu —v
b v

0 u

and the error matrix is
k1 kz a b C
IM
s{1 o o L g 11
IU
11
IM
o\ 2o
11
We consider the case /{; = 1. This is equivalent to considering curves (v, u(v))
under the projective action, and taking the curve parameter v to be the ‘equi-
affine arc length’. Setting

__qVv __qu
I=1, K =1y,

the syzygy between I}, and I; becomes
02 J .,
which is solved by
I =«

1 5.33
I; = _E(Kss + K2)~ ( )

T This example was worked out with Gloria Mar{ Beffa.
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This system, together with I}| = 1, is our flow on curves; to obtain it explicitly
in terms of u and v, one needs to solve for the frame and evaluate the invariants
as functions of u and v.

Putting equations (5.33) into the syzygy between I}, and I; yields the
curvature flow equation,

5
0=« + §KSS + §KSK2 — §KK“” — ngKSS. (5.34)
A simple rescaling of variables, s — x, t > 3¢, k > —2y shows that this is
in fact the famous Sawada—Kotera equation (Ablowitz and Clarkson, 1991,

page 52),
0= Ye+ ysx + 10yxyxx + loyyxxx + 20)’2)’x-

Thus far all three curvature flow equations described are well known inte-
grable equations possessing Lax pairs, an infinite number of conservation laws,
soliton solutions, and so forth. In fact, if the flow on curves is integrable, then
so is the curvature flow equation, and vice versa, in the sense that if one has an
infinite number of conserved quantities then so does the other. This is proved
in Mansfield and van der Kamp (2006) by showing that the conservation laws
factor through the syzygies. The formulation of the syzygies in terms of a
matrix H, as in equation (5.31), is pivotal to the discussion.

Much more can be said about moving frames and partial differential equa-
tions. We refer the reader to the recent papers of Mari Beffa (2004, 2007, 2008a,
2008b).
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Invariant ordinary differential equations

We have seen that a group action on a space M induces an action on curves
in M and a prolonged action on their tangents and higher order derivatives.
Consider now the set of solution curves to an ordinary differential equation,
or ODE for short, A(x, u, uy,...) = 0. If G is a symmetry group of A, then
there is an induced action on the set of solution curves, that is, the action
maps solution curves to solution curves. We say two solution curves are equiv-
alent if there is a group element mapping one curve to the other. This is
shown in Figure 6.1, which also shows how the frame projects an equivalence
class of curves to one curve on the cross section K, drawn here as a surface
in M.

The first main result of this chapter is that the moving frame reduces the
equation A(x, u, uy, ...) = 0 to the system,

AT, ..)=0
Do = Qo

where recall J = «(x), I¢ = t(ug), where the first equation is the invariantisa-
tion of A = 0 obtained using Theorem 4.4.9,

dx\ ' d
D=(—) —
<dx) dx g=p

is the invariantised operator, Q is the curvature matrix defined in equation (5.2)

6.1)

and o is a faithful matrix representation of the frame p. Recall that Q can be
obtained in terms of the symbolic invariants knowing only the infinitesimal
action and the normalisation equations, using Theorem 5.2.4.

The first equation solves for how the components of Q depend on the
independent variable x, so the second equation is an equation for o. The system
(6.1) is thus triangular: the first equation is independent from the second, and
the solution of the first is needed to solve the second.

185
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projected

curve I(z(z)) solution

curves z(x)

Figure 6.1 The moving frame on the solution curves of an ODE.

Once we have solved for the frame p, the function u is obtained from
u= ,o*1 - I'". To make the calculations tractable, often we need to reparametrise
the variables so that the independent variable is an invariant. This ensures that
no tricky differential operators are introduced in the equation for the frame.
Moreover, we are free to choose the parametrisation to simplify the reduced
system as much as possible.

Classical reduction methods are at their most powerful when the symmetry
group is solvable, and in this case, the classical reduction process leads to a
solution of the ODE by quadratures. Moving frames can be used to advantage
in this case since the equation for o, the matrix representation of p, can be
chosen to be triangular.

But moving frames can be used to handle cases where classical methods
give only partial information. To show the power of the ideas while keep-
ing the calculations tractable, we study equations invariant under SL(2). This
group is semi-simple, the opposite of solvable, and in these cases we see the
advantage of a moving frame approach. Note that Stephani (1989), Chapter 7,
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gives a method to solve SL(2)-invariant ODEs of order 2 or less. The method
here is for SL(2) invariant ODEs of order greater than 2. We give a mov-
ing frames proof of Schwarz’ Theorem and then solve the Chazy equation
using moving frames. This last equation was solved by Clarkson and Olver
(1996) in a tour de force, and the methods there do not generalise to other
symmetry groups.

In the final section of this chapter, we discuss how the calculations may
be performed using only the vector field presentation of the Lie algebra of
the symmetry group, that is, without knowing the group action or a faithful
matrix representation. This is important since it is these vector fields that are
normally given by symmetry software packages. Integrating the vector fields
to obtain the group action, and then finding a matrix representation, can be
difficult computations.

6.1 The symmetry group of an ordinary
differential equation

Definition 6.1.1 A group G is said to be a symmetry group of an ordinary
differential system A = 0, if the induced action on sufficiently smooth curves
maps the set of solution curves of A = 0 to itself.

The group action also induces a map on the equations themselves,
g'Ai(-xvuauxa"'): Ai(g'-xvg'uv"')'

If each A; is a differential invariant of the prolonged action of G, then G is a
symmetry group of A = 0. More generally, G is a symmetry group of A =0
if there is an invertible matrix (or non-zero function in the case of a single
equation) u(g, x, u, Uy, ...) such that

A(g-x, 8 u,...)=u(g, x,u,uy, .. )ACx,u,tly,...) (6.2)
in which case we say that A is a relative invariant system.

Example 6.1.2 The solution space of u,, = 0 is the set of non-vertical straight
lines in the plane. The well-known symmetry group of this equation is the eight
dimensional SL(3) acting as

ax +bu +c

8 e fkute
(6.3)

dx +eu+ f

g.u——

T hx+ku+t
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where

(6.4)

b
8= €
k

BN VN
S S 0

has determinant 1. It is straightforward to check both that

~ hx + ku + ¢ ’
Uyy = — Uxx
ch — al + (bh — ak)u + (ck — bl + (ak — bh)x)u,

and that the line ax 4 Bu + y = 0 maps to another, &x + Bu + 7 = 0.

Exercise 6.1.3 In Example 6.1.2, calculate the induced action on the coeffi-
cients «, B and y.

If h(¢) is a one parameter subgroup of G, then setting g = h(¢) into equation
(6.2), differentiating with respect to ¢ at ¢ = 0, and evaluating the result on the
surface A = 0 in (x, u*, u%)-space, yields the infinitesimal criterion for h(t)
to be a symmetry of A = 0, namely

(Vid)|a=0 =0 (6.5)
where

V= (§0x + 6”0 + P 0us)

o, K
and where, from Definition 1.6.12,

ax A du’.
—| =g, K

Baj g=e aaj

=97,

g=e 3Clj

=¢%,  (6.6)

8§=e

are the infinitesimals of the group action. Recall the infinitesimal action
on the derivatives u% is obtained via the prolongation formula given in
Section 1.6.

Lie’s algorithm (see Remark 1.6.16) for finding the symmetry group of a
differential system finds all possible vj, - x = &(x, u) and v, - u* = ¢*(x, u),
such that equation (6.5) holds. For systems, there are some subtleties involved
in whether equation (6.5) implies A is a relative invariant system (Olver, 1993,
Section 2.6).

Example 6.1.4 Consider the equation
2., 1 1

A Y oyi— =y ——y =0 (6.7)
y x x
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v 3 é
1 Y
Vi — —1 _——
Ty T
vy —a' 4= 3y — 2
1 Y
V3 —= —
T T
A7 T 7:L'y2
3 3 92 2
Vs x z°y” —2x7y
. 0 —zy’ +y
V7 0 x2y2
vy 0 y2

Figure 6.2 The infinitesimals for the symmetry group of equation (6.7).

Lie’s algorithm yields & and ¢ depending on eight different constants, and
thus the symmetry group has dimension eight; the coefficient of each constant
gives a different basis element for the Lie algebra. Figure 6.2 gives & and ¢
for each basis element. Taking the fourth symmetry vector v4 = x9, — xyzay,
prolonging it to order 2 and applying it to A yields

[(x3y — xy*0y — (¥ + 2xyyy + y2)0y,
—2Q2yyx + XY7 + XYVix + Yex)dy A
= =-2(1 +xy)A

as required. We leave it as an exercise for the reader to verify the other seven
symmetry vectors. We note that not all software implementing Lie’s algorithm
finds all eight symmetry vectors for this example.

Remark 6.1.5 Itis a theorem that if a second order ordinary differential equa-
tion A(x, ¥, ¥x, Yxr) = 0 has an eight dimensional symmetry group, then there
exist coordinates X = X(x, y), Y = Y(x, y) such that the equation becomes
Yxx = 0. See for example Ibragimov (1992).

6.2 Solving invariant ordinary differential equations
using moving frames

In this section we give a detailed outline of how to solve an invariant ordinary
differential equation, given a symmetry (sub)group of dimension less than the
order of the equation. In fact, we need also to assume that the prolonged action of
the symmetry group is free and regular in some domain in (x, u, ..., d"u/dx")
space where n is the order of the equation and where the domain includes
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solution curves to the equation.

Step 0
We are given an ordinary differential equation with symmetry group G. If the
independent variable is not invariant under the action of G, we reparametrise
solution curves to
Ug

x = x(s), u = u(s), Uy = —, ...
Xs

and sets = s. This ensures
d
T ds’

Thus the equation A = 0 can be written in the form

D,

Fx,xg,...,u,ug,...)=0,

where we have used F instead of A to distinguish the reparametrised equation
from the original. The variable s will not appear explicitly in this equation.

Exercise 6.2.1 Show the chain rule yields

da_1d
dx  x,ds
and hence that
Bk 18(1d) mwo
dx  x,’ dx?2  x,ds \x,ds /) x3 ’

Find d®y/dx? in terms of x, y and their derivatives. Note: in this context, the
chain rule is also known as implicit differentiation.

The equation F = 0 is invariant under arbitrary reparametrisations, § =
f(s), and we may take a companion equation,

FC(sﬂ-xv-xSauaus’-")zo

in order to have a well-determined system. The companion equation can be
thought of as fixing the parametrisation. It turns out that we do not actually
need to solve it, thus we may choose it so as to ease the calculations provided the
resulting system has the correct dimension of solution space. The companion
equation needs to be compatible with the equation being solved and the choice
of companion equation is justified at the end of the calculation. If the system
F =0, F, =0 has the same dimension solution space as A = 0 we say the
companion equation is compatible, otherwise not.
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Step 1
We suppose now that F' = 0 is of order at least that of the dimension of the
group, and that n = Iy, and o = I}, are the generating invariants for some
multi-indices K° and J 0, so that the equation takes the form,

O=FU"Iy,.... 1" I}, ...)=F(n,ng, ..., 0,05, ...).

Note that s will not appear explicitly. This rewrite uses Theorem 4.4.9, the
Replacement Theorem, as well as the symbolic differentiation formulae to write
higher order invariants in terms of 7 and o and their derivatives. Similarly, the
companion equation becomes

02-7'1*(5,77,7).&7‘--,0',0.:,--~)‘

If the frame is such that more than one invariant is needed to generate the set
{1/ ||IL| = 0} or the set {I] | |L| > 0}, then syzygies between the generating
invariants need to be included in the differential system for the invariants.

If x is an invariant, then one does not need a companion equation, and n will
not appear.

We thus obtain a system of ODEs I(A) = 0, namely F = F, = 0, for the
generating invariants.

Step 2
Solving I(A) = 0 for the generating invariants, we obtain the entries of the
curvature matrix Q as functions of s.

Step 3
Next, we solve the equation g, = Qp, equation (5.2), for o(s), and from this
we obtain the frame p(s) in parameter form.

Step 4
Once we have p on solutions of the invariantised equation, we obtain x and u
and indeed all the derivatives of u from

x(s) = p 7' (s) - I'(s)

u(s) = p~'(s) - I"(s)

uy(s) = p~'(s) - I{'(s) (6.8)
ugs(s) = p~ () - I} (s)

where the action, -, is the one relevant for that jet coordinate. Note that the
initial data for the p; = Qp equation yield initial data for x, u, u; and so on. A
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close look at Figure 6.1 reveals that some redundancy in the initial data required
by the moving frame solution method will exist.

Discussion
We observe the following.

® We do not need to solve the companion ODE for x explicitly.

® We do not need to know what the I and I are as explicit expressions of
the derivatives of u and x.

® To obtain 7 = 0 from A = 0 we need only the normalisation equations. To
obtain Q we need know only the infinitesimal action and the normalisation
equations.

® We can obtain x and u numerically from knowing o numerically.

We discuss the implications of our method for symbolic and numeric compu-
tation in more detail in Section 6.6.

6.3 First order ordinary differential equations

We illustrate the method outlined above on a simple first order equation. See

Cantwell (2002), Chapter 6, for an excellent discussion of using symmetries to

integrate first order ordinary differential equations. Here we show how moving

frames and the method introduced in this chapter contribute to the topic.
Consider the ordinary differential equation

xyf —3yy, +9x2 = 0. (6.9)

First order equations are equivalent to vector fields and the flow of the corre-
sponding vector field will be a symmetry of the equation. Finding that particular
symmetry action is equivalent to solving the equation, so one looks for an addi-
tional symmetry, either using look-up tables such as that in Cantwell (2002),
page 158, or by inspection. Only a single one parameter group action is needed
for a first order equation. If the action is a translation in either the independent
or dependent variable, the ODE may be integrated immediately by quadratures.
We discuss these cases at the end of this section for completeness.
For equation (6.9) a suitable symmetry group action is

o - x = expa)x, a -y =exp(Ba)y (6.10)

soa € G = (R, +). Since x is not invariant, we reparametrise to x = x(s),
y = y(s) and the equation becomes

2
x(y—s) —3y2 Loz =, 6.11)
X X5
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Taking the normalisation equation to be X = 1 (we leave it to the reader to work
out the domain of the frame) the error matrix is

1
< (L),

the invariant operator is D = d/ds, and we have DI” =[]’ — %If‘l Y. Taking
the companion equation to be I{ = 1, the invariantised equation is

d \* 9
—I") —=(I")?+9=0.
(57) - 507+

This is easily solved, as it is separable, and the general solution is

2

where yo # 0 is a constant of integration. There are also two special solutions
I’ = +£2.
The matrix representation of the group is

exp(o) — (exp(o)) € GL(1).

2
=2 exp(3s) + ™ exp(—3s)
0

Solving
0, =Ko= (I =)o

gives 0 = (pp exp(s/2)) where py is a constant. Hence looking at the general
solution of the invariantised equation,

1
x(s)=p ' I =p7" 1= — exp(—s),

Po
Yoy =p'- 1

1 3 Yo 3 2 3
= S exp(—3s) (— exp(5s) + —exp(—3s)
I3 2UN2 Ty ?

2
= ——exp(—3s) + y—O3
Py Yo 2p,

Eliminating s, we have

2,08

Yo
and it is easily checked that this is the general solution to equation (6.9). This
family of cubics is plotted in Figure 6.3 for real x and y.

Obtaining the solutions to (6.9) corresponding to ¥ = £2 yields y =
+2x3/2, which form the envelope to the family of cubics, also plotted in Figure
6.3. This curve is mapped to itself under the group action; restricting to real

1
y:kx3+z, k (6.12)



194 Invariant ordinary differential equations

Figure 6.3 The solution curves for real x and y to equation (6.9).

x and Yy, it consists of three orbits of the action, since the origin is a fixed
point.

Note that we needed only the normalisation equation, the infinitesimals and
the explicit group action. We did not need to solve for the frame from the
normalisation equations, nor did we need explicit expressions for /7 and I; in
terms of x and y, nor did we need to solve the companion equation /; = 1 for
X to obtain the (implied) parametrisation.

Exercise 6.3.1 Obtain the action induced on the solution curves by (6.10) given
in equation (6.12) or, equivalently, find the induced action on the constants of
integration.

Finally we note that if a first order ordinary differential equation
A(x, u,u,) =0 is invariant under the group action X = x + ¢, then it is of
the form u, = f(u) which can be solved implicitly by quadratures,

du _
S )
so moving frames are not required in this case. Similarly if A(x, u,u,) =0

is invariant under ¥ = u + € then it is of the form u, = f(x), with solution

u(x) = [ f@)dr.

x+c

Remark 6.3.2 The classical method of integrating an ODE invariant under a
one parameter group action involves finding the coordinate system in which
the group action is translation, the so-called canonical coordinates guaranteed
by Frobenius’ Theorem. One of the joys of the moving frame method is that
the need to solve for the canonical coordinates is removed.



6.4 SL(2) invariant ODEs 195

6.4 SL(2) invariant ordinary differential equations

In this section we consider ordinary differential equations invariant under the
actions of SL(2) listed in Example 1.2.14. For ODEs invariant under the first
action, we give a moving frame proof of Schwarz’ Theorem. An example of an
ODE invariant under the third action is the Chazy equation, which is considered
in Section 6.4.2.

6.4.1 Schwarz’ Theorem

Consider the first of the SL(2) actions listed in Example 1.2.14, but with the
independent variable invariant, which is

~ ~ au+b
X =x, Uu=——, ad—bc=1.
cu+d
The generating invariant is
XXX 3 XX 2
) = 2 2 (—M ) (6.13)
Uy 2\ uy

also known as the Schwarzian derivative of u with respect to x.

Theorem 6.4.1 (Schwarz’ Theorem) The general solution of
{u;x} = F(x),
where {u; x} is defined in (6.13), is given by
u(x) = Vi (x)
Ya(x)

where the \; are independent solutions of

(6.14)

Yo+ %F(x)w 0. 6.15)

The formula for the general solution can be verified directly. However, the
use of moving frames allows one to derive it, and hence we can adapt the proof
we give here to solve a multitude of similar problems.

Proof Since the independent variable is invariant, there is no need to
reparametrise. Take the normalisation equations to be

520, th=1, u’;;c=07
and then in the standard matrix representation of s[(2) we have,

0 —1
Q=11 ,
51111 0
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as was calculated in Example 5.2.6. Since the invariantised ordinary differential
equation is

Iy = F(x)

we have that the equation for the frame is

0 -1
Ox = 1 0.
—F 0
> (x)
Setting
(o1 .
¢= oy Ty
we obtain
1
o1 = —02, Oox = EF(X)m
so that

1
Olaxx + EF(X)O—I =0

and similarly for the 7;. That is, both o and 1, satisfy equation (6.15). Taking
o1 and 1] to be two non-zero independent solutions of (6.15) with Wronskian
01.xT1 — 0171 x equal to one, we have that

-1 _ _tl,x —T1
% = .
Ol,x o1

Hence,
u(x) = px)~" - 1
N —Tl,xlu — T
- Ul,xlu + o
=
as [* = 0. O

Exercise 6.4.2 Show that the Wronskian o, ,7; — 0171, is a constant when
o1 and t; both satisfy i, + %F (x)¥ = 0, and that it may be taken equal to
one without loss of generality. Hint: consider the constants of integration u(0),
u,(0) # 0 and u,,(0) in terms of 01(0) # 0, o1 ,(0) and 7,(0).
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Exercise 6.4.3 Use the method of moving frames to find the analogue of
Schwarz’ Theorem for

({us;x Py + {us x} = F(x).

Hint: first solve w, + w = F.

6.4.2 The Chazy equation
The Chazy equation is

Upry = 2UU,y — 314)%

and more generally,
Upxy = 2UUyy — 3u§ + a(6bu, — uz)2 (6.16)

which arises in many contexts (Ablowitz and Clarkson, 1991). One form of
the general solution was written down by Chazy, who gave no hint as to how he
found it. Another form of the solution was obtained using Lie symmetry theory
by Clarkson and Olver (1996). The form of the solution found by symmetry
methods differs from that written down by Chazy. A straightforward application
of moving frames yields the Clarkson and Olver form of the solution. It is not
known whether Chazy’s form of the solution can be found by a different choice
of the normalisation equations.
The equation (6.16) is invariant under the action of SL(2), given by

ax +b
cx +d

=

0= 6c(cx +d) + (cx +d)u

where ad — bc = 1, which is the third of those listed in Example 1.2.14. The
infinitesimal action in table form is

|x u
al 2x —2u
b| 1 0

c|l—x? 6+ 2xu

Since the action does not leave x invariant, we reparametrise. Thus we set
x = x(s) and u = u(s) with the same group action as above but adding now
s = s. The invariant differential operator is then d/ds. Taking the normalisation
equations,

B
Il
o

-’f:Os -)?;:17
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we have in the standard matrix representation of SL(2) that
1

d Shn 1
—0=— , 6.17
3 : . 0 (6.17)
FL L Y
6 2
which was calculated in Exercise 5.2.7. We take the companion ODE to be
I, =0,

a choice which will be vindicated by the calculations which follow; that is,
we obtain a three dimensional set of solutions. The invariantisation of the
reparametrisation of equation (6.16) is then

2

d
- 36a)(I})* =0

showing that /{' is an elliptic function of s. Next, if (o7, 0,)7 is the first column
of o, then equation (6.17) implies that

— 111{
Ol,ss = 6 101-

A linear Schrodinger equation whose potential is an elliptic function is a Lamé
equation (Whittaker and Watson, 1952). So, two independent solutions of this
Lamé equation with Wronskian equal to one yield p. Using equations (6.8)
then yields the solutions of the Chazy equation, without having solved for I}
or I{; in terms of u(s) and x(s).

Remark 6.4.4 To show equations (6.8) are consistent with the actual expression
for o given in equation (5.5) and calculated in Exercise 5.2.7, we note that the
frame in matrix form is,

1 X
0= ;/’C_ 1 VE . (6.18)
—gu X5 g(xu + 6) /x5
‘We then have
-
Xy = p I = P22 P2 _ P2 _ x(5)
—p2, 11" + p1 P11
using /" = 0 and
u(s)y=pt.1¢
= 6(—p2.)(=p2 1 I* + p11) + (—p2 i I* + pr1)* 1"
= 6(—p02,1)(p1,1)

= u(s)



6.5 Equations with solvable symmetry groups 199

since both /* = 0 and I = 0 from the normalisation equations. The consis-
tency is clear.

To show the necessity of reparametrisation, it is instructive to apply the
moving frame reduction method to the Chazy equation in the original variables,
(x, u(x)). Using the normalisation equations,

X=0, =0, iy =1

the frame in matrix form is,

(-5 %)
—\ux — — X |\ Uy ——
o= 6 6

g (ux —12/6) " —(1 + xu/6) (u, — u?/6)

The invariant differential operator is

—1/4

1 d
b= P
(u » —u?/ 6) X
and the generating invariant is

Uyy — UU, + u?

(uy — u2/6)3/2 !

Using the Replacement Theorem on equation (6.16) yields
I, =360 -3

u o _
Ill_

and we also have,
3
Dllul = ]1u11 - E(llul)z -1
Thus, we obtain the invariantised equation,
3
DI, + 5(1{’1)2 —360+4=0

which superficially has the form of a Ricatti equation in terms of this particular
generating invariant. Unfortunately, the coefficient in the invariant differential
operator renders the equation highly non-trivial to solve.

6.5 Equations with solvable symmetry groups

It is a classical theorem that an ordinary differential equation of order n,
with a solvable symmetry group of dimension n, can be integrated by quadra-
tures. Here we show how moving frames greatly simplifies the calculations
involved.
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The classical method involves reducing the ODE by one group parameter at
a time, and the order of reduction is the same as that used when computing the
frame as a product in Section 4.6. However, using the moving frame solution
method one parameter at a time is not the route recommended here. A better way
is to use the fact that a solvable Lie algebra has a faithful representation using
upper triangular matrices. Then the curvature matrix will be upper triangular,
leading to a triangular system to solve for p.

We show what happens by integrating equation (4.22),

1 ,
Yax + =V +ey =0
X
whose solvable symmetry group was found in Exercise 4.6.4; we repeat it here

for convenience. The group is G = R* x R¥, the action is

X =ax?, ¥ =y — 2log(ab) — 2(b — 1)log x

with identity element (b, a) = (1, 1), and an upper triangular matrix represen-
tation of this group is given by

b loga
(b,a)—><0 1>. (6.19)

Using the moving frame reduction method, finding the exact solution of this
non-linear equation involves three straightforward integration steps. Since the
independent variable is not invariant, we reparametrise to x = x(s), u = u(s)
and set s = s. If we take the normalisation equations to be X = 1, y = 0, we
have that
a b
_ 17y
K=s (—If‘ If + 515 )

Taking the companion equation to be I = 1, we have from d/ds I{ = 0 that
I}, = —1I, and also
d , :

y _ Y y
Sh=m-2-1
and hence the invariantisation of the reparametrised equation becomes
d oy 100 ¥
&Il +5U;)"+21; +3=0.
Thus

I(s) = v2tan (“:;;) _2.

Using the faithful matrix representation of the group given in equation (6.19)
above, a basis for the Lie algebra needed to calculate Q in the equation for o
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is, using equation (5.3),

0 = 1 0 0 = 0 1
bh — O 0 ’ a — 0 0 )
and thus using Theorem 5.2.4, the equation for o becomes, with I = 1,
by (loga),\ (14311 -1\ (b loga
0 0 - 0 0 0 1 ’

It can be seen that the equations for a and b separate. With the value of I;
obtained above, we have

b(s) = by cos (SON/_ES)

and

log a(s) = cos <S°\/_§S) [ao +21og (sec (“l;;) + tan (SOJ_;))} .

From the group multiplication law and group action formulae given in
Exercise 4.6.4 we have

(b,a)" =", a7,
and thus
x(s) = p(s)™" - I* = a(s)"/POUHYPS = exp(—(loga(s))/b(s))
and

y(s)=p(s)™ - 17 = 1" —log (b(s) 'a(s)” /") = 2(b" — D) log I
= 2log b(s) + 2(log a(s))/b(s).

That this is a solution of equation (4.22) above for x positive can be verified
by direct substitution. Solutions for x negative can be obtained by noting that
the equation is invariant under (x, y) — (—x, y). We note that we appear to
have three constants of integration, s, by and fj, for a second order equation.
The third has been introduced by the freedom in setting where on your solution
curve you take s = 0. However, it should be noted that in fact there are three
values needed to determine the two initial points (xg, yo) and (xg, yx(x0)),
namely xg, Yo and y,(xo).
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6.6 Notes on symbolic and numeric computation

Here we summarise what is known that would allow the method to be imple-
mented in a symbolic and numerical computation environment.

(i) The reduced equation is obtained via the Replacement Theorem 4.4.9,
which needs only the normalisation equations.

(i) Given the infinitesimal vector fields, a faithful matrix representation of
the finite dimensional part of the Lie algebra can be obtained by Ado’s
Theorem. This has been implemented by de Graaf (2000). However, in
practice the matrices obtained can be unwieldy.

(iii)) By Theorem 5.2.4 the matrix

-1

A= psp
can be calculated knowing only the normalisation equations and the
infinitesimal action, in the faithful representation at hand.

(iv) Equations of the form

o0s = A(s)o

with A(s) € g where g is a matrix Lie Algebra can be solved numerically
keeping p € G using geometric integrators, in particular the ‘Magnus’ or
‘Lie group integrators’ (Iserles et al., 2000). There is the possibility of
choosing both the normalisation equations, the companion ODE and the
representation to adapt the ‘shape’ of A to ease the integration.

(v) Applying equations (6.8) requires knowing the group action, not just the
infinitesimals. If you know only the infinitesimal action, which is how
symmetry groups of DEs are given by symbolic software, then the group
action can be obtained by integration of the system (1.54), see Theorem
1.6.23.

6.7 Using only the infinitesimal vector fields

In this section we give the vector field counterpart to Theorem 5.2.4, and apply
it to calculation of the moving frame reduction solution. The calculation of a
faithful matrix representation of the Lie algebra can thus be avoided, but the
resulting equation for p may be, conceptually at least, significantly harder to
solve.

Theorem 6.7.1 Suppose G x M — M is a smooth left group action,
(ay, ..., a,) are local coordinates on G, (z1,...,z,) are local coordinates
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on M and

g=e

are the infinitesimals of the action with respect to these coordinates. If h(s) is
a path in G and h(s) - z; = Z;, then

d~ _ SIS R
0= ;(nm dsh>zg ). (6.20)

If h(s) = p(z(s)) where p is a right moving frame for the action, then
d_ i
4= 2@: Ksegi @i (5)) (6.21)

where K is given in Theorem 4.5.5.

Proof The starting point is Theorem 3.2.37 which we now briefly recall: given
(ay, ay, ..., a,) coordinates in some domain in G, and letting h(s) € G be a
path in that chart domain, then for each coordinate z; of z € M,

g - Z; )
da, si(h-2)
: = (T.R)™" : . (6.22)
dg - zi = cih - 2)
da,

Since the argument is the same for each coordinate of z, we drop the subscript.
Setting A(s) - z = Z(s) and h(s) = (a;(s), ..., a,(s)),
d. , 0 -
526 = ijak(na—ak(x(s))
=Y aj(s) (TR ), (€o(Zs))

k.t
= (TR, a) G
k.t
o d ~
=D | TeRiy 3, 7) L.
¢
This proves equation (6.20). Finally, to obtain equation (6.21), we set h(s) =

p(z(s)) into equation (6.20), and use the rightmost formula for K in equation
(4.13). O

(6.23)

Equation (6.21) is essentially the differential equation for the frame p, not in
the matrix form o, = Qp, but with p viewed as an element of a transformation
group. While the matrix equation has r = dim(G) constants of integration,
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equation (6.21) has initial data p(0) - z;. Thus, it is still necessary to solve the
ordinary differential system giving the general group action.

Applying Theorem 6.7.1 to the coordinates x and u, whose infinitesimals
with respect to a, are denoted by &, and ¢, respectively, we obtain

d . ,d ~
356 = ; (Tnglap)e £,(3(s))
= > K& (¥(s) (6.24)
14

d - ~
au(s) = Z KXNPK(M(S))
L

For the application we consider in this chapter, namely the solution of Lie
group invariant ODEs, we know how the matrix K varies as a function of the
invariant independent coordinate s once we have solved the invariantised ODE
system. One then uses equations (6.24) to obtain the frame p(x(s), u(s), .. .),
and the ODE system in Theorem 1.6.24 for each group parameter to obtain the
general group action. Finally, one can write down the general solution to the
original invariant ODE system.

Example 6.7.2 As ever we consider the SL(2) action

au+b

_ ad — bc = 1.
cu—+d

X =x, U=
Since x is invariant, we can take s = x. The infinitesimals are

alt, ) =2u, G,y =1,  gelx,u) = —u’.

Suppose that we know only the infinitesimals and not the group action, that we
do not know a faithful matrix representation of the Lie algebra, and we have
forgotten Schwarz’ Theorem. The generic one parameter group action is the
solution of the ordinary differential equation

i =aQu)+ B+ y(—u? (6.25)

where «, B and y are arbitrary constants, using Theorem 1.6.24 for each
independent group parameter. Since we can see that ¢, is the infinitesimal
of a scaling action and ¢, the infinitesimal of a translation, we can guess
that # = 0, &, = 1 are appropriate normalisation equations. Adding #,, =0
yields

a b c
K=x (0 -1 %Ilun)
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which can be obtained using only the infinitesimals and the normalisation
equations. Applying equation (6.24) we obtain

a b ¢ 20\ a
d"‘ 1
* -i*) ¢
or
e i (6.26)
dx - 2°111% - .

Suppose we wish to solve the ODE, {u; x} = 2 exp(x), which invariantises to
I, = 2exp(x). (6.27)

Setting equation (6.27) into equation (6.26) with initial condition #(x) = u,
and solving, yields an expression u(x) = F(x, u) = p(x) - u in terms of Bessel
functions. Solving this expression for u (which equals ,0’1 (x) - u(x)) and setting
u(x) = I'"(x) gives the desired solution. Since 7“(x) = 0 we obtain

"y Y0(2)Jo(2exp(x/2)) — Jo(2)Yo(2 exp(x/2))
Y1(2)Jo(2 exp(x/2)) — J1(2)Yo(2 exp(x/2))”
This is indeed a solution of {u;x} = 2exp(x) as can be verified directly. The

general solution is (au + b)/(cu + d); obtaining this requires one to solve for
the group action, equation (6.25) above.
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Variational problems with symmetry

The Calculus of Variations is a classical subject with major applications in
physics and engineering, and a long history of development. The variational
method converts the problem of finding a curve or surface that minimises or
maximises an integral functional, such as

b
(x, u(x)) — f L(x,u,u,,...)dx

in the case of curves in the plane, to the problem of solving a differential
equation, called the Euler-Lagrange equation.

For many problems, there is a Lie group invariance to the integral that arises
naturally from the physical model being considered. The aim of this chapter is
to use the calculus of invariants developed in Chapters 4 and 5 to gain insight
into the role the symmetry plays in the calculation and analysis of the solution
set of the Euler-Lagrange equation.

The introductory part of this chapter puts in one place everything we will
need for the applications of moving frames that we consider. Recent accessible
texts include van Brunt (2004) and MacCluer (2005), but older ones are still
‘gold’, such as Courant and Hilbert (1953).

7.1 Introduction to the Calculus of Variations

In this brief introductory section on the Calculus of Variations we collect
together the computational methods and results needed to study variational
problems with symmetry.

In the first set of problems we consider, it is desired to find some curve
(x, u(x)) that minimises or maximises an integral,

b
(x,u(x)) —~ Llu] = / L(x,u,uy, Uyy,...)dx

206
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on some interval [a, b] C R. The integrand L(x, u, u,,...)dx is called the
Lagrangian. We say L dx is one dimensional since the integral is with respect
to the single coordinate x, and that L dx is of order # if the highest derivative
of u appearing in L is d"u/dx" (but see Exercise 7.1.3).

Remark 7.1.1 It is important to note that it is the whole integrand, L dx, not
just the function L, which gives the variational problem | L dx. Considering
only the function can lead to serious errors in both computation and theory.

Blanket assumption We will assume our Lagrangians to be smooth functions
of a finite number of arguments, and that the functional analytic properties of the
curves on which we evaluate £[u] are sufficient to ensure the calculations that
follow are valid. In particular, we assume that we can interchange integration
and differentiation, and that the extremal curves we seek have a sufficient
number of smooth derivatives. An accessible text which considers the most
important functional analytic niceties in the context of applications is MacCluer
(2005).

If we suppose that the particular curve (x, u(x)) extremises L[u], then for a
variation u(x) — u(x) + ev(x) we will have

d
0= —
de
d

b
= — / L(x,u~+€v,u, + €vy, Uyy + €Vyy, ...)dx
de le=0 a

braL aL aL
= [ (Gt gt gae o
brraL  d L d* 9L
=/a [(8__d_a+d_a_+>
+i<aLv+a—Lv —(i aL)v+--~)i|dx
dx \ Ju, Qe dx du,,

aL b
:/E@WM+[ v+~} 7.1
ouy

a

L[u + €v]
e=0

where d/dx is a total derivative operator. We have assumed that we may inter-
change integration and differentiation, and then used integration by parts.
The last line defines the Euler—Lagrange operator E for one dimensional
Lagrangians, namely

dc aL d*
E(L) = Z(— D —

= —u. 7.2
dx* Buk Uk " (7.2)
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Since equation (7.1) holds for any variation v, we may take a variation that
satisfies v(a) = v(b) = vy(a) = - - - = 0 and obtain that fab E(L)vdx =0 for
all variations with support interior to the domain [a, b]. It is then a result,
called the Fundamental Lemma of the Calculus of Variations, that E(L) is
identically zero for all x € (a, b). In other words, a necessary condition for a
curve to extremise L[u] is the differential equation E£(L) = 0. Curves satisfying
E(L) = 0 are said to be extremal curves for the variational problem f Ldx.
The calculation of the Euler-Lagrange equation is thus in two parts:

e the calculation of

d
— Llu + ev],
de le=0

® integration by parts.

The boundary or endpoint terms in (7.1) that accumulate as we perform the
integration by parts play a vital role when considering problems without specific
boundary conditions; if boundary conditions for the extremal curves are not
specified by the application, then the so-called natural boundary conditions
will apply. For example, if u(a) is unspecified then v(a) is free, and so the
coefficient of v(a) in the endpoint terms must be zero on an extremal; in the
case of a first order Lagrangian, this is dL/du,|,—, = 0, which is a condition
on u and its derivatives at x = a.

The endpoint terms will also play a vital role in deriving Noether’s Theorem
in both the classical and invariantised cases, see Section 7.2.

In general, Euler—Lagrange equations are seriously non-linear and it is
important to be able to investigate the solution set graphically, see for example
Exercise 7.1.2.

Exercise 7.1.2 Show the Euler-Lagrange equation for
10
Llu] = / uuf + sin(x)u’ dx
0

is ui — 2u sinx + 2uu,, = 0. Show there exists a solution satisfying u(0) = 1,
u(10) = 4. Hint: plot the solutions satisfying #(0) = 1 but with varying u,(0),
and use a ‘shooting argument’, that is apply the Intermediate Value Theorem
to the function y — u"(10) where u"! is a solution satisfying u'”1(0) = y. Is
there more than one solution satisfying these boundary conditions?

Exercise 7.1.3 Show that if a Lagrangian L dx satisfies
d

d 0 d
L(x,u,uy, uyy) = aw(xa u,Uuy) = aw"’uxﬁw“‘”xxﬁwa
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then E(L) is identically zero. Generalise the result to arbitrary order
Lagrangians. Explain. Hint: can the integral f L dx change with variations
to u inside the domain? Hence show that if two Lagrangians L and L, differ
by a total derivative, then their Euler—Lagrange equations will be equal. In this
case we say L; and L, are equivalent; show this is indeed an equivalence
relation. Formulate a definition of the order of a Lagrangian that is well defined
on equivalence classes.

Exercises 7.1.4 and 7.1.7 give simple examples of how Euler-Lagrange
equations behave under changes of variable. The general result can be seen in
van Brunt (2004), Section 2.5, or Olver (1993), Theorem 4.8.

Exercise 7.1.4
(i) If L = L(f), ' (u)uy), show that
ET“(L) = E“(L) f'(w),

where E/®(L) means the Euler—Lagrange equation obtained by varying

f ).
(i) If L = L(uy, uy,) and w = u,, so that L = L(w, w, ), show that

d
E"(L)=——E"(L).
dx
More generally,’ show that if w = A(u) where A is a linear differential
operator, then
E"(L) = A*E"(L),
where A is the adjoint of A; see Definition 7.3.2.

If the Lagrangian depends on more than one dependent variable, then an
Euler-Lagrange system is obtained, one equation for each dependent variable.

Exercise 7.1.5 Generalise the above calculation in equation (7.1) to obtain
the Euler—Lagrange system for a Lagrangian depending on more than one
dependent variable, say u*, o =1, ..., g so that

Ldx = L(x,u®, uf,...)dx,
namely,

3 L doaL L
E“(L)=) (-1) G gt e=long 03
k

T This generalisation was pointed out to me by Peter Hydon.
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Hint: calculate
d
— 1| L[u® + ev¥]
de le=0

and note the v* are independent variations.

Multivariable variational problems arise in the study of mechanical systems.
Exercise 7.1.6 is the classic example.

Exercise 7.1.6 Even after all these years, still the best illustrative multivari-
able example is the two body problem with Newtonian gravity, also known
as Kepler’s problem. If the earth is at (x°(z), y°(¢), z°(r)) and the sun is at
(x*(r), ¥*(t), 2°(t)), then setting x = x® — x°, y = y* — y* and z = z° — 2%, the
Lagrangian is L dr where
L=3 2+ + 2)——k

=W Ty Ty 2+ y2+ )2
where k is a constant. Show that

kx

(24 y2 + 2232
and similarly for EY(L) and E*(L). First integrals of this system will be con-
structed in Exercise 7.2.7.

EX(L) = —Xy +

The point of the next exercise, 7.1.7, is to show that information is neither
lost nor gained by reparametrisation of the Lagrangian.

Exercise 7.1.7 Consider a Lagrangian L(x, u, uy, u,,)dx and change the
parametrisation of the sought curve from (x, u(x)) to (¢, x(¢), u(t)); noting
that dx = x, dr and

d _1d

dv — x dt’

we obtain

~ 1d ~
,C[u]:/de:,C[x,u]sz(x’u’ﬂ’__&>x,dt=/l,dt,
x; x; dt x;

where the last equality defines L. Show that
x, E*(L) + u, E“(L) = 0, (7.4)

where L is considered as having two dependent variables x and u both depend-
ing on t. Show further that

E"(L) = x, E"™(L)
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where the differential operators used to calculate E“® are powers of d/dt, and
the differential operators used to calculate E“*) are powers of d/dx. Note:
equation (7.4) is a simple example of Noether’s Second Theorem; for
Lagrangians invariant under an infinite dimensional group, in this case 7 = 7(t)
for an arbitrary smooth function t, the Euler—Lagrange equations satisfy a
differential identity.

Next, we need to consider variational problems with constraints. The main
results are as follows. If you seek a curve that minimises L[u] = f L dx
amongst those curves that satisfy also f G(x,u,uy,...)dx = A where Aisa
constant, then a necessary condition on the minimising curve (x, u(x)) is that
u(x) satisfies the system

E*(AL — AG) =0, / Gdx = A (7.5)

where Ag € {0, 1}, the constant A is called the Lagrange multiplier, and Xy and
A are not both zero. Problems where Ay = 0 are called abnormal; they occur
when the extremising curves also extremise | G dx. Such extremal curves are
called rigid extremals, see van Brunt (2004), Section 4.2.

The new parameter A, which is free in the differential equation, is evaluated
by calculating the integral constraint.

Exercise 7.1.8 Find the extremal of
Llu] = / u? dx
0

subject to #(0) = u,,(0) = 0, u(w) = u,,(r) = 0 and

T
/ w?dx = 1.
0

Hint: write the equations for the constants of integration in matrix form, and
consider the determinant of the matrix.

If the constraint is not an integral constraint, but must hold at each point of
the curve, so that G(x, u, uy, ...) = 0 for all x, then the result is as follows:
the necessary condition on the curve is that it satisfies the system

E"(A L — A(x)G) =0, G=0 (7.6)

where Ao € {0, 1}, the function A(x) is now a function also called the Lagrange
multiplier, and Ay and X are not both identically zero. See van Brunt (2004),
Section 6.2, for a discussion of the abnormal case where Ao = O.
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Remark 7.1.9 The function A may, in principle, be eliminated from the
system (7.6) using standard techniques from differential algebra to produce the
differential equation for u, but this will produce Euler-Lagrange equations that
are too high order. Any constants of integration that can be absorbed into the
Lagrange multiplier M(x) should be discarded as artefacts. This is because the
curve not only satisfies G = 0 but also cG = 0 for any constant ¢, and so forth.

The next exercise shows the need to absorb constants of integration for A to
obtain the correct Euler—Lagrange equations.

Exercise 7.1.10 Suppose a second order Lagrangian L(x, u, uy, u,,)dx is
given, and that we wish to reparametrise the problem to (s, x(s), u(s)) where s
is the Euclidean arc length, that is, where xf + uf =1, see Figure 7.1. Show
that the Euler-Lagrange equation E“*)(L) = 0 for L dx is equivalent to the
equation obtained by eliminating A(s) from the system

EX(L) =0, E")(L) =0, w4 x2=1,
where
Lds = [L(x, U, U /Xy, u”/x;‘)xs — )»(s)(xs2 + uf — 1)] ds.

The Lagrangian L ds is obtained by inserting into L dx not only dx = x, ds but

both u, = u,/x; and
_(1dY
Har = xg ds "

and then simplifying with respect to the constraint xf + uf =1, and its dif-
ferential consequence x,x; + usig, = 0. Hint: calculating 0 = x, EX®(L) +
us EY)(L) (see Exercise 7.1.7) yields
d d [ D4(L ss
0=2 + ( = (L)> n 3D4(L)u—3> ,
X X

ds ds 3 3

where D4(L) is the derivative of L with respect to its fourth argument. The
constant of integration can be absorbed into . Putting A into E"(”(Z) =0
yields —u; E““)(L) = 0 after simplifying with respect to u? + x> = 1 and its
differential consequences.

7.1.1 Results and non-results for Lagrangians
involving curvature

There are an amazing number of fallacious arguments and results appear-
ing in the literature, including textbooks published by reputable mathematical
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; e

Au

Figure 7.1 If s is Euclidean arc length, x> + u? = 1.

publishers, concerning Lagrangians involving Euclidean curvature and
Euclidean arc length. Since we will be considering these Lagrangians in some
depth, we take a moment to sort out the false from the true.

We recall that the Euclidean curvature of a curve (x, u(x)) is

Uxx

K = —(1 +u§)3/2

and in terms of a parametrised curve (x(¢), u()) it is

_ UnXy — XUy

=5 7.7
o7 D o

Lagrangians involving curvature typically set the curve parameter to be s which
is arc length; this is the parameter for which

2 2 _
x; +u; =1, (7.8)
see Figure 7.1. In this case, we have
K = Uss Xy — XgsUy = uss/xs = _-xss/us

since usugs + Xxsx5s = 0. Most importantly, we have

ds = /1 +u2 dx (7.9)

d 1 d

and equivalently,

—_—= 7.10
ds /1 + ui dx ( )
The most famous Lagrangian involving curvature is
2 uy

Since the Lagrangian involves u,, and is not a total derivative, the Euler—
Lagrange equation will be of order 4 in u (see Exercise 7.1.3), and hence will
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involve kg ; in particular, it is not ¥ = c¢. Even though straight lines, that is,
curves which satisfy k = 0, are indeed solutions, they are not the only ones.

Theorem 7.1.11 (Euler) The Euler-Lagrange equation for the variational
problem given in equation (7.11) is

Kes + 56 = 0. (7.12)

Remark 7.1.12 Solutions of equation (7.12) are called Euler’s elastica. Recent
applications are to the inpainting problem (Chan et al., 2002), draping of fabric
(Cerda et al., 2004), hot air balloon design, non-linear splines in numerical
analysis (Hoschek and Lasser 1993), and computer vision (Mumford 1994).

To see the fallacy in various results appearing in the literature that we discuss
below, it is vitally important to be convinced of Theorem 7.1.11.

Exercise 7.1.13 Prove Theorem 7.1.11.

Method 1 The result can be proved by direct calculation using the right hand
form of the Lagrangian in equation (7.11), with the standard Euler—Lagrange
operator, that is (7.2) with x as the independent variable, and then recasting
the result in terms of « and d/ds by back-substituting for u, vy, Uyxx and Uy,
in terms of kg, Kk, k&, u, and u (these last two factor out at the end). The
calculation is lengthy but can be achieved using computer algebra software.
Method 2 Another method is to include the constraint (7.8), and to consider
the Lagrangian

L =[f() = M)} +u; — D] ds,

where f(k) = f(uss/xs) = K. Calculating 0 = x; E"(Z) + uSE“(Z) yields
0 =21+ f(x) 4+ usd/ds (f,/x;) where the constant of integration has been
absorbed into A. Setting this into EX(Z) =0 or E”(Z) =0 and using both
K = Ugg /Xy = —Xg5/ug Will, with effort, yield the result.

Method 3 Prove equation (7.18) and confirm the details of the discussion
following.

Exercise 7.1.14 Show that the Euler—Lagrange equation with respect to the
dependent variable u for

Llu] = /(a + BrH)ds (7.13)
where o and 8 are constants, is
1
Ko 4~k — e =0, (7.14)

2 28
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slope is u,

Figure 7.2 The angle 6 = arctan(u, ) satisfies 6, = «, the Euclidean curvature of
the curve, if s is Euclidean arc length.

The fallacious arguments involve the following line of reasoning. Consider
0 = arctan(u, ), depicted in Figure 7.2. Then if s is the Euclidean arc length,

d9_ 1 Ury
ds /1+u§1+u§_

Since [ k?ds = [ 62 ds, and the Euler-Lagrange equation of the second ‘is
easily seen to be 6;; = 0, the extremal curves for f k% ds are claimed to be
k = 6, = ¢ where c is a constant. Thus, circles are taken to be the extremal
curves for this problem. However, it can be seen that k = ¢ is not a solution
of the actual Euler-Lagrange equation, (7.12), unless ¢ = 0. Further, 0, = 0
is only third order, not fourth, in u. Similarly, ‘spirals of Cornu’, satisfying
k = as + B, with o and 8 both constant, are incorrectly derived as extremals
of the variational problem,

/ (02 — A0)ds (7.15)

for a ‘beam that minimises bending energy, [ «2ds, subject to having fixed
amount of total angular change’, so that A is the constant Lagrange multiplier
for the integral constraint, f 6 ds = k for some constant k. In fact, the Euler—
Lagrange equation for (7.15) with respect to u is

Kgs + %K3 — A0k = 0.

It is readily seen that k = 6; = as + § is not a solution of the actual Euler—
Lagrange equation unless « = 8 = 0.

Since the method of substituting k = 6, and using s as a standard indepen-
dent variable gives the wrong answer, there must be a fallacy and the question
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is, where? A first look at the derivation reveals one problem, that it is 6, not
u, that is being varied. However, 6 is a function of u,, so varying with respect
to 6 and varying with respect to u should be equivalent in some sense, see
Exercise 7.1.4. This accounts for the order of the purported Euler—Lagrange
equation being too low. However, the real place where the above arguments
fail is that the constraint x> + u> = 1 on the parameter s has been ignored. The
constraint shows in equations (7.9) and (7.10), where one can see that there
are ‘hidden’ occurrences of u, in the Lagrangian 93 ds which will add extra
terms to an Euler-Lagrange equation. Incidentally, the constraint itself shows
that x = s cannot hold without u being identically constant; there is no way
to ‘pretend’ that s and x are in some way equivalent. Further, equation (7.10)
means one cannot pretend that s is equivalent to a free parameter 7, for which
d/dt is independent of u.

7.2 Group actions on Lagrangians and Noether’s
First Theorem

One of the most spectacularly useful and deep results of the Calculus of Vari-
ations is Noether’s Theorem. In fact, there are two theorems, one for finite
dimensional Lie group actions which leads to conservation laws, and one for
infinite dimensional pseudogroup actions, which leads to syzygies or differen-
tial relations, on the system of Euler—Lagrange equations. Noether proved the
results in their general form (Noether (1918); modern proofs with complete
formulae and a full discussion are given in Olver (1993), Section 4.4; also
Theorems 5.58 and 5.66.

The simplest version of the finite dimensional result is that if a Lagrangian
in one independent variable is invariant under a one parameter group action,
then the Euler-Lagrange system will have a first integral which can be written
down from knowledge of the infinitesimal group action alone.

Definition 7.2.1 If g - (x, u®) = (¥, u®) is a Lie group action, then for the
variational problem L[u“] = fab L(x,u®,u%,...)dx, we define

~ b ~ o~ o~ dx
g-ﬁ[u“]:ﬁ[u“]:/ L(Y,u“,uﬁ,ui‘x,...)adx,

where 1;7-; is the standard prolonged action on u% and

d d s 0 s 0
E_E+2a:”xauw+uxxaug+"'

is the total derivative operator.
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It can be seen that the transformation of Lagrangians involves not only that
of the function L but also that of dx; this is the reason why Lagrangians are
not functions but integrands. If a Lagrangian is invariant under a one parameter
group action with infinitesimals,

d d

— Y = — 70— HY . i —
de le=o™ 5 de le=o” o de le=o'K Pik)
then
d — o~ o~ dx
0=— L(x,u®, u,...)—
de le=0 dx
oL oL oL de
3x$+z8u°‘¢+3ufg¢[)‘]+ + dx

A standard argument, strongly reminiscent of the calculation of E(L) but
keeping track of the boundary terms performed earlier, (7.1), and using the
recurrence relations derived in Exercise 1.6.17 for the infinitesimals, proves
the following results.

Theorem 7.2.2 (Noether, simplest case) If the order one Lagrangian
L(x,u®, u%)dx is invariant under the induced one parameter group action
on (x, u®) with infinitesimals
d
de

where € is the group parameter, then

u® = ¢%(x, u), a=1,...,q

e:Ox - %_()C, u)’ EL:O

o o o d oL o A
oz;E (L)@ ‘”ﬁ”a(“*;au;{(‘ﬁ uxs)>. (7.16)

Hence a first integral of the Euler—Lagrange system {E“(L) = 0} is

aL
LE+) S - =k

o
X
where k is a constant.

Noether’s Theorem for higher order Lagrangians in the one dimensional case
is given in Exercise 7.2.8. Since these are identities for all curves (x, u(x)), if
u is a solution of E(L) = 0, the expression inside the total derivative must be
constant on that solution, and hence is a first integral of E(L) = 0. The power
of even these simplest cases of Noether’s Theorem can now be appreciated;
knowing only the infinitesimals, the first integral can be computed symbolically
with no effort at integration at all.
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Exercise 7.2.3 Consider the group action
X = exp(e)x + k, i = exp(2€)u

where € and k are the group parameters. Show the general form of a Lagrangian
invariant under this action is

L (0, Do, Do, ...) %dx,
u

where

Uy d
= —, D=Ju—.
7 Ju ﬁdx
By applying Noether’s Theorem for each independent parameter, find two first
integrals of E(L) = 0 where
i

Ldx = T

dx.

Hence show that solutions of E(L) =0 are of the form u(x) = (ax + ,3)4
where o and 8 are constants, without using any integration. Show that the
group action induces an action on the solution curves, that is, induces an action
on the constants of integration.

Exercise 7.2.4 Show that

exp(e)u

X =x, U=

sinh(€)u + exp(—e)

is a one parameter group action. Find the induced action on u,. Show that
uy/(u(u —2)) is an invariant, and thus write down the general form of a
Lagrangian which is invariant under the action.

Exercise 7.2.5 Show that if a Lagrangian is of first order and satisfies 0L /dx =
0, so that L dx = L(u, u,)dx, then an integral of E(L) = 0 is
oL

ouy

=k.

L —u,

Apply theresultto /1 4+ u2 dx. What is the result for a second order Lagrangian
satisfying the same condition? Hint: the Lagrangian is invariant under the action
X=x4+e,u=u.

Exercise 7.2.6 The brachistochrone is a curve which is extremal for the

variational problem
1 2\ 1/2
Llu] = / (ﬂ) dr.
u
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Show that the curve satisfies
u(l +u*) =k
where k is a constant. Using the substitution u#, = tan ¥ (x), show that
x = —k(§siny) +9) + ¢
u = k(1 + cos(2¥)),

where ¢ is a constant, and hence sketch the brachistochrone as a curve in the
(x, u) plane parametrised by .

Exercise 7.2.7 Consider the two body (Kepler’s) problem in Exercise 7.1.6.
Show that the Lagrangian is invariant under four different one parameter
actions, namely, translation in ¢, and rotations about the x-axis, the y-axis
and the z-axis. Applying Noether’s Theorem to each of the one parameter
actions in turn, show that the Euler—Lagrange system has four first integrals,

k
_ 1/.2 2 2
&= E(‘xt +yt +Zt)+ (.x2+y2+Z2)1/2
Vx = 2Vt — Y
Uy = XZt — IX;
Vg = YX¢ — XYt

where £ and the v; are constants. The first comes from translation in time and
is conservation of energy. The next three come from the rotation actions and
comprise conservation of angular momentum. Show that an extremal curve
t = (x(2), y(t), z(¢)) lies on a plane through the origin normal to (v,, vy, v,).
Show that the group action sends solutions of the Euler-Lagrange system to
solutions, and induces an action on the constant £ and on the vector (vy, vy, v;)
(in fact £ is invariant). By rotating the coordinates, we can assume the solution
lies on the plane z = 0, thatis, (v, vy, v;) = (0, 0, v). Write the reduced system
of equations, that is with z = 0, in terms of p = x* + y? and 6 = arctan(y/x)
and the constants k, £ and v. Hint: calculate p,, and use conservation of
energy to simplify. Note: the fact we obtain an autonomous ODE for the
rotation invariant p means that the ‘reduced’ Euler—Lagrange system still retains
two symmetries; one rotational symmetry as well as translation in time. The
other two rotational symmetries have been ‘normalised’ by selecting the plane
containing the solution.

Exercise 7.2.8 (Noether’s Theorem, higher order Lagrangians) Suppose
that the one dimensional but arbitrary order Lagrangian

L(-x9 us”xa’/lxxs "')d‘x
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is invariant under a one parameter group action induced by € - (x, u) = (X, u)
with infinitesimals

d X =&, u) d U= ¢(x,u)
de lemo™ — S0 de e = OV0H)
Show that
d© oL d"1=kQ
0=QEL)+— (L —1)* —
QE(L)+ ( s+n;k2;( D (dmu )(ww))
where Q = ¢ — u, & and
J— dm
U = 7 U

Hence deduce the first integral of E(L) = 0 given by the symmetry. By con-
sidering the group action to be translation in x, with infinitesimals ¢ = 0 and
& = 1, show that u, E"(L) is a total derivative when dL/dx = 0, specifically,

& oL
w E(L) = ( ZZ( Dk(dka )mk) (7.17)

m=1 k=0

Exercise 7.2.9 Use Exercise 7.2.8 to extend the result of Theorem 7.2.2 to nth
order Lagrangians with more than one dependent variable.

7.2.1 Moving frames and Noether’s Theorem, the appetizer

In this section, we explore Noether’s Theorem for the most famous Lagrangian
involving Euclidean curvature and arc length. We find, amazingly, that the
formulae for Noether’s first integrals calculate a representation of a frame.

Using the right hand form of the Lagrangian in equation (7.11), the three
first integrals of equation (7.12), obtained by evaluating the integral obtained
in Exercise 7.2.8 for the one parameter group actions corresponding to each
independent group parameter in turn, can be written in the form

1 Uy 0
V1+u? V1+u? 2
C1 u 1 —K
_ z 0 _
1)) \/1 T2 \/1 T2 22/<S (7.18)
R XUy — U Ul + x Kk

Vitui V4@

where the ¢; are the constants of integration. The first component comes from
translation in x, the second from translation in u and the third from rotation in
the (x, u) plane about the origin.
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Let us denote by B = B(x, u(x)) the 3 x 3 matrix appearing in equation
(7.18). Remarkably, B is equivariant with respect to the Euclidean action.
Further, using the invariant differential operator, d/ds, the matrix B’IB‘Y is
invariant, indeed, we have

—K

0 0
B 'B,=[« 0 0]. (7.19)
0 1 0

Differentiating equation (7.18) with respect to s, and using (7.19) to simplify,
yields another proof of Theorem 7.1.11, that is, extremal curves for (7.11)
satisfy equation (7.12).

Exercise 7.2.10 Show that the 3 x 3 matrix, denoted as B(x, u), appearing in
equation (7.18) is equivariant with respect to the standard action of SO(2) x R?
on curves on the plane. Indeed, show that

B(xcos® —usinf +a, xsinf +ucos6 + b)

cos —sinf 0
= sin cos 6 0] B(x,u)
asinf —bcos® bsinf +acosf 1

= R(Q, a, b)B(-x7 M),

where the last equation defines R(6, a, b). Show that (0, a, b) — R0, a, b) is
a matrix representation of SO(2) x R?. Compare it to the Adjoint representa-
tion obtained in Exercise 3.3.9. Show that if p is the frame for the standard
action of SO(2) x R? on curves in the plane, determined by the normalisation
equations ¥ = i = it = 0, then B = R(p)~". Since in this case the Ad rep-
resentation is faithful, the group action can be used to simplify the integration
problem.

There are several important consequences of the equivariance of the matrix
B. The first is that an explicit induced group action on the first integrals is
obtained. This result was known in infinitesimal form, see for example, Olver
(1993), page 341. The second important remark is that B is, by definition, a
frame for the Euclidean action on curves in the plane, since it is an equivariant
map from the space on which the group acts to (a matrix representation of)
the group. Thus the formula giving the first integrals via Noether’s Theorem
has calculated a frame without any input of moving frame theory. Indeed,
the invariants in equation (7.18) are historical while the formulae for the first
integrals are in the original coordinates; they are blind to any knowledge of the
invariants.
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If we regard « as known once we have solved the invariantised Euler—
Lagrange equation, the three components of equation (7.18) together with
sz + u% = 1 can be viewed as four equations for four unknowns, x, u, x; and
ug. In this particular case, it is possible to solve for u in terms of x, the ¢; and
« with a single integration, see Exercise 7.2.11.

Exercise 7.2.11 Consider the three components of equation (7.18) as three
equations for x, u and u, in terms of the ¢; and x. Show that

e+ ¢ =kt 4 4.

Relate this equation to a first integral of the Euler—Lagrange equation, «, +

%K3 = 0, and deduce there is an equation for the ¢; in terms of initial data
chosen for the Euler-Lagrange equation. Show further that # can be obtained

with a single integration by finding an algebraic consequence of the equations
that does not contain x, or u,. Hint: set x, = 1/,/1 + w2 and u; = u,/,/1 + u?

into the components of equation (7.18) together with xs2 + uf = 1 and eliminate
Ug, X.

Equation (7.18) and the results of Exercise 7.2.10 are not flukes, but rather
an example of a general result, see Theorem 7.4.1.

7.3 Calculating invariantised Euler-Lagrange
equations directly

In the following, we find the Euler-Lagrange equation of an invariant
Lagrangian such as (7.11) directly in terms of the invariants. This problem
was considered by Kogan and Olver (2003) using a variational tricomplex.
Here we show how the result can be achieved using the invariant calculus
developed in Chapters 4 and 5. We use computations that are the direct ana-
logues of those in the standard case and which explicitly include constraints
such as the parameter being arc length. While there will be a computational
advantage in high order cases to use the invariant calculus, the main advantage
is in understanding the form the Euler-Lagrange equation takes; the syzygies
between the invariants plays a significant role, as we shall see.

We saw earlier that given L[u] = f L dx, the two steps that calculate E(L) =
0 are

(i) calculate

de

L[u + €v]
=0

€

(ii) integrate by parts.
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In the simplest case of unconstrained invariant independent variables, there are
three steps to calculate E(L) = O directly in terms of the invariants:

(i) calculate an invariantised analogue of

d
— L[u + €v]
de le=0

(ii) apply a syzygy

(iii) integrate by parts.

If the independent variables are constrained, for example the curve parame-
ter is Euclidean arc length, or are not invariant, there are an additional two
preprocessing steps,

(i) reparametrise so that the independent variables are both invariant and
unconstrained, this means that the former independent variables are now
dependent variables,

(i1) include any constraints into the Lagrangian with a Lagrange multiplier. It
is also possible to include companion equations, which effectively fix the
parametrisation, as constraints; chosen with care, these can dramatically
simplify the calculations.

The companion equations need to be compatible in the sense that the system
comprising the resulting Euler—Lagrange system and the companion equa-
tions have the same solution set as the original Euler-Lagrange system. Just
as when we used this technique in Chapter 6, companion equations can
be used symbolically and need never actually be solved, nor do they need
to be realised in the original variables; only their invariantised forms are
needed.

Remark 7.3.1 Although the computations that follow can be adapted to non-
commuting invariant operators, reparametrisation ensures the resulting Euler—
Lagrange equations are differential equations employing standard derivative
operators.

In what follows, we will need to use the adjoint of the differential operators
defining the syzygies.

Definition 7.3.2 If A is the differential operator

d/Kl

A(f) = Agx—,
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where Ak are functions of the independent variables and K is the (multi)index
of differentiation, we define the adjoint of A, denoted by A*, to be

4K
A=Y =D (A ).
K
The adjoint operator satisfies

/fA(g)z /A*(f)g—i— B.Ts

where ‘B.T.s’ stands for boundary terms.

Exercise 7.3.3 Let P[u] = P(x, u, u,, ...) and define Dp to be the operator
such that

d
Dp(Q) = 2=

Plu + €0Q].
0

e=l

Show that E(P) = D’ (1).

7.3.1 The case of invariant, unconstrained independent variables

To begin with, assume we have a single invariant, unconstrained independent
variable x and a single dependent variable, u.
To obtain the invariantised analogue of

de

we introduce 7, a dummy invariant independent variable, and take a clue from
the observation that

d

de

Llu + ev],
=0

€

d
L = —
. [u + ev] I

Since both T = 7, and X = x, by construction and hypothesis, we have

D—d D—d dd—o (7.20)
T Ao’ T dx” |drdx | T ‘

Llu].

Ur=v

We take the moving frame with respect to the x derivatives of the dependent
variable only, and assume the frame is chosen so that there are only two
generating invariants, one ‘in the t direction’, I, = «(u,) and one in the x
direction (this requirement will be relaxed later),

o =u(ug)

where K is an index of differentiation in the independent variable x only. The
syzygy between o and I, can be written as

D.o =Hl (7.21)
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where H is an operator with coefficients that are functions of o and its deriva-
tives with respect to x.

The outline of the process of finding the Euler—Lagrange equations directly
in terms of the invariants is as follows. Since 7 is an introduced dummy variable,
the invariant Lagrangian will be a function of ¢ and its derivatives with respect
to x. Hence we have

d
— / L(x,o0,D,o0, 'D)ZCO', Lo)dx
dr

—/ 8L+ aLD—i— D.o dx
- do  9D,o i

dL dL aL
= — D D? .-+ ) HLdx + B.T.
/(80 9D | *9Dlo T >H2 + B

/H* oL _p Ok L p Ok Ldx + B.T
= — =D, more B.T.s
do 9D,0 *9D%o g

= /’H*E"(L)Izdx + the B.T.s

where ‘B.T.s’ stands for boundary terms and E°(L) is the Euler-Lagrange
operator applied to L treated as a function of ¢ and its x derivatives. To do the
calculation, we have used equation (7.20) in the first line, performed a first set
of integration by parts and then used equation (7.21) in the second, and finally
a second integration by parts in the third line, so that 7{* is the standard adjoint
of the operator H. We now note that I, has the factor u, (this follows from the
Replacement Theorem) which is the independent variation in the dependent
variable. It follows from the Fundamental Lemma of the Calculus of Variations
that the coefficient of I}’ must be zero,

H* 0L _p Ok +D? oL + =0 (7.22)
do *9D,o 9D N '

and thus this is the sought for invariantised Euler—Lagrange equation. We have
thus proved the following theorem.

Theorem 7.3.4 If L[u] = [ L(o, 0y, ...)dx is a variational problem for pla-
nar curves (x, u(x)) where o is the generating invariant of a group action on
curves such that X = x, then the Euler-Lagrange equation is

H*E°(L)=0 (7.23)
where H is the operator in the syzygy (7.21).

Example 7.3.5 For our first set of examples, we take our old friend the SL(2)
action,
au+b

_— ad —bc =1
cu+d

X =x, U=
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with the normalisation equations
=0, i, =1, e = 0.

The generating invariant is /;}, which we know is the Schwarzian derivative,
{u; x} and thus we set

2
o = Uxxx Euxx

u,  2ud’

As in the derivation above, we introduce the dummy independent variable ,
to obtain a new invariant I, = «(u;) = u./u,, with the syzygy,

D,0 = HL = (D} 4+ 20D, +0,) L. (7.24)
The adjoint of H is
H* = -D? — 20D, —0, = —H.
Following the calculation above for L(o, oy, . ..)dx the Euler-Lagrange equa-

tion is H*E?(L) = 0. Thus, for example, for L dx = o? dx, we obtain the
Euler-Lagrange equation

0=H*"(0)= —0ux — 200, — 0,0 = —Oyyx — 300;

which can also be verified directly. Note that since o is a third order invariant,
we expect the Euler—Lagrange equation to be of order 6, that is in terms of
Oxxx, and this we obtain. Further, we see that the terms in the Euler-Lagrange
equation that are additional to E° (L) come from the syzygy (7.24), as promised
earlier.

Exercise 7.3.6 Find the Euler-Lagrange equations for the Lagrangians o dx,
sz dx and xo? dx. Comment on the order of the Euler-Lagrange equation for
o dx. Hint: see Exercise 7.1.3.

It is not hard to see how to generalise the calculation to more than one
dependent variable. The new twist is that the syzygy (7.24) becomes a matrix
equation. Since t is a dummy variable used to effect the variation, the frame is
obtained with respect to the x derivatives of the dependent variables only. Thus,
if the generating x-derivative invariant of u“ is denoted o, and «(u7) = I3, for
a =1, ..., g, then the syzygy between the o, and the 5 can be written as

o1 Hiy Hi -+ Hig 1,
D |+ |= : : : ) (7.25)
q qu Hq2 T qu ]2q
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Example 7.3.7 Suppose we take the product SL(2) action on sets of pairs of
curves in the plane, (x, r(x), s(x)),

ar+b . as—+b
ot+d T es+d
with the normalisation equations, 7 = 0, 7y = 1, s = 1, so that the generators
with respect to the x derivatives are

ad —bc =1

X =x, ¥ =

X = L(rxx)a n= L(Sx)~

Set I; = i«(r;) and I = ((s;). Then the syzygies can be put in the form

o (%) _ D2+ 2n+ 5o + 2+ YD, -2 I
\n nDx + 20+ nx Dy—x -2\
where D, = d/dx. Following the line of calculation above, we obtain for the
Lagrangian, L dx = L(x, x, n, Xx, Nx, . ..) dx,

d
o | Ldr= /EX(L)DTX + E(L)D,ndx +B.Ts
T

= / [(D} + 20+ x: + 2+ Y)D)*EX(L)
+ Dy + 20+ nx) E"(D)] I

+[-2E*(L) + (D, — x —2)*E™(L)] I5 dx + B.T:s
so that the Euler—Lagrange system is, in matrix form,

o (Di+2=Q+ 0D —iDx =+ 20 +0x) (EX(L)
—2 —D, —x —2 E'L) )"

To generalise the calculation of the invariantised Euler-Lagrange system
to the general case of p invariant, unconstrained independent variables and ¢
dependent variables, one uses the syzygies between all the generating invariants
= L(u'}‘(‘i) fori =1,..., N and the «(u}), @ = 1, ..., g, as above, but now
the new twist is that there are additional generating syzygies between the
o;. These need to be included as constraints, each with its own Lagrange
multiplier function, in the Lagrangian: this last generalisation includes the case
of more than one generating invariant per dependent variable. We leave this
straightforward generalisation to the reader to explore.

7.3.2 The case of non-invariant independent variables

We next consider the case of non-invariant independent variables. Suppose we
have x = (xq, ..., x,), and x; # x; for at least one i. Introduce t = (11, ..., 1p)
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and reparametrise the surface described by (xi, ..., x,, ul(x), oo ui(x)) to
be given instead by

(ty ooty X1(8) oy X ()t (0), . ul (D).

Actually, only as many new parameters are needed as there are non-invariant x;.
We assume that#; = #; for all i in order to obtain invariant independent variables.
The main benefit is that the resulting differential equations will have derivative
operators in the d/9¢t; and thus can be treated by standard methods. Thus the
original independent variables become dependent variables. The twist is that
we may introduce ‘companion equations’ for the x;; these may be thought
of as fixing the parametrisation in some sense. They are chosen to simplify
the calculations but care must be taken to ensure no loss of solutions results.
The companion equations are then taken to be constraints on the reparametrised
Lagrangian. Just as when we integrated invariant ordinary differential equations
using this exact same mechanism in Chapter 6, we will not need to solve the
companion equations in order to solve the resulting Euler—Lagrange system,
nor will we need to know even what they look like in the original variables;
it is enough to show that the resulting solution set has the same dimension
solution space as the original Euler-Lagrange system. If companion equations
are not used, the Lagrangian will be invariant under a pseudogroup of coordinate
changes and then by Noether’s Second Theorem, the Euler—Lagrange equations
will not be independent but will satisfy a differential relation.

Example 7.3.8 We consider another old friend, the SL(2) action under which
the Chazy equation, equation (6.16), is invariant. Recall this action on (x, u(x))
is given by

b ~
F= P ecex+d) + (cx +dPu,  ad—be=1. (126)
cx +d
Set x = x(t), u = u(t), and introduce the dummy variable 7 so that
d d d d
D;,=—, D, =—, —, — | =0. 7.27
" dr T dx |:dt dt] (7.:27)

Taking the normalisation equations to be
X=0, =0, u, =1
we obtain generating 7-derivative invariants,
K:[1”1 = t(uy), 77=1f=t(xt)
t-derivative invariants,

I; = 1(x¢), 12u = t(u;)
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and syzygies

p(¥) = th—%n+KD,+/c, % L
"\ n nk + nD; D, —«k )

Suppose we have a Lagrangian that is invariant under the action in equation
(7.26). Taking n = 1 for the companion equation (a choice that needs to be
vindicated in the example at hand; particular Lagrangians may need a different
choice), we reparametrise and apply Theorem 4.4.9, the Replacement Theorem,
and obtain a variational problem of the form

Llk,n] = / [L(k, k7, ...) —A()(n — 1)] dr

where we have already used the equation n = 1 in the arguments of L, and
where A(t) is the Lagrange multiplier function. We now follow the calculation
above to obtain

Ll n) f LGk, ki -..) — 3(0)n — 1] dr
= / [E“(L)D:;k — AD;n] dt + B.T.s
= / [EX(L) (D} — 3 + D, — &) I + 115)

— A0 [(c + D) I} + (Dy — k) I7] dr + B.Tss

= / [(D} — 1 —«Dy) EX(L) + (A — k)] I}

+ [$E“(L) + kA + ] I dt 4+ more B.T.s

where we have already set 7 = 1 in the syzygy operator; it makes no difference
to the final result to do so at this stage. Since I’ and I are the independent
variations, the Euler—Lagrange equations are the coefficients of 7,' and I3 in the
final integrand. The two equations can be solved for A and X, and the equation
for A, can be written as

D?E*(L) — D, (k E*(L)) + k; E*(L) + 21, = 0.

We now note that 9L /9t = 0 since when a Lagrangian is reparametrised the
new independent variable never appears explicitly. Thus by the final result of
Exercise 7.2.8, equation (7.17), the term «,; E“(L) is a total derivative. Thus
we can integrate this last equation in order to eliminate the derivative on A;
the constant of integration is absorbed into X as an artefact, see Remark 7.1.9.
In this way, two equations for A are obtained, so A can be eliminated, and we
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obtain the invariantised Euler-Lagrange equation to be

m—1
dd oL
(D? —k* = 2) EX(L) — kL + & Z Z(—l)k (@W) kg =0
m=1 k=0 mn

where
dm
BT
Once «(¢) is known, the methods of Section 6.4.2 or Section 7.4 can be used to
obtain the extremals in terms of (x(¢), u(t)).

Km

7.3.3 The case of constrained independent variables
such as arc length

It can happen that the independent variable is invariant but nevertheless is
not a free parameter. This is the case for Euclidean arc length. These kinds
of problems can also treated by reparametrisation, and the inclusion of the
appropriate constraint in the Lagrangian.

The prototypical examples are Lagrangians for curves (x, #(x)) in the plane
which are invariant under the Euclidean group SE(2). We have that 5 = s
but that s is constrained, in the sense that s satisfies x> + u? = 1. Variational
problems with this Euclidean symmetry take the form,

Lx, u] =/L(/<, Ky, ...)ds.

Remark 7.3.9 We do not consider Lagrangians depending explicitly on the
parameter s. Any Lagrangian given initially in the (x, u, u,, . ..) coordinates
and rewritten in terms of x and ds will not depend explicitly on s. We note arc
length is an integral, not a differential, invariant.

If we take the normalisation equations
X=0, =0, u;, =0
the generating invariants are
o =1} = (uy), n =1 =uxy).

The replacement rule gives « = (I}, I} — I}, 1})/(I¥)*, and the arc length con-
straint becomes ;' = 1. Since here, DI} = I}, the curvature

k=1 =0 whenl{ = 1.
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Introducing the dummy independent variable T we obtain two new generating

invariants,
I = u(uy), Iy = u(x;)
and syzygies
K ILl
D = 2
() =)
where
2
p2—Tp (5) 25 B 0ip,
H= n n n? n n
_* D,
n

We consider the constrained Lagrangian,

,CZ/[L(K,KS,...)—)»(S)(Y]—1)] ds

Setting
dﬂ1

Km = dsm fes

the calculation of the invariant Euler-Lagrange system is as follows:

dm
D, L = /Z I dm k — A(s)Dyn

- /E”(L)DTK — A(s)Dyn + B.Ts

= / EX(L)[(D? — &%) I} + (ks + 2k D)) 15|

—Ms) [« I3 + Dy 15|+ B.Ts

= / [(D} — k*)EX(L) + &k Iy

(7.28)

(7.29)

+ [ksEX(L) — 2( E“(L)); + As] I} + more B.T.s,

where we have already set n = 1 in the operator H; it makes no difference
to the end result to do so at this stage. Thus the Euler—Lagrange system is, in

additionto n = 1,
0= (D? - kHE“(L) + kA,
0=K,E(L) —2[KE(L)] + A

(7.30)
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Since L does not depend explicitly on s, by equation (7.17) in Exercise 7.2.8,
ks E“(L) is a total derivative (setting « for u and s for x; the proof is unaffected
by the constraint on s). Hence we can integrate the second equation, absorb
the constant of integration into A as in the non-invariantised case, and then
eliminate A; see Exercise 7.1.7 and Remark 7.1.9. In this way we obtain the
differential equation for « that is equivalent to the Euler-Lagrange equation
with respect to u. The result after collecting terms is

m—1 k
(D2 + %) EX(L) +x [—L DHICH Sy Kmk] —0. (731)

m=1 k=0

Once k (s) is known, the methods of Chapter 6 can be used to obtain the extremal
curves in (x, u) space.

Exercise 7.3.10 Verify the following using both the formula (7.3 1) and directly;
the use of computer algebra is strongly recommended for the latter.

Lagrangian Euler—Lagrange equation

k2 ds 2css + k2 =0
KSZ ds —2K 555 — 2/(2/(” + chsz =0
KSZS ds 2K + 2/{4/{2 — 2K Kgk3 + KKSZS =0.

where k,, is the mth derivative of x with respect to s.

Exercise 7.3.11 If L ds = «,«? ds, show both E“(L) and E"(L) are identically
zero. Explain.

7.3.4 The ‘mumbo jumbo’-free rigid body

I have always been struck by the high level of jargon and the strange, awkward
and mystifying definitions, constructions and calculations that surround the
mathematical treatment of a rigid body. Here we show how the three steps
used above, namely, calculate the variation, apply a syzygy, and integrate by
parts, make calculating the Euler-Lagrange equations for a rigid body both
straightforward and painless.

It is always important, when studying a physical problem, to divide the
physics from the mathematics. The assumptions about the model, and the
derivation of the Lagrangian for the model, are physics. The rest is mathematics.
Suppose the rigid body is composed of particles of mass m, located at x,(¢).
The physics of any body made up of such particles, not subject to any forces,
is that the Lagrangian is given by

Ldt =" mg (%, %), dt (7.32)



7.3 Invariantised Euler—Lagrange equations 233

where x = dx/dr and (x, x) is the standard inner product. Implicit in this
Lagrangian is that the equations of motion will be invariant under translation
in time and space, because those actions leave the Lagrangian invariant. The
calculations that follow are greatly simplified if the origin of space time is set
to be such that

Z MyXy (0) = 0. (7.33)
This can be achieved by the constant translation,
1

%all) > Xol0) = 5= > MaXa(0).

Remark 7.3.12 If the body is viewed as continuous, the sum in equation (7.32)
can be replaced by an integral over the volume of the body, with m,, replaced by
p(x)dx, where p(x) is the density at x, but as this makes no essential difference
to what follows we consider the simpler finite sum.

If we take the dependent variables in L dt to be the components of the x,,
then the Euler—Lagrange equations give simply that X, = 0. But these are not
the equations for a rigid body! For a rigid body, and this defines ‘rigid body’,
we have

X (1) = g(1)xe(0) + a(r) (7.34)

where g(¢) is a path in SO(3) and a(¢) a path in R?, and both g(¢) and a(¢) are
the same for all particles. The Euler—Lagrange equations for a rigid body are
those obtained by considering the parameters of g and a to be the dependent
variables in the Lagrangian.

We now note that the inner product (x, X) can be written, considering X to
be a column vector, as

(x,X) = x x = trace (XXT) .

The right hand form is the most convenient for the mathematics. Using it, the
Lagrangian is written as

Ldt = Z Imgtrace (x,x7) dr. (7.35)

Setting equation (7.34) into (7.35), we obtain

L = trace (gu) [Z maxa(O)xa(O)T} g‘(t)T) + (a(n), a(0)

where we have used equation (7.33) to eliminate two terms. Denote by

M =" maX, (0)x(0)"
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the 3 x 3 matrix appearing in the Lagrangian; we have both M’ = M and
dM/dt = 0. This is not quite the classical ‘inertia tensor’ but it is the matrix
that appears naturally so we stick with it.

The only time dependent variables now appearing in the Lagrangian are the
group parameters appearing in g and a, and these are the dependent variables
of the dynamical problem.

The Euler-Lagrange system for the the vector a(¢) is trivially seen to be a =
0, so a(t) = ra; + ag where a; are constant vectors. The more interesting task
is to obtain the Euler—-Lagrange system for g(¢). We first note that trace(A) =
trace(B~' AB) and hence setting A = g 'gand noting that for g € SO(3) we
have g7 = ¢~! and hence A" = — A, we obtain

Llg]l=— / trace (AM.A) dr. (7.36)

We now have a Lagrangian that is invariant for the action of G = SO(3) on
itself given by left multiplication, since for the constantelement 7 € G, we have
g '¢ = (hg)"'d(hg)/dr. The components of A are the differential invariants
of the group action. We now seek the Euler—Lagrange system directly in terms
of these invariants.

Let € be the dummy variable used to calculate the variation. Setting B =
g ' g, we have that

d d
&Az EB-’_[A’ B]

where the last summand is the standard matrix Lie bracket. This gives us the
syzygy we need to employ the methods developed above. We then have,

d d d
L= —/trace <£AMA+ AM£A>

_ / trace ((%B A B]) MA + AM (%B +IA, B]))

— / trace (B [—M%A—f— MA? — %AM — AZM]> dr
+B.Ts

where we have used trace(A B) = trace(B A) for any square matrices A and B

and
dA d trace(A)
trace| — | = ——.
dr dr

A simple calculation shows the following.

Lemma 7.3.13 If B and X are 3 x 3 matrices, and trace(BX) = 0 for all skew
symmetric matrices B, then X is symmetric, X r=X.
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Applying the Lemma and noting M” = M and A" = — A, we conclude
that

d d
“M—A+ MA = —AM - A2M =0
dr dr

is the desired Euler—Lagrange system for .A. We can simplify the equation by
noting that since M is symmetric, we can write it in the form

A0 0
M=UTAU, A=|0 x 0], U e SO0Q3)
0 0 X

where U is the matrix whose columns are the orthonormal eigenvectors of M.
Setting A = U” AU we have then

d . Lod .
AL A+ AL — AN - LA =0, (7.37)

Finally we note that since A is skew symmetric, we have

0 K; —K,
A=|-K; 0 K,
K, —-K; 0

and we can write the Euler—Lagrange equations in terms of the K; and the
eigenvalues A; by considering the components of equation (7.37). To obtain the
classical free rigid body equations, however, we need to convert from M to the
classical inertia tensor 7; the relationship of 7 to M is

1 0 0
T=x[0 1 0] =M, x=D mu(x(0),%(0).
0 0 1 @

Thus, J and M are both diagonalised by the same matrix U and the eigenvalues
of J, usually denoted as I;, I and I, are related to the A; by

Ij:)(—)»j, XZ)\.1+)\.2+)\.3.

Thus (K, K>, K3)is indeed what is known as ‘the angular velocity of the body’
and the equations we obtain are the classical ones,

dK I; — 1

1_ b 2K2K3
dr I
dK I —1

2 _ 4 3K1K3
dr I,
dK L —1
2 _ 2 kK.

dr - Iz
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Once A has been obtained, the rotational motion of the body, given by g(z),
is obtained by integrating g~'¢ = A, that is,

§=Ag

for g. Integration methods that guarantee the numerical solution g is an element
of SO(3) are available, see Celledoni ef al. (2008).

It is clear that aspects of the method above apply to Lagrangians that are
functions of g~'g, for any Lie group; we leave the investigation of these as an
open problem.

7.4 Moving frames and Noether’s Theorem, the main course

In Section 7.2.1, we saw that the first integrals of a particular Lagrangian
invariant under a Euclidean group, as obtained using Noether’s Theorem, could
be written using the inverse of a matrix representation of a frame, and a vector
of invariants. In this section, we give a general formula for the vector of
invariants and prove that the particular matrix representation is always the
Adjoint representation, discussed in Section 3.3.

The theorem is important because it reveals the structure of the first inte-
grals, in terms of how the surfaces that correspond to them are arranged into
equivalence classes under the group action.

Theorem 7.4.1 Suppose we have a frame p for the action G x M — M,
where M = JV((x, u®)) and x is invariant, such that the generating invari-
ants are k%, one for each dependent variable.' Let the invariant Lagrangian
J L(x*, k%, ...)dx be given. Introduce the dummy variable t to effect the
variation, and suppose that

d o o d o o
g Ldr= > EU(L)IS dx + o LXJ: IZJC,} , (7.38)

for some expressions C in the invariants, is obtained after integration by parts;
here Iy = «(uy), J is an index with respect to the x variable only, I3, = 1(u},).
Note that equation (7.38) defines the vector C* = (CY). Let (ay, ay, .. ., a,) be
coordinates of G about the identity e and let v;, i = 1,...,r be the corre-
sponding infinitesimal vector fields. Let Ad be the Adjoint representation of G
with respect to these vector fields. Denote the matrices of infinitesimals, one

T This requirement will be relaxed later.
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for each dependent variable, as
uj

0

Baj e

a

g-uy

and set Q¥(I) = p - Q to be the componentwise invariantisation of Q. Then
the r first integrals obtained via Noether’s Theorem can be written in vector
form as

Ad(p)™' Y QC =c.

Proof The key idea is to conflate the dummy variable ¢ with a group parameter
a;, say. The first implication is that since the Lagrangian is invariant, the right
hand side of equation (7.38) is identically zero; this follows from differentiating
both sides of g - L dx = L dx with respect to a;. Thus on solutions of the Euler—
Lagrange equations E“(L) = 0, we have that

ci=y I$C (7.39)
o,J

where c¢; is a constant. The remainder of the proof consists in expressing the
I3, in terms of the infinitesimals relevant to the group parameter a;.

We first consider the case of a single dependent variable, and show how to
generalise to more than one #* at the end of the proof.

First note that applying Ad(g) to

d a
a - ;MZKBMK

at g = p yields

(7.40)

frame

o(u, uy,...)
Second, since ¢ is identified with a group parameter a;, the derivative term u, g
is identified with the infinitesimal ¢; x (taking ¢ = 0), so that (u; u,, ---)isthe
ith row in the matrix of (uninvariantised) infinitesimals for u, which is (z),
where z = (u, u,, ...). Thus, equation (7.40) can be written as

a7\’
(I Iip---) = Q(2) <8_z)

0, i, .. )\
(12112--~>=(u,ux,--~><(“” ))

(7.41)

,
frame
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where €2; is the ith row of €2. Next we use equation (3.46), which is the matrix
form of what is essentially the definition of the Adjoint representation .Ad, and
which we repeat here for convenience,

3\’
Ad(g)Q(z) = Q) <3—Z> : (7.42)
Rearranging equation (7.42) and setting g to be the frame p yields

97\"
Q(z) <3_Z>
Thus for t = a; we have
(I Ip--+) = (Ad(p)~'D)), .
Inserting this last into equation (7.39) and writing ¢ = (c; ¢ --- ¢,)7 yields

c=Ad(p)~'Q)C.

= Ad(p)~'Q).

p

If there is more than one dependent variable, so that u = (u', u, ..., u?), the
proof above goes through setting €2 to be the concatenated matrix

Q=(Q'Q* .. Q),

C to be the concatenated vector,

Cl
C2
C = ,
C‘I
and z tobe (z', 22, ..., z9) where z* = (u®, ug,...). O

Example 7.4.2 For the action of SL(2) on (x, u(x)) given by
au +b
cu+d’
with normalisation equations u = 1., = 0, 1z, = 1, the generating invariant
iS t(uxyy) = {u; x}, the Schwarzian derivative. For Lagrangians of the form
[ L(o, 0, ...)dx where o = {u; x}, the result is

ad —bc =1

X =ux, U=

82
—E°(L E°(L
a? —ac —c? ax2 (8) +oEN(L)
¢c=|—-2ab ad+bc 2cd —28—E"(L) (7.43)
X

—b? bd d?

frame

Adlg! —2E°(L)
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where recall the frame is

1 u Uy
Nz N TR
The first row yields the first integral with respect to the translation parameter
b, the second yields that with respect to the scaling parameter a and the third is
with respect to the projective parameter c. Thus, the precise form of the Adjoint
representation in (7.43) is with respect to the basis v;, v,, V. in that order and
hence this is the order that needs to be taken in calculating the rows of the
invariantised infinitesimal matrix. The details of the calculation for the vector
of invariants, as given by Theorem 7.4.1 for the Lagrangian L(o, oy, 0y,)dx,
are as follows. The invariantised infinitesimal matrix needed is

ad — bc = 1.

u ux uxx M.XXX uXXX.X

b (1 0 0 0 0
QUI)Y=al 0 2 0 20 20y
c\0 0 =2 0 —80

With
Ly =uux...x )
——
|J| terms

the boundary terms coming from the integration by parts process after perform-
ing the variational derivative on the Lagrangian is,

B.Ts = Z 1,,C;
J

where
d2
d oL d JL oL
Lo | ——E°(L) - - — o — 0
dx doy dx do,, 00y
- oL
C = 1112 E (L) —4 o s
00, %
I oL d oL
Hi2 0o, dx do,,
I oL
11112 0.t

and all other C,; being zero. It can be seen that 2(/)C yields the vector of
invariants above.
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The next exercise is the analogue of Exercise 7.2.11 for the above Example.

Exercise 7.4.3 Consider equation (7.43) as three equations for u, u, and u,, by
considering ¢ to be known once the Euler-Lagrange equation is solved. Show
that there is an equation relating the ¢; to a first integral of the Euler—-Lagrange
equation. Indeed, if the vector of invariants is written as (1, I, )T, show that

45 15 + 122 =dcic; + c%.

Show that to obtain u, it is necessary to integrate only a first order Ricatti
equation where the only non-constant coefficient can be incorporated into the
independent variable, specifically,

Lu, = —clu2 + cou + c3.

Exercise 7.4.4 Consider the one parameter group action,

by cosho sinho X
o - = .
y sinha cosha y
in the plane. Show that the infinitesimal vector field is v = yd, + x9, and that
the adjoint action Ad(a)(v) = v for all «. Conclude that the first integral of

the Euler—Lagrange equations of any Lagrangian for curves (x(¢), y(¢)) in the
plane,

/L(t,x,y,fc,y',...)dt

invariant under this action is itself invariant. Verify the result on an example.

Further results appear in Gongalves and Mansfield (2009). It is not hard
to see how to generalise Theorem 7.4.1. If there is more than one generating
invariant per dependent variable, then any syzygies between them need to be
incorporated into the Lagrangian as constraints, each with its own Lagrange
multiplier. Similarly, if there is an arc length constraint, or acompanion equation
is used following reparametrisation, then these need to be incorporated in the
same way. The Lagrange multipliers will appear in C and need to be eliminated
using (first integrals of) the Euler—Lagrange equations.

Finally, we note that we do not give a formula for the boundary terms
appearing in equation (7.38) in terms of the generating invariants, leaving this
part to be achieved by symbolic computation. Converting the methods given
here to code that can take as input Lagrangians that are polynomial (say) in
their arguments is straightforward, once the symbolic differentiation formulae
have been coded.



References

Ablowitz, M. J. and Clarkson, P. A. (1991). Solitons, Nonlinear Evolution Equations
and Inverse Scattering, London Mathematical Society Lecture Note Series 149.
Cambridge: Cambridge University Press.

Akivis, M. A. and Rosenfeld, B. A. (1993). Elie Cartan (1869—1951), Translations
Mathematical Monographs, 123. Providence, RI: American Mathematical Society.

Bluman, G. W. and Cole, J. D. (1974). Similarity Methods for Differential Equations,
Applied Mathematical Sciences, 13. New York: Springer.

Bluman, G. W. and Kumei, S. (1989). Symmetries and Differential Equations, Applied
Mathematical Sciences, 81. New York: Springer.

Boutin, M. (2002). On orbit dimensions under a simultaneous Lie group action on n
copies of a manifold, J. Lie Theory, 12, 191-203.

Boutin, M. (2003). Polygon recognition and symmetry detection, Found. Comput. Math.,
3,227-271.

Brown, R. E. (1993). A Topological Introduction to Nonlinear Analysis. Boston, MA:
Birkhauser.

van Brunt, B. (2004). The Calculus of Variations. New York: Springer.

Cantwell, B. J. (2002). Introduction to Similarity Analysis, Cambridge Texts in Applied
Mathematics. Cambridge: Cambridge University Press.

Carminati, J. and Vu, K. (2000). Symbolic computation and differential equations: Lie
symmetries, J. Symbolic Comput., 29, 95-116.

Cartan, E. (1953). Ocuvres Compleétes. Paris: Gauthier—Villars.

Cerda, E., Mahadevan, L. and Pasini, J. M. (2004). The elements of draping, Proc. Natl.
Acad. Sci., 101, 1806-1810.

Celledoni, E., Fasso, F., Saefsroem, S. and Zanna, A. (2008). The exact computation of
the free rigid body motion and its use in splitting methods, SIAM J. Sci. Comput.,
30 (4), 2084-2112.

Chan, T., Kang, S. H. and Shen, J. (2002). Euler’s elastica and curvature based inpaint-
ings, SIAM J. Appl. Math., 63 (2), 564-592.

Cheh, J., Olver, P. J. and Pohjanpelto, J. (2005). Maurer—Cartan equations for Lie
symmetry pseudo-groups of differential equations, J. Math. Phys., 46 (2) 023504.

Choquet-Bruhat, Y. and DeWitt-Morette, C., with Dillard-Bleick, M. (1982). Analysis,
Manifolds and Physics. Amsterdam: North-Holland.

241



242 References

Clarkson, P. A. and Mansfield, E. L. (1993). Symmetry reductions and exact solutions
of a class of nonlinear heat equations, Physica D, 70, 230-288.

Clarkson, P. A. and Olver, P.J. (1996). Symmetry and the Chazy equation, J. Differential
Equations, 124 (1), 225-246.

Courant, R. and Hilbert, D. (1953). Methods of Mathematical Physics. New York: Wiley.

Fassler, A. and Stiefel, E. (1992). Group Theoretical Methods and their Applications,
translated by B. D. Wang. Boston, MA: Birkhauser.

Fels, M. and Olver, P. J. (1998). Moving coframes I, Acta Appl. Math., 51, 161-213.

Fels, M. and Olver, P. J. (1999). Moving coframes II, Acta Appl. Math., 55, 127-208.

de Graaf, W. A. (2000). Lie Algebras: Theory and Algorithms, North-Holland Mathe-
matical Library, 56. Amsterdam: Elsevier.

Gilmore, R. (1974). Lie Groups, Lie Algebras and Some of their Applications, New
York: Wiley. Reprinted by Dover Publications, Mineola, New York, 2002.

Gongalves, T. M. N. and Mansfield, E. L. (2009). Moving frames and Noether’s theorem.

Hirsch, M. W. (1976). Differential Topology. New York: Springer.

Hoschek, J. and Lasser, D. (1993). Fundamentals of Computer-Aided Geometric Design,
translated by L. L. Schumaker. Natick, MA: AK Peters.

Hubert, E. (2000). Factorization free decomposition algorithms in differential algebra,
J. Symbolic Comput., 29 (4-5), 641-662.

Hubert, E. (2005). Differential algebra for derivations with nontrivial commutation
rules, J. Pure Appl. Algebra, 200 (1-2), 163—-190.

Hubert, E. (2009a). Differential invariants of a Lie group action: syzygies on a generating
set, J. Symbolic Comput., 44 (4), 382-416.

Hubert, E. (2009b). Generation properties of Maurer—Cartan invariants. Preprint
[hal:inria-00194528]

Hubert, E. and Kogan, I. A. (2007a). Smooth and algebraic invariants of a group action.
Local and global constructions, Foundations Comput. Math., 7 (4), 345-383.
Hubert, E. and Kogan I. A. (2007b). Rational invariants of a group action. Construction

and rewriting, J. Symbolic Comput., 42 (1-2), 203-217.

Hydon, P. H. (2000). Symmetry Methods for Differential Equations: a Beginner Guide,
Cambridge Texts in Applied Mathematics. Cambridge: Cambridge University
Press.

Ibragimov, N. H. (1992). Group analysis of ordinary differential equations and the
invariance principle in mathematical physics, Russian Math. Surveys, 47, 89-156.

Ibragimov, N. H. (ed.) (1996). CRC Handbook of Lie Group Analysis of Differential
Equations, Volume 3, New Trends in Theoretical Developments and Computational
Methods. Boca Raton, FL: CRC Press.

Iserles, A., Munthe-Kaas, H., Ngrsett, S. P. and Zanna, A. (2000). Lie-group methods,
Acta Numerica, 9, 215-365.

Kogan, I. A. (2000a). Inductive construction of moving frames. In The Geometrical
Study of Differential Equations (Washington, DC, 2000), Contemporary Mathe-
matics, 285, pp. 157-170. Providence, RI: American Mathematical Society.

Kogan, I. A. (2000b). Inductive Approach to Cartan’s Moving Frame Method with
Applications to Classical Invariant Theory. PhD Thesis, University of Minnesota.

Kogan, I. A. and Olver, P.J. (2003). Invariant Euler—Lagrange equations and the invariant
variational bicomplex, Acta Appl. Math., 76, 137-193.

MacCluer, C. R. (2005). Calculus of Variations: Mechanics, Control and Other Appli-
cations. Englewood Cliffs, NJ: Pearson Prentice Hall.



References 243

Mansfield, E. L. (2001). Algorithms for symmetric differential systems, Foundations
Comput. Math., 1, 335-383.

Mansfield, E. L. and van der Kamp, P. (2006). Evolution of curvature invariants and
lifting integrability, J. Geometry Phys., 56, 1294-1325.

Mari Beffa, G. (2004). Poisson brackets associated to invariant evolutions of Riemannian
curves, Pacific J. Math., 215 (2), 357-380.

Mari Beffa, G. (2007). On completely integrable geometric evolutions of curves of
Lagrangian planes, Proc. R. Soc. Edinburgh A, Math., 137, 111-131.

Mari Beffa, G. (2008a). Hamiltonian evolutions of curves in classical affine geometries,
Physica D, 238, 100-115.

Mari Befta G. (2008b). Projective-type differential invariants and geometric curve evo-
lutions of KdV-type in flat homogeneous manifolds, Ann. I’Institut Fourier, 58 (4),
1295-1335.

Mumford, D. (1994). Elastica and computer vision. In Algebraic Geometry and Its
Applications, ed. C. L. Bajaj, pp. 491-506. New York: Springer.

Munkres, J. R. (1975). Topology: a First Course. Englewood Cliffs, NJ: Prentice-Hall.

Noether, E. (1918). Invariante Variationsprobleme. Nachr. Ges. Wiss. Goettingen, Math.-
Phys. KI.,235-257. An english translation is available at
arXiv:physics/0503066vl [physics.hist-ph]

Olver, P. J. (1993). Applications of Lie Groups to Differential Equations, second edition.
New York: Springer.

Olver, P. J. (1995). Equivalence, Invariants, and Symmetry. Cambridge: Cambridge
University Press.

Olver, P. J. (2000). Moving frames and singularities of prolonged group actions, Selecta
Math., 6,41-71.

Olver, P. J. (2001a). Joint invariant signatures, Found. Comput. Math., 1, 3-67.

Olver, P. J. (2001b). Geometric foundations of numerical algorithms and symmetry,
Applicable Algebra Eng. Commun. Comput., 11, 417-436.

Olver, P. J. and Pohjanpelto, J. (2008). Moving frames for Lie pseudo-groups, Can. J.
Math., 60(6), 1336-1386.

Ovsiannikov, L. V. (1982). Group Analysis of Differential Equations, translated by
W. F. Ames. New York: Academic Press.

Saunders, D. J. (1989). The Geometry of Jet Bundles. Cambridge: Cambridge University
Press.

Stephani, H. (1989). Differential Equations, their Solution using Symmetries, ed.
M. MacCallum. Cambridge: Cambridge University Press.

Shemyakova, E. and Mansfield, E. L. (2008). Moving frames for Laplace invariants.
In Proceedings of International Symposium of Symbolic and Algebraic Computa-
tion, Linz, Austria, 2008, ed. D. Jeffrey, pp. 295-302. New York: Association of
Computing Machinery.

Tapp, K. (2005). Matrix Groups for Undergraduates, Student Mathematical Library, 29.
Providence, RI: American Mathematical Society.

Tresse, A. (1894). Sur les invariants différentiels des groupes continus de transforma-
tions, Acta Math., 18.

Whittaker, E. T. and Watson, G. N. (1952). A Course in Modern Analysis, fourth edition.
Cambridge: Cambridge University Press.



Index

Ablowitz, M.J., 184, 197
action
adjoint, conjugation, 21, 72
effective, 35
equivalence, 21
free, 35
gauge, 25
infinitesimal, 39, 71
infinitesimal prolonged, 43
invariant, 25
left and right, * and e, 19
local Lie group, 19
locally effective on subsets, 35
locally free, 35
notation g - z, Z, F(z, g), 20
product, 25
prolonged, 27
regular, 35
singular, 126
SL(2), planar, 22
Ad, Adjoint action, 88
ad, adjoint representation, 89
Ad, Adjoint representation, 108
Adjoint action
matrix groups, 94
transformation groups, 106
adjoint action
transformation groups, 113
Anderson, 1., 149
associative law, 14
atlas, 52

binormal vector, 169
Bluman, G. W, 44, 46

Boutin, M., 35
Brown, R. E., 65
van Brunt, B., 206

canonical coordinates, 84, 194
Cantwell, B. J., 44, 192
Carminati, J., 46
ChanT., 3
chart, 52

centred at g, 52
Chazy equation, 197
Cheh, J., 11
X(M), 71
Xr(M), 71,95
Choquet-Bruhat, Y., 165
C®(M,RM), 24
Clarkson, P. A., 184, 187, 197
closure property, 14
Cole, J. D, 44
companion equation, 190
coordinate map, 52
correction matrix, 134
correction terms, Mg o 133
Courant, R., 206
cross section, /C, 37, 115
curvature flow equations, 182
curvature matrix, 9, 162

Darboux integrability, 150
determinant, det, 16
DeWitt-Morette, C., 165
Df, Jacobian map, 61

D;, 29

D, 133

244



Index 245

equi-affine arc length, 183 symplectic, 33
equivalence problem, 114 transformation, 17
Euclidean curvature, 129, 169,
213 Hereman, W., 46
Euler-Lagrange operator, 207 Hilbert, D., 206
Euler’s elastica, 3, 214 Hirsch, M., 63
exponential map on 7,G, 68 Hubert, E., x, xi, 126, 159, 160, 168
exp(tA), matrix case, 69 Hydon, P. E., 44
exp(tv), analytic case, 66
exp(v), 69 Z, algebra of invariants, 154
Ibragimov, N. H., 46, 189
Fels, M., 7 I, identity matrix, 16
Field, M. J. x infilling problem, 1
flow equation, 65 infinitesimal, 42, 70, 188
flowline, 63 action, 39, 71
foliation, 33 criterion, 41, 188
foliation chart, 84 vector, 43
frame, see moving frame vector field, 39, 71
f-related, of vector fields, 79 integrability, of a plane field, 83
integral curve, 63
gl(n,F), 16 integral element, 82, 84
gl(n), 88 interchange map, 52
al(V), 16 invariance, infinitesimal criterion, 41
Gilmore, R., 72 invariant, 25
Gongalves, T. M. N., 240 differential, 29
de Graaf, W. A., 165, 202 edge, &, 158
group generators, 154
commutative, 14 joint, 25, 148
definition, 14 N-point, 25, 148
discrete subgroup, 35 relative, 187
isomorphism, 15 Schwarzian, 28
isotropy, 34 zeroth, 158
Lie, 14 invariantisation, 131
Lie, formal definition, 53 invariantisation map, ¢, 7, I, 128
Lie, solvable, 146 invariantised differential operators, D;, 133
Lie, working definition, 17 invariantised jet coordinates, I§, ((u%), 130
local Lie transformation, 18 involution, of a plane field, 83
matrix, 15 involution, of vector fields, 82
matrix, upper triangular, 147 Iserles, A., 202
one parameter Lie subgroup, 37
orbit, 33 Jacobi identity, 79
orthogonal, 16 Jacobian, 30, 61
presentation, 19 of a vector field, 75
representation, 19 of the flow map, 74
semi-direct product, 23 J, J(X x U), jet space, 28
special affine, 23, 146
special Euclidian, 23 KC, cross section, 37, 115
special linear, 16 van der Kamp, P., 5, 163, 167, 183, 184
special orthogonal, 16 Kang, S. H., 3
special unitary, 17 Kepler’s problem, 210, 219

symmetry, 187 Kogan, L., x 126, 140, 222



246

Korteweg—de Vries equation, 180, 182

Kumei, S., 44, 46

Lagrange multiplier, 211
Lagrangian, 207
equivalence, 209
one dimensional, 207
order, 207, 209
reparametrisation, 210
Lagrangian subspace, 33
Lamé equation, 198
leaf, 33
Lie algebra
definition, 88
faithful representation, 89, 95
homomorphism, 89
isomorphism, 89
representation, 89
solvable, 146
Lie bracket
inT,G, 87
of vector fields, 75
Liouville’s equation, 149
Lorentz group, 14

MacCluer, C. R., 206, 207
M}'éj, 133
manifold, 53

Mansfield, E. L., xi, 5, 11, 163, 167, 183, 184,

240

Mari Beffa, G., 5, 175, 179, 184
matrix

Hermitian, 16

GL(n), 16

M, (), 16

symmetric, 16

transpose, 16
Maurer—Cartan form, 165
moving frame

definition, 116

matrix form, 119

minimal, 155

of Cartan, for SE(2), 121

parameter form, 119

relative to IC, 115
Mumford, D., 214
Munkres, J. R., 63
Munthe-Kaas, H., 202

non-linear Schrodinger equation, 183
normal frame, 174

Index

normal vector, 169
normalisation equations, 117
Norsett, S., 202

0(4), orthogonal group, 93
O(n), orthogonal group, 16
0(4), 93

Olver, P. J., 7, 11, 35, 44, 46, 126, 187, 188,

197,221,222
operator, total differentiation, 29
orbit, 33
orbit, O(z), 33
Ovsiannikov, L. V., 35, 44, 97

path
equivalence class, [y], 56
equivalence class, in 7, 70
smooth, with basepoint, 55
% i infinitesimal, 42
Pohjanpelto, J., 11
pseudorotation, 13

Q, curvature matrix, 162

p, moving frame map, 115
rigid extremals, 211

SA(2), 146
Sawada—Kotera equation, 184
Schwarzian derivative, 28, 195,
226
Schwarzian KdV equation, 182
Serret—Frenet equations, 170
Serret—Frenet frame, classical, 171
Shemyakova, E., 11
Shen, J., 3
©, matrix representation of frame,
161
signature curve, 180
SL(n), special linear group, 16
sl(n), 88
S O(n), special orthogonal group, 16
so(n), 88
Sp(2), symplectic group, 92
Sp(n), symplectic group, 33
s5p(2), 92
spirals of Cornu, 215
Stephani, H., 44, 187
Stowe, D, x, xi,
SU (n), special unitary group,
17



symmetry, 12
symmetry group, 187
solvable, 199

syzygy, 159

tangent map
in coordinates, 61
T.f, Tf,57

tangent space
T,G, 57

tangent space T M, 62

Tapp, K., 72

theorem
Ado, 95, 165, 202
Arzela—Ascoli, 65
Euler, 214
EUSODE, 65
Frobenius, 84, 194
Lie’s first, 104
Lie’s second, 96
Lie’s third, 97
Morse-Sard, 125
Noether, 217
Noether’s first, 219
Noether’s second, 211
Replacement, 131
Schwarz, 195
Tresse, 154

torsion, of a curve, 169

total differentiation operator, 29, 216

Index

transversality, 35
two body problem, 210, 219

u%,29
U(n), unitary group, 59
u(n), unitary Lie algebra, 59

V, vector field, 60, 63
Vg, infinitesimal vector field, 74
vy, vector field, 74
vector
infinitesimal, 43
vector field, 60, 63
infinitesimal, 39, 71
vortex filament equation, 183
v, w, elements of T,G, 74
v}, infinitesimal vector, 38
v, w, vector field, 63, 74
Vu, K., 46

Watson, G. N., 198
Whittaker, E. T., 198

X, Y, generic vector field, 63, 74
S}, infinitesimal, 42

z, generic point of M, 74
Zanna, A., 202

Zero curvature equation, 165
;}, infinitesimal, 42

247



	Cover
	Half-title
	Series-title
	Title
	Copyright
	Contents
	Preface
	Introduction to invariant and equivariant problems
	The curve completion problem
	Curvature flows and the Korteweg-de Vries equation
	The essential simplicity of the main idea
	Overview of this book
	How to read this book …

	1 Actions galore
	1.1 Introductory examples
	1.2 Actions
	1.2.1 Semi-direct products

	1.3 New actions from old
	1.3.1 Induced actions on functions
	1.3.2 Induced actions on products
	1.3.3 Induced actions on curves
	1.3.4 Induced action on derivatives: the prolonged action
	1.3.5 Some typical group actions in geometry and algebra

	1.4 Properties of actions
	1.5 One parameter Lie groups
	1.6 The infinitesimal vector fields
	1.6.1 The prolongation formula
	1.6.2 From infinitesimals to actions


	2 Calculus on Lie groups
	2.1 Local coordinates
	2.2 Tangent vectors on Lie groups
	2.2.1 Tangent vectors for matrix Lie groups
	2.2.2 Some standard notations for vectors and tangent maps in coordinates

	2.3 Vector fields and integral curves
	2.3.1 Integral curves in terms of the exponential of a vector field

	2.4 Tangent vectors at the identity versus one parameter subgroups
	2.5 The exponential map
	2.6 Associated concepts for transformation groups

	3 From Lie group to Lie algebra
	3.1 The Lie bracket of two vector fields on Rn
	3.1.1 Frobenius' Theorem

	3.2 The Lie algebra bracket on TeG
	3.2.1 The Lie algebra bracket for matrix Lie groups
	3.2.2 The Lie algebra bracket for transformation groups, and Lie's Three Theorems
	3.2.2.1 Prolongations of Lie algebras of vector fields
	3.2.2.2 An important formula
	3.2.2.3 Lie's First Theorem


	3.3 The Adjoint and adjoint actions for transformation groups

	4 Moving frames
	4.1 Moving frames
	4.2 Transversality and the converse to Theorem 4.1.3
	4.3 Frames for SL(2) actions
	4.4 Invariants
	4.5 Invariant differentiation 
	4.5.1 Invariant differentiation for linear actions of matrix Lie groups

	4.6 Recursive construction of frames
	4.7 Joint invariants

	5 On syzygies and curvature matrices
	5.1 Computations with differential invariants
	5.1.1 Syzygies

	5.2 Curvature matrices
	5.3 Notes for symbolic computation
	5.4 The Serret-Frenet frame
	5.5 Curvature matrices for linear actions
	5.6 Curvature flows

	6 Invariant ordinary differential equations
	6.1 The symmetry group of an ordinary differential equation
	6.2 Solving invariant ordinary differential equations using moving frames
	Step 0
	Step 1
	Step 2
	Step 3
	Step 4
	Discussion

	6.3 First order ordinary differential equations
	6.4 SL(2) invariant ordinary differential equations
	6.4.1 Schwarz' Theorem
	6.4.2 The Chazy equation

	6.5 Equations with solvable symmetry groups
	6.6 Notes on symbolic and numeric computation
	6.7 Using only the infinitesimal vector fields

	7 Variational problems with symmetry
	7.1 Introduction to the Calculus of Variations
	7.1.1 Results and non-results for Lagrangians involving curvature

	7.2 Group actions on Lagrangians and Noether’s First Theorem
	7.2.1 Moving frames and Noether's Theorem, the appetizer

	7.3 Calculating invariantised Euler–Lagrange equations directly
	7.3.1 The case of invariant, unconstrained independent variables
	7.3.2 The case of non-invariant independent variables
	7.3.3 The case of constrained independent variables such as arc length
	7.3.4 The 'mumbo jumbo'-free rigid body

	7.4 Moving frames and Noether’s Theorem, the main course

	References
	Index



