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Introduction

Classical mechanics has had an enormous influence on mathematics. The development of
differential calculus by Newton for instance was mainly inspired by his desire to under-
stand the motion of the planets. But there are also deep connections between classical
mechanics and differential geometry, topology, dynamical systems theory and the calculus
of variations, to name a few.

Because mechanics is such a broad and ill-defined topic, I found it hard to decide what
should be included in a first course aimed mainly at MSc and graduate students in Math-
ematics. Of course, I have omitted many parts of the theory. Nevertheless, I have tried to
gather a representative mix of topics, ranging from the calculus of variations to bifurcation
theory and from symplectic geometry to fluid mechanics. Without claiming to be com-
plete in any way, I have tried to stress a geometric view towards mechanics, that I believe
helps understanding its dynamics. I hope that this point of view will inspire the reader to
further explore the connections between the seemingly so different topics that constitute
the subject of “Geometric dynamics and symmetry”.

This is a one-semester course, consisting of two times 45 minutes of lectures per week.
Additionally, and perhaps more importantly, students are to prepare exercises from these
lecture notes that they are invited to present during a one-hour exercise session following
the lectures. The final grade will be decided upon during an oral exam after the course,
and will mainly depend on the degree of “active participation and problem solving skills”
during these exercise sessions.



1 Mechanical systems

The most important principle in classical mechanics is the property that a mechanical
system can be given an arbitrary initial position and velocity, but that these then determine
the behaviour of the system completely.

Let us see what this means. Let ¢ : I — U,t — ¢(t) be a C? curve in an open
subset U C R™, defined for ¢ in an open interval I C R. We assume that ¢(t) describes
the position or “configuration” of a mechanical system at time ¢. The velocities of the
mechanical system are then given by the derivatives

dg;(t) :
() =—"22cR,j=1,...,n.
g;(t) o j
The above main principle of classical mechanics then implies that the accelerations at time
2
dg;(t) _ d’q;(t)
dt ez’
are determined by the positions and velocities at time ¢, that is
dd;(t) :
C]lt = Qy (tu Q(t)a Q(t)) )

for certain functions a; : I x U x R" — R. The exact form of the functions a; depends on
the physical properties of the mechanical system under consideration.
The ordinary differential equations

d(]j .

kYR 1.1
dt dj , ( )
dg; .

d_tj = aj(t7QaQ) .

are defined on the “phase space” U x R™ and are called the “equations of motion” for
the mechanical system under consideration. Under the mild condition that the a; are
locally Lipschitz continuous, the existence and uniqueness theory for ordinary differential
equations indeed guarantees that ¢(t) is determined by these equations of motion once the
initial position ¢(ty) and velocity (o) are given.

1.1 Two classical examples

A simple but famous example of a classical mechanical system was found by Galilei. He
discovered experimentally that falling objects accelerate constantly towards the earth. In
other words, Galilei discovered that falling objects describe a curve g : t — ¢(t) € R? that
satisfies equations (1.1) with

al(tu(Lq.) - a?(tu(Lq.) =0 ) a3(t7Q7Q) = —g. (12)



The constant g € (0,00) is called the gravitational constant and it too can be determined
experimentally: in Pisa it is approximately equal to 9,80 m/ s2. Integrating the equations
dditl = % =0, % = —g gives that ¢;(t) = ¢1(0), ¢2(t) = 42(0), 43(t) = ¢3(0)—gt. Integrating
also Cigj = (¢;, we then find that

q1(t) = ¢1(0) + q1(0)t, g2(t) = g2(0) + ¢2(0)2, g3(t) = q3(0) + g3(0)t — %9752 ~

Thus, one can even explicitly solve Galiei’s equations of motion.

A more complicated but equally famous mechanical system is the Kepler system that
describes the motion of a planet around the sun, given by a curve t — ¢(t) € R2. Based on
observations by the astronomer Tycho Brahe, Kepler formulated the following principles
for this motion, now known as Kepler’s laws:

1. A planet moves on an ellipse in R?, with the sun in one of its focal points. Call this
point ¢, € R2.

2. The area of the domain bounded by the line segment from ¢, to ¢(to), the orbit of
the planet and the line segment from ¢, to ¢(t) is proportional to t — .

3. The square of the period of a planetary orbit divided by the third power of the length
of the long axis of its elliptic orbit is the same for every planet.

Newton proved that Kepler’s laws are in fact equivalent to the equations of motion

d*q mMG
i P ECR O (13)
in which m is the mass of the planet, M is the mass of the sun and G is a universal gravi-
tational constant that is the same for every planet. Having at our disposal the techniques
of modern calculus, the proof of Newton’s theorem is quite elementary, but we will not
present it here. In fact, it is well-known that the solutions to equation (1.3) describe a
conic section, i.e. a circle, ellipse, parabola or hyperbola.

The right hand side of equation (1.3) is called the force acting on the planet, so equation
(1.3) illustrates Newton’s first law that says that the mass of a body times its acceleration
is equal to the force acting on the body. Newton’s second law asserts that the total force
acting on a body is equal to the sum of the forces that are acting on it. So for instance, if
t— qW(t) € R? (i = 1,..., N) describe the positions of a collection of N planets moving
in R?, each with their own mass m;, then the equations of motion for these planets are
given by

d2q(i)
miW = Z¢jz‘(Q) ) (1.4)
JFi
where
oy GGy )



is the force that planet j exerts on planet :. We also see here an illustration of Newton'’s
third law, which says that the force that one body exerts on another body is equal to minus
the force that this other body exerts on the first body. For the motion of the planets this
is expressed by the fact that ¢;; = —¢;; as is clear from formula (1.5).

1.2 One degree of freedom mechanical systems

Let us study a mechanical system with one degree of freedom. In this case, t — ¢(t), ] —
J C R describes a curve in an open interval J. Let us assume that it satisfies a second
order differential equation of the form

d*q
mEdofa) (16)

The force ¢ : J — R is a continuous function, of which we have assumed for simplicity that
it depends on the position only, and m > 0 is the mass of this mechanical system. Writing

again ¢ := %, the above second order equation is equivalent to the first order system
dq
—=q, 1.7
o =4 (1.7)
dg
m— = ,
7 = 9@
and the phase space of this first order system is J x R. Now let V' : J — R be a primitive
of —¢, i.e. %((Iq) = —¢(q). Then the crucial remark is that the function of position and
velocity

. I
E(g,q) == 5md” +V(q)
is a constant of motion, namely if ¢ — (¢(t),¢(t)) is a solution to equations (1.7), then :

Blato) () = 220D SBDAD g0

The existence of this constant of motion is a direct consequence of our assumption that ¢
be a function of ¢ only. Moreover, it is of great help for drawing the phase portrait of (1.7).

For instance: we call a point (¢,¢) € J x R a singular point of E if %g,q) =—¢(q) =0

and %Z’q) = mq = 0. Then it is clear that the set of singular points of F is equal to the
set of equilibrium points of the system of differential equations (1.7) and that all singular
points are contained in the line ¢ = 0.

If (go, go) is not singular and E(qo,Go) = h € R, then the level set E~!(h) is a smooth
curve, that is a one-dimensional C' submanifold of J x R, near (qo,qo). If go # 0, it is
actually the graph of one of the functions

ig) = £/ = (h—V(g)) . (18)

m



Because E is a constant of motion, the integral curve of system (1.7) with initial condition
q(0) = qo,4(0) = go is contained in the union of these graphs.

In fact, we can say a little more. Assume that gy > 0, i.e. choose the +-sign in equation
(1.8). The situation ¢y < 0 is similar. Then using that for solutions to (1.7) the equality
¢ = % holds, equation (1.8) tells us that the unique solution ¢ — g(t) of equation (1.6)

with initial conditions ¢(to) = qo, d‘il—gt) = (p, actually satisfies the first order differential
equation -

dg 2

— =1/—(h=V .

o — (9))

Now if on the interval [g1, ¢2] containing qo, the right hand side of this equation is nonzero,
and hence positive, then ¢ is a strictly increasing function of ¢ on this interval and by
the inverse-function theorem, ¢ is a strictly increasing function of ¢, with ¢(go) = to and
dt(q) dq(t)

=1 ] 2 . Integration of this equality then gives that for q € [q1, ¢,

t(q) —to = /‘1 dq :
© [ (h=V(q))

This formula tells us how much time it takes to reach a ¢ € [q1, ¢2] from go. We may be
able to solve it for ¢ = ¢(t) to find the solution explicitly.

Remark 1.1 (Linear friction) Including in equation (1.6) a linear friction term leads to

the equation
d*q dq
mﬁ = o(q) — CE 5

where ¢ > 0 is called the friction constant. For solutions to this equation one computes

that ‘. (q(t) dq_(t)) o (dq_@))z
dt ' dt dt ’

which means that E decreases along solutions of the differential equation, unless ¢(t) is
constant. We say that in this case, F is a Lyapunov function.

1.3 More degrees of freedom

A mechanical system with several degrees of freedom is defined by Newton’s system of
second order ordinary differential equations

d? q;
my;

=¢i(q), i=1,...,n. (1.9)

Now g € U C R" is an element of an open subset of R" and the continuous functions
¢; : U — R are the components of the force acting on ¢. Again, we assumed that they



only depend on ¢. Defining again the velocities ¢; := ‘fiq;, this system of n second order
equations is equivalent to the system of 2n first order equations on U x R”
dg;
— =g 1.10
ik’ (1.10)
ddg;

sz:gbi(q),i:l,...,n.

Inspired by the previous section, we may want to assume that there exists a C! function
V . U — R with the property that

0¢;

If this is the case, then we call V' the potential of the force ¢ and ¢ is called a conservative
force. In general, the requirement that a force be conservative is very restrictive. For

instance, if the ¢; are C*, then V is C? and because 62;%_ = 8‘3;511_, the requirement that
o; = —g—}; for all ¢ leads to the conclusion that
a¢i:a¢j7i,j:1,...,n. (1.11)
dq;  Oqi
It turns out the condition (1.11) is sufficient for the existence of an open subset U,, near
each ¢y € U and a C? function V,, : U,, — R such that ¢; = —86‘/;‘) on Uy,. The existence of

such a function on the entire U can only be guaranteed under strong topological conditions
on U, for instance that it be starshaped or, more generally, simply connected. In fact, the
very question when a force is conservative was the motive for Poincaré to introduce the
subject of topology.

If ¢ is conservative, then the function of positions and velocities

n

E(q.4) =) émic}? +V(q)

i=1
is again a constant of motion for the system (1.10), because along solutions

z”: (aE(q,Q) iy O @(Q)) _ Zn: <_¢i(q)qi N miqi@(Q)) 0.

1 9q; 94 m; i1 m;

The singular points of E correspond to the equilibrium points of (1.10). At regular points,
the level set of F is a submanifold of U x R™ of dimension 2n — 1.

Remark 1.2 (Energy) The function V' = V(q) is called the potential energy of a conser-
vative mechanical system. The function

(@) = %miq'? (1.12)



is called kinetic energy and the function E(q,q) = T'(¢) + V(q) is called the total energy
of the mechanical system. The concept of conservation of total energy is of course quite
fundamental in classical physics.

1.4 Exercises

Exercise 1.1 (Galilei’s laws with friction) If we include in Galilei’s model for falling
objects a friction force ¢(q,q) = —cq that acts in the direction of minus the velocity ¢ and
is proportional to ||q||, then his equations become

dgp . dgp . dgs . dgi . dgs . dgs .
— = ¢, =442, —, = 4q3, M —_CCIhm_——CQQam%—_mg_CQS .

dt dt dt dt dt

¢ > 0 is called the friction constant. Solve these equations and show that lim; ... (41, Go, G3) =
(0,0, —22). Hence we observe that in the presence of friction, a falling object does not ac-
celerate without bound, but instead approaches a limiting speed.

Exercise 1.2 (Charged particle) The motion of a charged test particle in an electric
and magnetic field is given by a curve q(t) € R? satisfying

d*q dq
mﬁ:€<E+EXB) s

where E = E(q,t) € R® and B = B(q,t) € R® are vector functions, called the electric
and magnetic field respectively and e € R is called the charge of the particle. Show that
(%, B) =0 if E =0. Under the assumption that E = 0 and B = (,0,0) € R? is constant,
solve the equations of motion.

Exercise 1.3 Show that Galilei’s equations (1.2) are conservative. Give T,V and E.
Apart from E, can you point out other constants of motion?

Exercise 1.4 According to Newton’s laws, the motion of a system of N planets is given

by
d?q®
mZW = Z(bji(Q) ,
i
where ¢j; is given in equation (1.5). Let M = Zf\il m; be the total mass of the planets
and define the center of mass as

z(t) == % Zmiq(i)(t) .

Prove that z(t) is a linear function of t. Show that the components of

dz 1 &
= LN g
= M;mlq

are constants of motion.



Exercise 1.5 (Harmonic oscillator) A one-dimensional harmonic oscillator is described
by the one degree of freedom mechanical system

d*q

with a force given by Hooke’s law: ¢(q) = —kq,R — R. The constant k > 0 is sometimes
called the spring constant of the oscillator. Give the constant of motion for the harmonic
oscillator, compute the equilibrium points and draw the phase portrait. Can you also solve
the equations of motion explicitly?

Exercise 1.6 For the equations % = —sing (mathematical pendulum) and fltgq =q¢ —q

(Duffing oscillator), give the constant of motion, compute the equilibrium points and draw
the phase portrait.

Exercise 1.7 If we define, (for 1=1,....,N and k = 1,2, the total force acting on the k-th
coordinate of planet i, by qbk (q) = Zj;éz((bﬂ( )k, then the equations of motion (1.4) can
be written as

d2 i
e Sy
Show that V(o)
(@) q
D,
with

™m;m
G LAkl B
ZHq’)—qﬁll

1<J

This shows that the forces acting on the planets are conservative. Give the constant of
motion.

10



2 Lagrangian mechanics

Lagrange showed that Newton’s equations (1.9) are defined in a coordinate-invariant way.
More precisely, he formulated Newton’s equation in such a way that they behave well under
coordinate transformations. Lagrange’s construction will be the main topic of this section.

2.1 New position variables

One may wonder what happens to the equations of motion (1.9) for ¢(t) € U C R™ if we
make an arbitrary change of the position variables, that is if assume that ¢(t) = ®(¢, Q(t))
for Q(t) € U c R™. The reason we ask this question is that, once we know how an
arbitrary @ changes the equations of motion, we might be able to make a clever choice of
¢ that changes the equations (1.9) for ¢(¢) into much simpler equations for Q().

If ® is C2, then a twice differentiable curve ¢t — Q(t) in U € R™ defined on some open
time-interval I C R is transformed by ® into a twice differentiable curve

q(t) == (¢, Q1))
in U C R™. Differentiation of ¢(t) gives that

dgi(t) — 0Pi(1, Q1) | ~= 0Pi(t, Q(t)) dQ; (1)
. ot 2 0Q; dt

J=1

ie. % = %—‘f + g—g%, which is a nice affine transformation formula. Differentiating this
once more we nevertheless find that even if & does not depend explicitly on ¢, the second
order derivative % in general is not simply the image of ‘%;2 under the linear map g—g.

Lagrange realised that one can take another approach, which might at first seem a little

artificial. The first thing he remarked is that

d?q;(t d [(0T(q
o Palt) _ d (9T() | o)
dt? dt (9q,- G= dq(t)
dt
where T is the kinetic energy defined in (1.12). The next remark is that one can express
the kinetic energy T (d(fd—?)> explicitly as a function of ¢, Q(t) and %ﬁt), by defining the

function T : I x U x R™ — R by
T(t.Q.Q) =T(q) .

in which 90(1 90(1
ot oQ
In other words, T is defined by T(t, Q, Q) =T <a¢gt’Q) + aq)a(g@ Q) This definition is

such that T (d‘fj—g)) =T <t,Q(t), %ﬁ”) if q(t) = ®(¢t,Q(t)). Note that the transformed

11



kinetic energy T(t,Q,Q) in general will depend explicitly on the time ¢ and the new

position variable ). Now Lagrange’s discovery was that not % (—8TS’Q(°2’Q)’ " de)a
i lo=q

but the quantity 4 <8T(t’Q’Q)‘ _ T(R.Q) depends linearly on
a Va2 lgmam,o=ta %5 lg=qu.0=1aw P Y
% (agéf) datt) ) In fact, we have the following quite general result:

Theorem 2.1 Let ® : I x U — U be a C* map, t — Q(t) a C? curve in U and q(t) =
O(t,Q(t)) the corresponding curve in U. Let L : I x U x R* — R be a C* function of
(t,q,q) and let L : I x U x R™ — R be the corresponding function of (t,Q, Q) defined by

Furthermore, define the continuous functions [L]! on I by
d 3L(t,q,d)‘ OL(t,q.q)
L14(¢t) = — — =1 2.3
[ ]z( ) dt < 36]@ q:d{fi(tt) aq, q:d?i(tt) , b 3 o, ( )
and similarly [f}]?
B d [ 0L(t,Q,C OL(t,Q,
Then we have the following transformation formula:
- - 09;(t,Q .
190 =0 D] o, (25)
i=1 7 1Q=Q()

One can prove this theorem by a very long direct computation, using the relations ¢ =

o (t,Q) and % = Bq)(t Q) 4 920, Q)% and differentiating the identity (2.2) with respect to

Q; and QJ But one can also prove Theorem 2.1 in a surprisingly different way, as we shall
see in the next section. ) )
The conclusion of Theorem 2.1 is that [L]? depends linearly on [L]?, namely [L]° =

(L] - g—g, viewing [L]?(t) and [Z]Q(t) as row vectors Note that this is not the same
as the transformation formula % = 6t + gg dt for the velocity vectors, even if & is

independent of t. The classical terminology is that [L]? transforms covariantly and % a
transforms contravariantly.

12



2.2 A variational proof of Theorem 2.1

This section contains a “variational” proof of Theorem 2.1. It will become clear what this
means. [ myself think that this proof is quite surprising.

We start with letting ¢ : I — U C R" bea C? curvein U and L : I x U x R" — R a C?
Lagrangian function. Then we can integrate L over compact pieces of the curve t — ¢(t).
Hence we fix some a,b € I,a < b and define the action of L along ¢ restricted to [a, b] as

Alq) == /abL <t,q(t), dz(t >) dt

The next step is to consider small perturbations of the curve ¢ — ¢(t), depending on an
auxiliary parameter . That is we consider C? maps

QZ[X<—50,€0>—>U,

with the property that G(¢,0) = ¢(t). For an € € (—¢eq, &) close to 0, the curve ¢ : ¢t —
G(t,e) lies “close” to the curve t +— ¢(t), and hence such a map ¢ is called a variation of
the curve ¢t — ¢(t). Now the action can be viewed as a function ¢ — A(q.) on (—&g, o).
Due to the theorem for interchanging differentiation and integration, this function is itself
differentiable and differentiation gives:

d ' d dqe(t)
de Alge) = R L\t q.(1), dt =
de . (@) /a de|._ < (1) dt )
/ OL( ! q’q'> Oi(t.e)| . OL(t.q.4) *ato|
‘ i=on, O | 94; a=av)  Otds | '

Partial integration with respect to t of the second term in this expression now gives that
this is equal to
/ 0611( £)
Oe

If we consider only variations ¢ of ¢ with fixed endpoints, that is §(a, ) = ¢(a,0) = ¢g(a) and
G(b,e) = q(b,0) = q(b), then 8‘]((9[;’6) = 8qéz’€) = 0, whence the boundary terms disappear.
From now on we will assume that our variations have fixed endpoints.

If q(t) = ®(t,Q(t)) with ® : I x U — U, and Q : I x (—&¢,e0) — U is a variation of
Q(t) with fixed endpoints, consisting of curves Q.(t) := Q(t,¢), then {(t, &) := ®(t, Q(t,¢))
is a variation of ¢ — ¢(t) with fixed endpoints. The definition (2.2) of L implies that

(t Q:(1), dQE ) L (t q-(t), dqg(t)) so that

Ao = 4@ = [ (e, LY ar.

13

dt + “boundary terms”
e=0




Thus, differentiation of the identity A(q.) = A(Q.) with respect to ¢ at € = 0 gives that

L/ a%t57 E:Z aQth) dt | (2.6)
Jj=1 e=0
On the other hand, differentiation of §;(t,e) = ®;(t,Q(t,¢)) gives that
0Gi(t, ) Z 0%;(t, Q) ‘ 0Q;(t,e)
Oe 6Qj Q=Q(1) Oe .
and we conclude that
b m n q> 5
/ Z( )9 at Q)' ) —ana(t’e) dt=0, (27
@ j=1 z:l Qj Q=Q(t) ¢ e=0

for every C? variation Q of Q.
Finally, suppose that [L ] (t) # 22 [LIF (1) M)agf” ‘Q:Q(t)

some t = t* with a < t* < b. Then because of continuity, inequality holds in an interval
[t* — 6,t* + 8]. If we now choose a variation Q of Q with Q(t,e) = Qx(t) for k # j and
Q;(t, ) = Q;(t) + ex(t), with y some nonzero C? function of fixed sign and with compact
support in [t* — 0, t* 4 J], then for this variation, formula (2.7) is not true: a contradiction.
This proves Theorem 2.1.

for some 1 < 7 < m and at

2.3 Euler-Lagrange equations

For a given C? function L : I x U x R™ — R, the equations of motion
[L]" =0

for the curve t — q(t) in U are called the FEuler-Lagrange equations for L and L is called
the Lagrangian function for the equations [L]? = 0.

A particular consequence of Theorem 2.1 is that if ¢ — ¢(t) solves the Euler-Lagrange
equations for L and ¢(t) = ®(¢,Q(t)), then ¢t — Q(t) automatically solves the Euler-
Lagrange equations for L. If for all ¢ € I, ®(t,-) is a diffeomorphism, that is if g—g is
invertible, then the reverse statement is also true. This expresses that Euler-Lagrange
equations for ¢(t) are defined coordinate-invariantly, which is hardly surprising because
they are equivalent to a wvariational principle.

More precisely, the proof of Theorem 2.1 shows that [L]9 = 0 if and only if

b 9q(t,e)
L (t,q(t,g), ’ ) dt =0
s=o/a ot

for all a,b € I and all C? maps G : I X (—¢&g,&9) — U with the property that

d . d
I A(q(e)) = i

e=0

14



1. § is a variation of ¢, i.e. ¢(t,0) = ¢(¢).
2. § has fixed endpoints, i.e. ¢(a,e) = g(a) and G(b,e) = q(b).

In short, we say that the action A is stationary at the curve t — q(t) for variations with
fizxed endpoints. Some authors express this by writing

= [0 (0. 40 a0,

thus expressing that the “derivative” of A at the curve ¢t — ¢(t) is zero. We will not use
this notation.

The statement that t— q(t) is a solution of the equations [L]? = 0 if and only if it is
stationary for A(q f L(t,q(1), d‘fi(tt )dt for variations with fixed endpoints is known as
Hamilton’s pmnczple
Let us study the Euler-Lagrange equations for L in some more detail now. Written out
explicitly, they read dqz = ¢; and

PL(t,q,q) ~= [(O*L(t,q,q). 0*L(t,q,q) dg; OL(t,q,q) )
AP T St L V. A [ S A A =1...
t0a, +Z< 9004 Y 0,04 dt) 9q. 0,¢=1,

SN
j=1

(2.8)

9% L(t,q,4)

If the second order derivative matrix o7 is invertible, then we call L a non-

q=q(t)
L dq(t)

degenerate Lagrangian at (t,q,q). Nondegeneracy 1mphes that near (t q,q) we can rewrite
the Fuler-Lagrange equations explicitly as a system 7 dq’ =q , % = qﬁl(t q,q), and in par-
ticular we then have local ex1stence and uniqueness of the solutions to the Euler-Lagrange

equations. The requirement that 2 is invertible is called the Legendre condition.

The final remark in this section is that if, for a C? Lagrangian function L = L(t, q, ¢), we
define the function h = g—g -q — L, that is

h(t,q,q) = Z%{f(l)q L(t,q,49) , (2.9)

then it is easy to compute that

d q(t) OL(t,q,q)
dth(t a(t), d—) T atqq

Corollary 2.2 Ift — q(t) is a solution to the Euler-Lagrange equations [L]? = 0 and L

does not explicitly depend on time, then h := g—g ¢ — L is constant along t — q(t).

L™ ea)
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2.4 Natural mechanical systems

Let us now return to Newton’s equations of motion in conservative form,

d*qi 9V (q)
L , 2.11
for which we defined the kinetic energy T'(¢) = >_I | 3m;¢7, the potential energy V(q) and

the total energy £ = T'+ V. The interesting remark is that if we also define the Lagrangian
function

L:UxR", L(g,q) =T(q) —V(q),
of kinetic energy minus potential energy, then

(0 =m0 4 O

q=q(t)

In other words, ¢ — ¢(t) solves Newton’s equations of motion (2.11) if and only if [T—V]? =
0.

Moreover, if L(g,q) = T(¢) — V(q), with T(¢) = .1, mi¢?, then Y7 | %‘;jﬂqi =
S 916 — 927(4), so that

hg,q) =T(q) +V(q) = E(q,9) ,

and we find that h is equal to our old constant of motion, the total energy FE.

Remark 2.3 (The Euler equation) The partial differential equation
— 95(4,9) . .

that we encountered above is called the differential equation of Fuler. Solutions to Euler’s
equation (2.12) are called homogeneous of degree 2 in the variable ¢, because equation
(2.12) is equivalent to the statement that S(q, \¢) = A\?S(q,¢) for all A > 0, as is quite
easy to check. Homogeneity of degree 2 implies that

N .
S(a.4) =5 > Bii@)did; -
ij=1
for a collection of real-valued functions ¢ — (;;(¢) that is symmetric in the sense that
Bij = Bji for all 1 < 4,5 < n. This follows from Taylor expanding S with respect to ¢
at ¢ = 0 up to order two and noting that the homogeneity implies that the remainder

vanishes. In fact, 3;;(¢) = 6;;(5’(}?) . The functions ¢ — f;;(q) are as smooth as S is.
145 q:0

S is a nondegenerate Lagrangian at (¢, ¢) if and only if the matrix ((q) with elements
Bij(q) is invertible. If this is the case for every ¢, then we say that 3 defines a pseudo-
Riemannian metric on U. The solution curves to the corresponding Euler-Lagrange equa-
tions [S]? = 0 are called the geodesics of the metric. Riemannian geometry will be the
topic of Chapter 4.
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Some more terminology: Mechanical systems with a Lagrangian of the form L(q,q) =
S(q,q) — V(q), with S is homogeneous of degree 2 in ¢, are sometimes called natural
mechanical systems. S is called the kinetic energy or free energy of the natural system and
V' the potential energy. By the above remarks, the total energy E := S + V of a natural
mechanical system is conserved.

2.5 Lagrangian equations for continua

Using Hamilton’s principle as a physical postulate, we can derive equations of motion for
the evolution of continuous media such as gases, fluids or elastic solids.

A continuum is modeled by a map ¢ : X — R”, where X C R™ is an open subset of
R™. X is called the reference configuration of the continuum, and for x € X, ¢(z) is the
location in R™ of the element of the continuum with label x. A motion of the continuum
is a smooth map u : [ X X — R", where I C R is an open time-interval. Then the map
u(t,-) : X — R™ describes the configuration of the continuum at time ¢, whereas the curve
t — u(t,z), I — R™ describes the motion of the element of the continuum with label z.

If p: X — R is a mass density function, then the kinetic energy of the continuum is

obtained by integrating the kinetic energy density $p(x)||u(x)||* over X, where we denoted

. Ou(t,x
u(x) = g; ).

7(i) = [ SN dna

The potential energy of the continuum at time ¢ depends on the function = — u(t, z) and
may depend on the (x-)derivatives of this function. It is usually obtained by integrating a
potential energy density function. For instance if we assume that it costs energy to stretch
the continuum but not to bend it, then we are saying that the potential energy density
depends only on the values of x, u(t,xz) and the matrix of first derivatives Du(t,z) :=

<W) , and not on higher order derivatives. That is
J 2.7

V(u(t,-)) :/XW(x,u(t,x),Du(t,x))dmx,

in which W : X x R" x R™™ — R is a smooth function. Let us denote the arguments of
W by (z,u, B), where z € X,u € R", B € R™"™,
Now Hamilton’s principle means that u : I x X — R" satisfies

il L [

for all smooth variations @ : I x X X (—¢&g,€09) — R"™ of u with fixed (temporal) endpoints.
Let us choose the variations of the form u(t,z,e) = u(t, z) + ep(t, x), where ¢ is smooth
and has a compact support that is contained in I x X. Bringing the derivative inside the

— Wiz, u(t,z,e), Du(t,z,¢€)) dpx dt =0

8utw5)
ot
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integral we then obtain

b
Ou;(t, x) 0y (t, x) oW (t,u, B)
Sy - oult,
7 B = Du(t, x)
oW (t,u, B 0p;(t,
_Z—“) .Mdmxdtzo_ (2.13)
B”L] u = u(t,x) al’J
1,J B = Du(t,z)
If u is smooth enough, integration by parts gives that this equals
b 2
Puy(t,x) OW(t u,B) 0 8W t,u, B)
Z/gj /)(¢ ( I‘) p(x> atQ au u= u(t ) ax‘] Zj u=u(t, x) x
7 B=Du(t, z) J B=Du(t,z)
Thus we derived from Hamilton’s principle the partial differential equations
Pu;  OW K~ 0 OW
—_—— — =0,:=1,...,n. 2.14
p(-T) ot? * 8uz = a$j 831] ! 7 7 ( )

Equations (2.14) form a system of n partial differential equations for the n functions wu;,
depending explicitly on the second order derivatives of the u; with respect to t and the first
and second order derivatives of the u; with respect to the x;. If W had been a function
of the second order derivatives D?u as well, then the resulting partial differential equation
for v would have included fourth-order z-derivatives of u, etc. The reader may want to try
and derive these equations.

A C? solution of equations (2.14) automatically satisfies equation (2.13) for every C?
function ¢ = ¢(t,z) with compact support in I x X. If u is not C? but only C* then it is
not sensible to write equations (2.14), but equation (2.13) is still meaningful. We say that
u is a weak solution or solution in the distributional sense of equations (2.14) if it satisfies
the equality (2.13) for all smooth and compactly supported ¢. In this way the space of
functions in which we can search for solutions is enlarged, and the chance of finding any is
bigger.

2.6 Excursion: submanifolds of R"

In the next section, we will use the notion of a submanifold of Euclidean space. So let us
refresh our memory by recalling the following definitions:

Definition 2.4 (Immersions, embeddings, submersions and diffeomorphisms) Let
0<d<nandk e NU{oo} and let W C R? and U,V C R" be nonempty open subsets.

e AC* map h : W — R" is called a C* immersion if for all w € W, the derivative
Dyh : R4 — R"™ of h at w is an injective linear map.

e AC*¥ map h : W — R" is called a C* embedding if it is an immersion and a
homeomorphism onto its image.
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e ACK map g: U — R is called a C* submersion if for all u € U, the derivative
D,g:R" — R of g at u is a surjective linear map.

o AC* map ® : U — V is called a C* diffeomorphism if it is bijective and for all
u € U, the derivative D,® : R — R"™ of ® at u is a bijective linear map.

Note that ® : U — V is a diffeomorphism if and only if it is both an embedding and a
submersion.

With these definitions, it is possible to give a number of equivalent characterizations of
a submanifold of R™. In fact, one has the following Theorem/Definition, that we present
here without a proof:

Definition 2.5 (Submanifolds of R") Let 0 < d <n, k € NU{oo} and let Q C R™ be
a nonempty subset. We say that Q) is a C* submanifold of R™ of dimension d, if for every
q € Q, one of the following equivalent statements is true:

o There exists an open neighborhood U of ¢ in R™, an open subset W in R, and a C*
function f: W — R such that Q N U = graph(f) = {(w, f(w)) | w € W }, after
re-ordering the coordinates of R™ if necessary.

o There exists an open neighborhood U of q in R™, an open subset W C R? and a C*
embedding h : W — R™ such that Q N U = h(W).

o There exists an open neighborhood U of ¢ in R"™ and a C* submersion g : U — R"™¢
with the property that Q NU = g 1 ({0,_4}).

o There exist an open neighborhood U of q in R™, an open subset V of R"® and a C*
diffeomorphism ® : U — V' such that

PQNU)=VN(Rx {0,_4}) .

This shows that a d-dimensional submanifold of R™ locally is equal to the graph of a
function, the image of an embedding and the zero-set of a submersion and moreover looks
like an open subset of R, Also, these four properties are equivalent.

An open subset X of R™ is a trivial example of an n-dimensional C'**° submanifold of
R". The reader can check that it satisfies definition 2.5 with U =V =W =X, f =g =0
and h = idx.

Let @ be a C! submanifold of R® and ¢ € Q. Recall that one says that v € R" is a
tangent vector to Q at ¢ if there exist an open neighborhood I of 0 in R and a C! curve
v: I — @ CR"in @, with the property that v(0) = ¢ and 7/(0) = v. The collection of
all tangent vectors to () at ¢ is a linear subspace of R", called the tangent space to ) at q,
and denoted T,(). Now we can recall the following result, again without a proof:

Proposition 2.6 o Let W C R? be open and let h : W — R"™ be a C' embedding.
Then the tangent space Ty (R(W)) to h(W) at h(w) is equal to the image of the
derivative Dyh : RT — R"™ of h at w.
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o Let V. .C R™ be open and let g - V — R"? be a C' submersion. Then the tangent
space T,(g7 ({0,-4})) to g7 ({0,_a}) at u is equal to the kernel of the derivative
D,g:R* = R of g at u.

2.7 Holonomic and nonholonomic constraints

Let us return now to finite dimensionsional Lagrangian mechanics. Let L : U x R" — R
be a C? Lagrangian function on an open subset U C R" and assume that ® : U — U
is a C? embedding of an open subset U C R™ into U, with m < n. This implies that
C := ®(U) is an m-dimensional C* submanifold of R™. Of course, ® induces a Lagrangian
L:U x R™ — R which satisfies the relation [L]9(t) = [L]4(t) aqégg) o

R=Q(t

Recall that the derivative Do® = g) is everywhere inJectlve and that the tangent

space T,C to C at the point ¢ = ®(()) is equal to the image of “—-~ 3 . This then leads us
to conclude that

[L]9(t) = 0 if and only if [L]9(t) - ¢ = 0 for all ¢ € T,y C', (2.15)

viewing ¢ € Ty C as a column vector and [L]9(t) as a row vector, that is as a linear form
on Tq(t)(].

Remark 2.7 Because [L]? = 0 if and only if ¢ — Q(¢) is stationary for f; L(Q(t), %ﬁt))dt
for all variations of ¢ — Q(t) with fixed endpoints, it is clear that the statement that
(2.15) holds for all ¢, is equivalent to the statement that ¢ — ¢(t) is stationary for the
action A = fabL(q(t ,d‘ig )dt for variations with fixed endpoints that lie entirely in C.
This can be considered an alternative version of Hamilton’s principle.

If we assume that C' is the zero-set of a smooth submersion g : U — R"™™, then statement

(2.15) is also equivalent to the existence of Lagrange multipliers \; = \;(t),j =1,...,n—m
for which
Ay )dg;(q(t)) , q(t) € C, (2.16)
7j=1

because Tj;)C is also equal to the kernel of Dyyg. Here we have used the notation
dg;(q) :== Dygj, which is customary for the derivative of a real-valued function.

Solutions ¢(t) to equations (2.16) are of course not necessarily solutions to the Euler-
Lagrange equations [L]? = 0, but they do have the property that they lie entirely in the
submanifold C. In some applications we definitely want ¢(¢) to lie in a certain submanifold
of C' C R", that we then call the constraint manifold of the mechanical system. It is a
modeling assumption that equations (2.16) are the physically correct equations of motion
for the constrained mechanical system with Lagrangian L. This assumption would have to
be checked experimentally though.
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The right hand side of equation (2.16) can be interpreted as a reaction force that keeps
the curve ¢(t) on the constraint manifold C'. Indeed, because the dg; are “perpendicular”
to the level sets of g, these reaction forces do not insert any energy into the mechanical
system. We say that they do not do any “work”. This claim will be made precise in
Exercise 2.7.

The situation becomes more complicated if we do not only impose constraints on the
positions but also on the velocities. Then the constraint manifold becomes a submanifold
C' C U x R™ and we require that (q(t), dzl—sf)) € C for all t.

If for each ¢ € U, the intersection of C' with the “fiber” {q} x R™ is a linear subspace
C, of fixed dimension r with 1 < r < n, then C is called a smooth distribution in U of
rank 7. A distribution can for instance be specified by defining for each ¢ € U a collection

of independent linear maps
aj(q) :R*" =R, j=1...n-r,

such that C; = N7} ker a;(q). We call the oy linear velocity constraints or simply con-

straints. The requirement that (¢(t), dz—g)) € C then becomes

aj(q(t))-dzl—(tt)zo,jzl,...,n—r. (2.17)
If g: U — R"" is a smooth submersion, then the dg; define a distribution that has the
special property that it is integrable: a curve that satisfies (2.17) for o; = dg;, automatically
has the property that £g;(q(t)) = 0 for all ¢, and hence such a curve lies in a level set of
g. Thus the constraints dg; are really only a constraint on the positions. Such constraints
are called holonomic.

We call the o a system of nonholonomic constraints at gy € U if there does not exist an
open neighborhood U,, of ¢p in U and functions g; on U,, with the property that o; = dg;
on U,,. In view of (2.16) it is quite natural to assume that the equations of motion for a
mechanical system with Lagrangian L and nonholonomic constraints a; are then given by
the so-called Vakonomic equations

dq

LI = - N(aylat) s agla)- G =05 =Loom—r.  (218)

Rolling objects are examples of mechanical systems with nonholonomic constraints. Per-
haps the most famous nonholonomic mechanical system is the rattleback, which is famous
for its preference to rotate in one direction only.

2.8 Exercises
Exercise 2.1 Let U C R™ and U C R™ be open subsets and let T : U x R* — R and
VU — R be C? functions, with T(q,q) = >, 26:;(¢)d:iq; with Bi;(q) = B;i(q) and let

i,j=12
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L(q,4) = T(q) = V(q). Let ® : U — U be a C? map and let L be defined by L(Q,Q) =
L(®(Q), M)g?) Q). Show that
1o~ 1> S
=3 > 50i(@)QiQ; = V(2(Q))

ij=1

i which ) @
a‘bk (Q) 0P(Q
EZ% 50, 00,

ﬁz;

k=1
Prove that BU(Q) = B]z(Q)

Exercise 2.2 (Rotating coordinates) Let U = U = R? and let ® : R x R* — R? be a
one-parameter family of rotations: q = ®(t,Q) = e’ - Q, where o is a real constant and

J:(_Ol é)

o IfT(4) = —m(cj q) is the kinetic energy of a free particle, compute the transformed
kinetic energy T(t Q, Q) Show that it does not depend on t explicitly so that T =
7(Q,Q).

e Show that

[T]9(t) = m (%ﬁ(t) + 20’J%§t> — O'ZQ(t)) .

o Let V. = V(q) be a rotation-symmetric potential energy function. Show that 1%
is independent of t and write down the Euler-Lagrange equations for L(Q Q) =

T(Q,Q) — V(Q).

Exercise 2.3 We model a one-dimensional string by letting the reference and target config-
uration be one-dimensional: X = J C R s an open interval and for a smoothw : [ xJ — R,
u(t,-) describes the configuration of the string at time t. For a smooth mass density
p:J — R, and velocity function @ : J — R, define the kinetic energy

8T u(x)

oz

assume that the potential energy is given by

= /JW(Q:, u(x),uM(z), ... uP(z))dz

where W is a smooth potential energy density function W : RF*2 — R. Use Hamilton’s
principle to derive for u the partial differential equation

Denoting u) (z) :=

2 Y (k)
8u(t,x)+z(_1)]8 oW (x,u,...,u")

pla) =55 =0.

j= O duly) u=u(t,x),...,ul®) =uk) (t z)
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If W = W (uM) depends on the amount of “stretching” of the string only, we say that the
string is purely elastic. For an elastic string derive the equation

QPu(t,x)  0*u(t,x) ., (Oult,z)
PO =5m = o W( Oz )

Exercise 2.4 (Minimal surfaces) Let X C R* be a bounded open subset with a C*
boundary 0X. Let h : X — R be a continuous function that is C* on X. Then the graph
of h, graph(h) := {(z,h(x)) | z € X } is a smooth surface with a finite area that equals

1 0 2 2
S(h) ;:/ il o x| 1 Hm:/ 1+<ah—(:”)) +<ah—(x>) do .
X Oh(x) Oh(x) X 89&1 (9.1'2
ox1 Ox2

We say that the graph of h is a minimal surface over X if S(g) > S(h) for all continuous
functions g : X — R that are C? on X and equal to h on 0X. In particular this implies
that S(h +e¢p) > S(h) if ¢ is some C? function on X with compact support contained in
X. Prove that this implies that on X, h satisfies the partial differential equation

(1 + hil + h?{?g) (hmxl + hxzzz) = h?clhmxl + 2hx1hx2hx1x2 + hizhxzxz .

Here we used the shorthand notation h, := g—Z. This equation is called the minimal surface

equation.

Exercise 2.5 (The Skate) The configuration of a skate consists of its position (z,y) €
R?, together with an angle ¢ € R/277Z that determines the direction in which the skate is
pointing. The skate can only move in this particular direction: otherwise it would damage
the ice.

Try to formulate the above restriction as a constraint in the phase space of configurations
and velocities of the skate. Argue that this constraint is nonholonomic. Write down the
kinetic energy of the skate, as well as its Vakonomic equations of motion.

Exercise 2.6 (Shock waves) A particular example of the one-dimensional string equa-
tions that arise in Ezercise 2.3 is the wave equation

Ut = Ugg -

The goal of this exercise is to show that certain nondifferentiable functions may qualify as
weak solutions to the wave equation.

Formulate the wave equation in its weak form.

Next, let t — X(t) be any C function and define ' := {(x,t) € R* |z = X(¢)}. If
v: RN\ — R is a continuous function, then we denote by v=,v" and [v] : T — R its left
and right limits at I' and its jump over I':

v (z,t) = x}i)r?(t)v(x,t), vt(z,t) = x{i)r?(t)v(x,t) and [v](z,t) := v (z,t) — v (z,t) ,
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for (z,t) € I' and if these limits exist.
Assume now that u : R? — R is a continuous function that is C? except possibly on T,
but that uF, u, ul, vk, and uf, exist. Show that u is a weak solution to the wave equation,

precisely when
dX

dt
This is the famous Rankine-Hugoniot jump condition. It relates the speed of a shock wave
to the values of u, and u; before and after the passage of the shock wave.

[ug]— = [u,] for all (z,t) €T .

Exercise 2.7 Consider the Lagrangian system with holonomic constraints of equation
(2.16). Assume that L is independent of t. Let us verify the claim that the right hand
side of equation (2.16) does not do any work:

e Using (2.10), prove that h = %—g -G — L 1is constant along every curve t — q(t) in the
constraint manifold C' C U, if and only if for every curve t — q(t) in the constraint
manifold there exist Lagrange multipliers \;(t) for which the constraint equations
(2.16) hold.

e Similarly, prove that h is constant along every curve t — q(t) satisfying the nonholo-
nomic constraints (2.17), if and only if for every curve t — q(t) that satisfy these
constraints, there exist Lagrange multipliers \;(t) for which the Vakonomic equations
(2.18) hold.

Recall that if L =T —V, then h = E =T + V. Hence we have proved that in natural
systems with holonomic or nonholonomic constraints, total energy is preserved.
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3 Differential geometry

Until now, in most examples the position or configuration of a mechanical system was
determined by n coordinates ¢; € R, that is by an element ¢ of an open subset U C R". We
saw in Section 2.7 that this is not always a natural assumption: for a constrained mechanical
system, the allowed configurations lie in a submanifold C' C R"™ with a dimension lower
than n. This C is then called a constraint manifold.

Another example is the rigid body that we will study in Chapter 6. Its configuration is
a rotation matrix. The collection of all rotation matrices is called the special orthogonal
group SO(3,R), which is a compact subset of R3*3 = RY. Since there are essentially 3
possible axes of rotation in R3, SO(3,R) locally “looks like” an open subset of R3.

In this chapter, we will generalize the notion of a submanifold of R™ and we will make
precise what we mean when we say that a topological space locally looks like an open
subset of R?.

3.1 The language of manifolds

We will start by giving the “abstract” definition of a differentiable manifold. Submanifolds
of R™ will turn out to be examples of such abstract manifolds.

Definition 3.1 (Differentiable manifolds) Let n € NU {0} and k € NU{0,00}. An
n-dimensional C* manifold is a topological Hausdorff space Q together with a collection A
of homeomorphisms k : Q. — U, from an open subset Q.. C Q) to an open subset U, C R"
that satisfy

o For each q € () there is at least one k with q € Q.

o Ifk:Q.— U, and )\ : Qy — U, are two homeomorphisms with Q. N Qy # 0, then
Mok i k(QeNQY) — MQ.NQy) is a C* map of open subsets of R™.

The homeomorphisms « : ), — U, are called coordinate charts for () and the collection
A of all coordinate charts for @ is called the atlas of Q. The maps )\ o x~! are called
recoordinatizations. The definition implies that the recoordinatizations are in fact diffeo-
morphisms.

These definitions should be quite familiar to the reader. In fact, the main point to
remember about manifolds is that they locally “look like an open subset of R™”.

Not surprisingly, the C* submanifolds of R™ of dimension d that we defined in Section
2.6 are examples of d-dimensional C* manifolds:

Proposition 3.2 (Submanifolds of R"” are manifolds) If Q C R" is a d-dimensional
C* submanifold of R™ in the sense of definition 2.5, then Q is a d-dimensional C* manifold
in the sense of definition 3.1.

Proof: This is simple: by definition 2.5, @ C R" is a C* submanifold of R" of dimension
d, if and only if for every point ¢ € @ there exists an open neighborhood U of ¢ in R”
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and a C* diffeomorphism ® : U — ®(U) C R" with the property that ®(U N Q) =
®(U) N (R? x {0,_4}). Clearly, the composition of ¢ with the projection onto the first d
coordinates then is a coordinate chart for () near ¢q. Varying q over all elements in () then
produces an atlas for () that satisfies definition 3.1. O

3.2 The tangent space and bundle

Recall that we introduced the tangent space to a submanifold of R™ in Section 2.6. In this
section, we will generalize this notion to abstract manifolds.

If K : Q. — U, is some coordinate chart for ) with ¢ € @), it is convenient to denote
by q. € U, the point ¢ € () in the chart &, that is

¢ = k(q) € U, CR"™.

Suppose now that v : I — @ is a C' curve in @ with v(0) = q. Then ko~ is a curve in U,
with (k0 7)(0) = g.. The velocity of v at time ¢ = 0 in the chart & is given by

Gx = (ko) (0) e R .

If now A : Q) — U, is some other coordinate chart for ) with g € @, then differentiation
of (Aovy) = (Aor™)o (ko) with respect to t at t = 0 gives that

=Dy (Nok™) g . (3.1)

Here, D, (Ao k™) : R* — R™ denotes the derivative of A\ o k™! at the point g,. This
observation inspires the following definitions:

Definition 3.3 (Tangent space and tangent bundle) Let k > 1 and let Q be a C*
manifold of dimension n. Let ¢ € (). Denote by A, the set of charts around gq, i.e.

Aq:{K€A|q€QH}'
A tangent vector to Q at q is a map
g: Ay — R" kK — ¢,

which satisfies
Cj)\ = Dqﬁ()\ o K'_l) : Cjn )

for any k, A € A,. The collection of all tangent vectors to Q) at q is called the tangent
space to Q at g and is denoted T,(). The disjoint union

Q= JT,Q

q€Q

1s called the tangent bundle of Q).

26



Indeed, for a C* curve v : I — @ with 7(0) = ¢, the transformation formula (3.1) says
that the map

7'(0) : & = (r07)(0)
is an element of 7,Q).

On the other hand, for a given ¢ € T,Q, the C* curve v : t — k7 '(q; + t4,) in Q
satisfies 7/(0) = ¢. Thus, T,Q is exactly equal to the set of all possible velocity vectors
of C*' curves through the point ¢. This shows that our definition of tangent space is the
correct generalisation of the definition of the tangent space to a submanifold of R™ given
in Section 2.6.

One can define addition and scalar multiplication on 7,() in an “obvious” manner, by
letting, for ¢, ¢? € T,Q and a € R,

q(l) + q'(2) PN QS) + q'l(f) :
ozq'(l) KAy .
This makes T, a linear space. In fact, it is not hard to check that the map
Dyt de T,Q — R

is a linear isomorphism from 7,Q) to R", so T,() has dimension n.
Moreover, T'Q) has a natural atlas, consisting of the charts

Dr: |J T,Q — U xR" G € T,Q  (k(q), Dyt - §) = (des ) -
quK

with k € A. In fact, the recoordinatisations for this induced atlas are given by

DXo (D"{)_l : ’{(Qn N Q)x) X R" — )‘(Qn N Q)\) x R™ ) (QMQH) = (QquA),

in which gy = (Ao k7')(gs) and ¢y = D, (Ao k™) - ¢,. This shows that T'Q is a manifold
of differentiability class C*~! and dimension 2n.

3.3 The cotangent bundle

If V is a linear space, then we denote by V* the space of real-valued linear functions on V:
V*:={a:V — R | aisalinecar map } .

V* is also called the dual of V. The elements of V* are called linear formson V.

We usually think of an element of (R™)* as a row vector of length n, which makes it
isomorphic to R".

If @ is a C* manifold of dimension n, then the dual (T,Q)* of the tangent space to @
at ¢ is called the co-tangent space to q at ) and its elements are called co-vectors. The
disjoint union

17Q = U(TQQ)*

q€Q
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is called the cotangent bundle of (). As was the case for the tangent bundle, a chart
k: Qx — U, for @) induces a chart for 7%(), namely the inverse of the mapping

D'k : Uy x (R")" — U (T4Q)" , (GrsPr) = Pr © Dig)k € (T @)" -

q€Qx

In this way we produce an atlas for 7% with which it becomes a C*~! manifold of dimen-
sion 2n: if A : Q\ — U, is another chart for @), then

(D*A) o D't K(Qu N @) X (R") = AQu N @) X (R")", (g Pi) = (a1, 12)

with gy = (Ao k7 (g.) and p, = pr o D, (Ao k™'). We say that cotangent vectors
transform covariantly, which should be compared with the contravariant transformation
formula ¢y = Dy, (Ao k1) - .

3.4 A coordinate invariant interpretation of Lagrange’s variables

In this section, I will show how the square bracket [L]°(¢) can be interpreted in a coordinate
invariant way. In particular, this will lead to a coordinate invariant formulation of the
Euler-Lagrange equations [L]° = 0.

So we start with a C? manifold Q and a C? Lagrangian function L : T(Q) — R on the
tangent bundle. When « : (), — U, C R" is a coordinate chart for (), then we denote by

L.:=Lo(Dr)™" : U, xR" =R

the Lagrangian in the coordinates induced by &.
Assume now that § : I — Q is a C? curve in Q. Let t € I and suppose that 6(t) € Q..
d

We then defined the functions
o OL1(qx, 4x OLy(qx, dx
(L] () = T % - 6(—>
t ()i g=(eody o (g:):
Suppose now that A : @, — U, is another chart for @), with 0(¢) € Q. Then the definition

of L, and Ly implies that L, = Ly o (DX o (Dr)™1), that is

Li(@-Gs) = La((A 0 571)(qx), Dg, (A0 £71) - G -

But this means that we can apply Theorem 2.1 with U = Uy, U=U, ®=N\ok™ ', L=1L,,
L=0L,, Q)= (ko~)(t) and g(t) = (A ov)(t). The conclusion is that

fori=1,...,n.
dr=(K00)'(t)

(L™ (t) = [LA* () - Diwosyy (Ao £71)

viewing [L.]"*(t) and [L,]**°(¢) as a row vectors.
The important remark now is that if ¢ € T54)@ is an arbitrary tangent vector, taking
the value ¢, € R™ in the chart , then ¢y = D5y (A0 £71) - ¢,. But this implies that

[LH]HO(S(t) 'QH = [LA]/\Oé(t) ’ QA :
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In other words, we have a uniquely defined linear map
[LI°() : TspQ = R, ¢ = [La]™ () - g

and this definition is independent of x. It thus turns out that [L]°(#) can be interpreted as
an element of (T5»@Q)*, and ¢ — [L]°(¢) as a curve in T*Q.

3.5 The tangent map

In this section, we define what we mean by the derivative of maps between manifolds.

We begin by defining what we mean by a C* map of C* manifolds. Let Q and Q be C*
manifolds of dimensions n and m respectively. Then a map ¢ : ) — Q is called C" with
[ <k if it is C' in coordinate charts, that is if for all coordinate charts  : Q.. — U, for Q
and A : Q,\ — U, for Q,

Ao®or™: U, NK(®HQy)) — Uy

is C' as a map from an open subset of R” to an open subset of R™.

Now, let ® : Q — Q be a C' map between C*! manifolds. If v : I — @ is a curve in
@) with v(0) = ¢ and velocity 7/(0) € T,Q, then ® transports the curve v to the curve
(®ov): I — QinQ with (P 07)(0) = ®(q) and (@ 07)'(0) € Tay) Q-

Proposition 3.4 Let Q, Q be C* manifolds and ® : Q — Q a C' map. Then there is a
uniquely defined linear map

T,® : T,0Q — Tep)@Q ,

with the property that
(®07)'(0) =T,2-~'(0)

for all C* curves v in Q with v(0) = q. T,® is called the tangent map of ® at ¢ and
satisfies

DygAoTy®o (Dyk)™" = Dy (Ao @or™) (3:2)

for any pair of charts r for Q and X\ for Q.

Proof: Let k : Q, — U, and \ : Q, — U, be charts for Q and Q respectively. Then
differentiation of
AoPoy=(AodPokr )o(kon)

at the point ¢, gives that
Dy (®07)(0) =D, (Ao®or™") Dyr-+(0) .

As any element of T;() is the tangent vector of some curve and Dgg)A and Dyk are linear
isomorphisms, this proves the result. [l
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Note that formula (3.2) exactly says that “the map T,® in induced coordinates” is equal
to the derivative of “the map ® in coordinates”.
The map
T :TQ - TQ ,i€T,Q— T,®-q

is called the tangent map of ®. By definition, T'® sends 7, to T @(q)Q. In local coordinates,
T® is given by

DXoT® o (D)™ : (g, dx) — (Ao ® o k) (g, D, (Ao®o K1) )

This proves that 7® is C'~' when ® is C'. i o
Finally, we remark without proof that when ® : @ — @ and ¥ : Q — () are C' maps,
then the composition ¥ o ® : Q — @ is also C* and we have the chain rule:

Ty(Vod)=TyqVoTl,®,
that is (W o &) = TV o T'D.

Remark 3.5 (A coordinate invariant formulation of Lagrange’s theorem) Let @
and Q be C? manifolds, v: I — Q a C? curve in Q, L : TQ — R a C? Lagrangian function
on TQ and ® : Q — Q a C? mapping. Then o~y : I — Q is a curve in Q and
LoT® :TQ — R is a Lagrangian on TQ. The coordinate invariant version of Theorem
2.1 now says that the identity

[LoT®](t) = [L]*(t) o Ty ®

holds for linear forms on Tv(t)Q. The proof is an exercise in using definitions.

3.6 Submanifolds and Whitney embedding

With the tangent map at our disposal, we can straightforwardly define what it means
for a smooth map of smooth manifolds to be an immersion, embedding, submersion or
diffeomorphism, analogous to the definitions in Section 2.6.

Definition 3.6 Let P,Q and R be C* manifolds of finite dimensions.

e AC* map h: P — Q is called a C* immersion if for all p € P, the tangent map
Tph : TP — Ty, Q is an injective linear map.

e AC* map h: P — Q is called a C* embedding if it is an immersion and a homeo-
morphism onto its image.

o AC* map g: Q — R is called a C* submersion if for all ¢ € Q, the tangent map
Tyg : T,Q — Ty R is a surjective linear map.

o AC* map ® : P — Q is called a C* diffeomorphism if it is bijective and, for all
p € P, the tangent map T,® : T,P — Ty, Q is a bijective linear map.
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At the risk of boring the reader, we now also introduce the notion of a submanifold of a
differentiable manifold. Using Definition/Theorem 2.5 and a local coordinate system for
@, it is easy to prove the following Definition/Theorem:

Definition 3.7 Letn € NU{0}, k € NU{oo} and 0 < d < n. Let Q be a C* manifold of
dimension n and let P C Q be a nonempty subset. We say that P is a C* submanifold of
Q of dimension d if for every p € P one of the following equivalent statements is true:

o There exists an open neighborhood U of p in Q, an open subset W C R¢ and a C*
embedding h : W — @ such that PNU = h(W).

e There exists an open neighborhood U of p in Q and a C* submersion g : U — R4
with the property that PNU = g7 ({0,_4}).

o There exist an open neighborhood U of p in @Q, an open subset V of R and a C*
diffeomorphism ® : U — V such that

S(PNU)=VN(R? X {0,_q}) .

It also follows easily that if P is a d-dimensional C* submanifold of a C* manifold @ in
the sense of definition 3.7, then P is a d-dimensional C* manifold in the sense of definition
3.1, exactly as one would expect.

Let us finish this section with flagging a deeper result, the famous Whitney embedding
theorem. This theorem says that every abstract n-dimensional C* manifold @ that satisfies
a mild topological condition, can be embedded in some RY.

Theorem 3.8 (Whitney embedding) Let Q be an n-dimensional C* manifold that is
the countable union of compact subsets. Then there exists a C* embedding h : Q — R*™ of
Q into R*™. In particular, Q is diffeomorphic to the submanifold h(Q) C R*".

If a topological space is the countable union of compact subsets, it is called second-
countable. Second-countability is a rather weak condition. For instance every subset of R",
with the induced topology, is second-countable, because R" is itself a countable union of
compact subsets. This also shows that second-contability is an obvious necessary condition
for a manifold to be diffeomorphic to a submanifold of R?".

The importance of Whitney’s embedding theorem is that it allows us to think of all
second-countable differentiable manifolds as submanifolds of Euclidean space. This is in
particular convenient if you don’t like the abstract definition 3.1.

The proof of Whitney’s theorem is unfortunately much too complicated to discuss here.

3.7 Vector fields

A vector field assigns in a smooth way to each ¢ € ) a tangent vector in 7;(). In other
words, a vector field is a C' map v from @ to TQ with the property that v(q) € T,Q for
all ¢ € Q. We can say this in another way by defining the bundle projection

o TQ — Qi€ T,Qq.
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Recall that if Q is a C* manifold, then T'Q is a C*~! manifold. Because in local coordinates,
Trg simply maps (gx, ¢x) to g., we see that mp¢g is in fact a C*~! submersion.

Now, the requirement that v : ¢ — 7T'Q) maps ¢ € @ to an element of T;,Q), i.e. the
requirement that v be a vector field, can quite elegantly be formulated as

WTQOU:idQ.

Remark 3.9 (The differential) The cotangent bundle 7*Q also has a bundle projection
T+, that sends p € (T,Q)* to ¢. A C' mapping a : Q — T*Q with the property that
g © a = idg is called a one-form on ). It assigns to every ¢ € @) a linear form a(g) on

T,Q.
When f : Q@ — R is a real-valued C' function on @, then its tangent map T,f at ¢
sends T,Q to TR = R. We usually denote it by

df (q) = T,f € (TqQ)* .
The map df : Q — T*Q, q — df(q) is an example of a one-form on Q.

Remark 3.10 (Notation) If v : Q — T'Q is a continuous vector field and f: QQ — R a
C* function, then v(q) € T,Q and df(q) : T,Q — R, that is df (q) € (T,Q)*. Thus one can
define the function v- f :  — R by

(v- f)q) = df(q) -v(q) .

v - f is called the derivative of f in the direction of v. In local coordinates we have

- D@ =3 2D

j=1 045

where v; : U C R" — R are continuous functions on a coordinate patch. This shows that
if vis C* and f is C**!, then v - f is C*. We observe that v- : f + v - f is a first order
differential operator - a first order differential operator is also called a derivation. In fact,
the allocation v — v- allows us to interpret v itself as a first order differential operator.
Hence we may choose to write

This is very common notation for a vector field in local coordinates.

3.8 Integral curves

If y:1— QisaC! curve in Q, then dzl—(tt) € T,»@. We say that v is an integral curve of
the vector field v on Q) if
dr(t)

5 v((t))
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for all ¢ € I. The existence and uniqueness theory for ordinary differential equations guar-
antees that if v is O, then for every initial condition gy € @, there exists a unique maximal
integral curve v : I — @ of v for which 7(0) = go.

Recall that the existence and uniqueness theory for ordinary differential equations more-
over says that for every ¢t € R there exists an open subset D, C @ and a C* mapping

d': D, — Q
with the following properties
e Dy=@Q and ®° = idy,.
e &' is a diffeomorphism onto its image.
e D,N®*(D,) = Dy N P(D,;) = Dy1s and on this set,
' o @* = Pt |
This is called the group property.

o L =vod, that is L£d(q) = v(P(q)) for all ¢ € D;. That is, the curve ¢t — ®'(q) is

the unique maximal integral curve of v with initial condition q.

The map ®! is called the time-¢ flow of the vector field v. It is also, suggestively, denoted
by

@t :etv 7

because of the third property. I will use this notation a lot.

3.9 Conjugation

Let Q be a C* manifold, v: Q — TQ a C*! vector field and ® : Q — Q a C* diffeomor-
phism of ). Because T'® maps To-1(4)Q to T,Q, the composition

TOovod':Q—TQ

is a C*~1 vector field on Q. This vector field is denoted ®,v and called the pushforward of
v:
®.0(q) == (To19®) - v(27(q) € T,Q -
Note that the identity (¥ o®)™! = & 1o U~ the chain rule T(¥ o ®) = TW o TP and the
definition ®,v = T® o v o ®~! together imply that
(Vo d),v=U,(D,0)

Proposition 3.11 Ifv: I — @Q is an integral curve of v, then ® o~y is an integral curve
of ¢,v.
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Proof: Let v be an integral curve of v, that is 7’(t) = v( (t)) for all ¢ € I. Then, by the
definition of the tangent map, (®o~y)'(¢ ) Q- (t) = Tyuy®-v(y(t) =P v(@('y(t))) =

D, 0((P o 7y)(1)). 0

When v and w are vector fields on ) and ®,v = w for some diffeomorphism ®, then we
say that ® conjugates v to w and that v and w are conjugate vector fields.

3.10 The Lie bracket

The collection of all C* vector fields on the C**! manifold @ is denoted
Xk(@) = {U Q—TQ ’ WTQOU:idQ, v is Ck} .

Clearly, vector fields can be added and multiplied by a scalar, because the tangent spaces
T,Q are linear spaces, so that X*(Q) is a linear space. Apart from this, it turns out we
can define an operation on it. This goes as follows.

When u,v : Q — T'Q are two C* vector fields on @, then for small enough ¢, the flow
e is a diffeomorphism of an open neighborhood of every point ¢ € Q. We can use it to
push forward the vector field v, to obtain the new vector field (e™),v. Now we can define

the Lie bracket of u and v as

d
[u,v] = pr t:O(et”)*v :

It turns out that, if v and v are given in in local coordinates as

From this expression, one observes that if u and v are C*, then [u,v] is C¥~1. Furthermore,
it is immediately clear that the Lie bracket is antisymmetric:

[u,v] = —[v, ul.

A priori this is not so obvious from the definition. Moreover, a little computation shows
that if u,v and w are C? vector fields, then we have the identity

[u, [v, w]] + [v, [w, u]] + [w, [u,v]] =0 .

This identity is called the Jacobi identity.
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Definition 3.12 A linear space V' on which a bracket operation [-,-] : V xV — V is
defined for which

[u,v] = —[v,u] and [u, [v,w]] + [v, [w,u]] + [w, [u,v]] =0 for all u,v,w €V,
15 called a Lie algebra.

We just proved that X*°(Q) is a Lie algebra.

3.11 Excursion: Second order vector fields

Recall that a mechanical system is described by a system of differential equations of second
order. This means that in local coordinates (g, Gx) € Ux x R"™ for T'Q) induced by local
coordinates k : Q). C Q — U, C R", the equations of motion have the form

dqy.

dg. . (G i)
—, — Y4k > = ax\Gk,49k)
a T a r

for some function a, : U, x R" — R".
In the coordinate invariant formulation, these differential equations define a vector field
on TQ (not on @), that is a map

v:TQ — T(TQ) with the property that mprg) o v = idrg .

The property that v be a second order vector field is expressed by an additional require-
ment, that we shall investigate now:

First of all, we remark that the bundle projection of T'Q) maps T'Q) to () and that it has
a tangent map T'(mrg) : T(T'Q) — TQ. On the other hand, T(7'Q) has its own bundle
projection mprg) : T(TQ) — T'Q. In general, mrrgy # T(7rq).

If g, are local coordinates for ), then they induce local coordinates (g, ¢.) for TQ,
which in turn induce local coordinates (qy, Gx, 0qx, 04x) for T(TQ). In these local coordi-
nates, mr(rqg) Maps (qx; drs 0, 0x) — (Gi, G ). At the same time, 77 sends (qx, ¢) — ¢x,
and hence T(mrg) maps (gx, ¢x, 0s, 0Gx) t0 (¢s,0¢,). In local coordinates, a vector field
v:TQ — T(TQ) sends (gu,Gx) t0 (rs s Vg, (G, Gr), Vg (G, G)). The requirement that
Vg (Qs @) = 4 therefore just means that

Trrg) o v =T (mrg)ov . (3.3)

Formula (3.3) is the coordinate invariant way of saying that v is a second order vector field.
Of course, this is just a complicated way of saying something quite simple.

3.12 Excursion: Fiber bundles

A fiber bundle is a generalization of the Cartesian product of two manifolds. They are
studied extensively by differential geometers. For the interested reader, we will give the
relevant definitions here and discuss a few examples. And we will see that the tangent
bundle and cotangent bundle are special kinds of fiber bundles, namely vector bundles.
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Definition 3.13 Let X, Y and Z be C* manifolds of dimensions p,q and r respectively,
with p = ¢+ 1. We say that X is a Z-fiber bundle over Y if there is a C* surjective

mapping
X - X =Y

with the property that for all y € Y there is a nonempty open neighborhood Y, C'Y of y
and a diffeomorphism ¢, : 7' (Y,) — Y, x Z, such that ¢,(x) € {§} x Z if nx(z) = 7.

The mapping 7x is called the bundle projection of the fiber bundle X, Y is called the
base manifold of the fiber bundle, and Z is called the fiber manifold. The maps ¢, are
called local trivialisations of X. Definition 3.13 implies that for every y € Y, the fiber
% ({y}) € X is diffeomorphic to Z. What’s more, this fiber has an open neighborhood
that is diffeomorphic to the Cartesian product of an open subset of ¥ and the manifold
Z. One could say that a fiber bundle X consists of many copies of the fiber manifold Z,
parameterized by elements of the base manifold Y.

An example of a fiber bundle is the Cartesian product manifold X =Y x Z, for which
mx(y,2) =y, Y, =Y for all y and ¢, = idy for all y. We say that X =Y x Z is a trivial
fiber bundle.

Not all fiber bundles are Cartesian products though. For instance if we take the 2-plane
R x R and identify the points (z,y) = (x + 1, —y), then we obtain a manifold that is an
R-bundle over the circle S' := R/Z, which is not homeomorphic to S* x R. This manifold
is called the Mobius strip. A slightly less known, but equally interesting example is the
Hopf fibration:

Remark 3.14 (The Hopf fibration) Let
S i={r e R |||lz|]|=1}

denote the n-dimensional unit sphere. H. Hopf constructed an explicit polynomial surjec-
tive mapping
Tgs : 5% — S,

that satisfies definition 3.13 with Z = S'. In other words, he showed that S® is an S*-fiber
bundle over S?. The mapping mgs is known as the Hopf fibration. On the other hand, one
can prove that S® is not homeomorphic to the Cartesian product S? x S, for instance
because S? is simply connected (every closed curve in S? can be continuously contracted
to a point) and S? x S! is not. A

Suppose that y;,y2 € Y and that Y, NY,, # 0. Then the map ¢,, o, ! is a diffeomorphism
of (Y,, NY,,) x Z that, for each y € Y, NY,,, sends {y} x Z to itself.

Definition 3.15 Let X be a Z-fiber bundle over Y. We say that X is a vector bundle over
Y ifi) the fiber manifold Z is a vector space and ii) for each yi,y» € Y andy € Y,, NY,,,
the map ¢, o gb;;‘{y}xz 1S a linear isomorphism.
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One can now check quite easily that both the tangent bundle X = T'Q) and the cotangent
bundle 7*X of an n-dimensional C* manifold are examples of a C*~! vector bundle over
Y = @. In this case, the fibers are the linear spaces 7,Q) and (7,Q)* respectively, that is
Z = R", and the bundle projections mpq and 7+ are as defined in section 3.7.

Some more terminology: If X is a fiber bundle over Y, then a smooth mapping s :
Y — X with the property that mx o s = idy is called a section of the fiber bundle X. A
section assigns to every y € Y exactly one element in the fiber 73! ({y}) over y. With this
terminology, a vector field v on () is precisely a section of T'() and a one-form becomes a
section of T*Q).

A principal fiber bundle is one for which the fiber manifold Z is actually a Lie group. We will
study Lie groups in more detail in Chapter 6. Physicists call a section of a principal fiber
bundle a gauge. Principal fiber bundles arise in several branches of physics, for instance in
string theory.

3.13 Exercises

Exercise 3.1 (The circle as a submanifold of 2-space) Consider the circle
S={(z,y) eR* | 2> +y*=11}.

Show that for every (z,y) € S there are an open neighborhood U C R? of (z,y), an
open interval I C R and a C* function f : I — R such that

SNU={(z,f()) [z el }orSNU={(f(y)y) |yel}.

Give U, I and f explicitly.

o Show that for every (x,y) € S there are an open neighborhood U C R? of (z,y), an
open interval I C R and a C* embedding h : I — R? such that SN U = h(I). Give
U, I and h explicitly.

e Show that for every (x,y) € S there are an open neighborhood U C R? of (z,y) and
a C* submersion g : U — R such that SNU = g~ 1({0,}). Give U and g explicitly.

o Show that for every (x,y) € S there are an open neighborhood U C R? of (z,y), an
open neighborhood V' of 0y in R% and a C*° diffeomorphism ® : U — V such that
OSNU)=VN(Rx{0}). Give U,V and @ explicitly.

Exercise 3.2 (Some elementary topology) Recall that a topological space X is called
compact if every covering of X by open sets has a finite subcovering.

Let XY be topological spaces and h : X — Y a continuous map. Show that if X is
compact, then so is h(X) C Y. In particular, show that if X is compact and' Y C R" is a
nonempty open subset, then there does not exist a homeomorphism h : X — Y.
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Remark 3.16 If h: X — Y is continuous and h(X) is compact, then this does not imply
that X is compact. A map h : X — Y with the special property that h=}(Z) C X is
compact whenever Z C Y is compact, is called proper.

Exercise 3.3 Recall from exercise 3.1 that the circle
St={(r,y) eR* | 2°+y* =1} CR?

is a one-dimensional C* manifold. Prove that S' is compact. Use exercise 3.2 to show
that St is not homeomorphic to an open subset of R.
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4 Dynamics on Riemannian manifolds

Riemannian manifolds were introduced by Riemann in his Habilitationsthesis. His discov-
ery was that by defining on every tangent space of a manifold an inner product, one can
study concepts like curvature and shortest paths. In this chapter we will focus on the
latter, the so-called geodesics.

4.1 Riemannian manifolds

We start with the notion of a pseudo-inner product:

Definition 4.1 Let V be a finite-dimensional linear space. A pseudo-inner product on V.
1S a mapping
B:VxV =R

with the following properties:
1. Symmetry: B(v,w) = B(w,v) for all v,w € V.
2. Bilinearity: B(vy + svg, w) = B(v1,w) + sB(ve, w) for all vy, vy, w € V and s € R.
3. Nondegeneracy: if f(v,w) =0 for allw € V, then v = 0.

If in addition, we require
4. Positivity: B(v,v) >0,
then 3 is called an inner product.

With this definition, we can define

Definition 4.2 A C* (pseudo-)Riemannian manifold is a C* manifold Q for which a
(pseudo- Jinner product 3, : T,Q x T, — R is defined on each tangent space T,Q), in such
a way that this inner product depends in a C* way on q € Q.

The family 3, of (pseudo-)inner products on T,Q is called a (pseudo-)Riemannian metric
on (.

Recall that a coordinate chart x : ¢ — ¢, € U, C R" for () induces a coordinate chart
Dk : ¢ e T,Q — (¢s,4x) € Uy x R* for TQ. And, in order not to make the notation too
heavy, let us suppress the subscript . In induced coordinates, the (pseudo-)inner product
By on T,() takes the form

(¢',¢°) € R" x R" = > " B,i(q)d}d] -
ij=1
The matrix ((q) with coefficients 3;;(¢) is symmetric, nondegenerate and, if we require
positivity, positive definite. Note also that it depends explicity on the chart x. The

requirement that 3(q) depends C* on ¢ € ) in Definition 4.2, just means that the functions
q +— fi;(q) on U are C*.
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Remark 4.3 (Quadratic forms) One can observe that a pseudo-inner product 3 : V' x
V — R on a linear space V defines a nondegenerate quadratic form Sz : V' — R by setting

Sa(v) = 36(0,v)

On the other hand, given a nondegenerate quadratic form S on V', the unique pseudo-inner
product 8 on V for which Sz = S, is given by

Bs(v,w) = 3 (S(v-+w) — S(v) — S(w))

Hence, giving a nondegenerate quadratic form on a linear space is equivalent to giving
a pseudo-inner product on that space. And: giving a pseudo-Riemannian metric 3 on a
manifold () is equivalent to giving a function S : T'Q) — R of positions and velocities, for
which for every ¢ € @, the restriction S|7,¢q to T,Q is a nondegenerate quadratic form.
The requirement that the metric 3 is C* therefore is equivalent to the requirement that
Sg:TQ — R is a C* function.

This shows that the definition of a Riemannian metric given in Remark 2.3 is equiv-
alent to definition 4.2. By “pseudo-Riemannian metric” we will sometimes mean ( and
sometimes also the corresponding kinetic energy S : TQ) — R.

Remark 4.4 (The index of a metric) Let {ej,...,e,} be a basis for the n-dimensional
linear space V. With respect to this basis, a symmetric bilinear form 3 on V has the form

n n n
1 2 1,2
B E V€5, E Vp€k | = E ﬁjkvjvk )
j=1 k=1

Jk=1

for certain coefficients ;5 := ((e;, ex) with the property that G;; = By,

We define the index of 3 as the number of negative eigenvalues of 5. This index is
defined independent of the basis that we chose for V.

If B is a pseudo-Riemannian metric on a manifold ), then each bilinear form (3, on
T,Q has its own index. This index is locally constant and hence constant on the connected
components of (). Therefore we can speak of the index of a pseudo-Riemannian metric on
a connected manifold. A pseudo-Riemannian metric is a Riemannian metric if and only if
its index is equal to zero.

4.2 Geodesics

Let § be a Riemannian metric (not a pseudo-Riemannian metric) on the manifold Q. If
q € T,Q), then we say that its length ||{||, is given by

gllg := \/Bald> @) -
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Now if 7 : [a,b] — @ is a smooth curve in @, then % € T,;»@, which allows us to define
the length of the curve v as
b
1) = |

The following proposition shows that this definition is independent of the parametrization
of ~:

dy(t)

dt .
dt

v(t)

Proposition 4.5 Let v : [c,d] — [a,b] be an orientation preserving diffeomorphism, that
is: Y(c) = a,¥(d) = b and % > 0. Then l(yo) =1(7).

Proof:
d
dy(t
s — / v(t)
v(b(s)) ¢

dt

dip(s)

S

t=1(s)

2 ou(s) ds =1(y)

iou)= [

where the second equality follows from the chain rule and the bilinearity of 3, and the
last equality follows from a substitution of variables ¢t = ¥(s). O

(1)

If % # 0 for all ¢, the ambiguity in the parameterization can be removed by requiring
that v be parameterized by arclength. We say that a curve 7 : [a,b] — @ is parameterized

by arclength if
(V@) =t —a.

This is of course equivalent to ||dzl—§t)|\7(t) =1

Note that [(7) is the action integral along + of the Lagrangian L : T'() — R defined by
L(q,q) = v/B,4(4,¢). We conclude that if v : [a,b] — @ is a C? curve with v(a) = qo, y(b) =
q1 is the shortest C? curve from ¢y to q;, then v must satisfy the Euler-Lagrange equation
[L]Y = 0.

Unfortunately though, the Lagrangian L is a bit nasty. First of all, it is not differentiable
at the points (¢,q) € TQ for which ¢ = 0, because of the square root. A more serious
problem is that L is degenerate: because L(q, A\§) = AL(q, ¢) for all A > 0, the derivative
% has ¢ in its kernel. This implies that the Euler-Lagrange equations [L]” = 0 for
L do not give rise to an explicit system of second order differential equations. Of course,
this is closely related to the fact that any reparameterization of a shortest curve is also a
shortest curve.

The solutions to [L]” = 0 become unique if we require that they are parameterized by
arclength. Indeed, if v is parameterized by arclength, then L = 1 along . Now recall
the definition of the kinetic energy T = %Lz, ie. T(q,q) = %ﬂq(q, ¢) and observe that
dT = LdL. This implies that [L]? = [T]7 if «y is parameterized by arclength.

T is of course a nondegenerate Lagrangian. Moreover, as T" is a constant of motion for
the equations [T]7 = 0, the solution curves of [T]" = 0 for which 7' = % are automatically

solutions of [L]” = 0 parameterized by arclength. This inspires the following definition:
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Definition 4.6 A geodesic in a pseudo-Riemannian manifold (Q, ) is a solution to the
FEuler-Lagrange equations

[S}q =Y,
where the kinetic energy S : T'Q)Q — R is defined by S : ¢ € T,Q) — %ﬁq(cj, q).

Note that in the definition of a geodesic we did not require the metric to be a Riemannian
one. In a Riemannian manifold, the geodesics for which S = % are those parameterized
by arclength. Because S has the interpretation of kinetic energy, we also say that the
geodesics describe the motion of a free particle in (), where “free” refers to the absence of

external forces.

Remark 4.7 (Unit tangent bundle) The flow of the Euler-Lagrange equations [T]7 = 0
on T'Q) is called the geodesic flow. Because S is a constant of motion for the geodesic flow,
it leaves the so-called unit tangent bundle

(TQ) = {(0.4) € TQ IS(0.0) = 5 }
invariant. If § is a Riemannian metric, the intersection of (7'Q)); with the tangent space
T,Q is diffeomorphic to a n — 1-dimensional sphere. If moreover () is compact, this implies
that (7'Q)); is a compact manifold, and hence the geodesic flow restricted to the unit tan-
gent bundle is complete (i.e. solutions exist for all time).
One can prove that if the so-called sectional curvatures of a compact Riemannian mani-
fold are negative, then the geodesic flow on (T'Q); is mizing. Loosely speaking, this means

that the geodesic flow mixes or “stirs” the elements of (T'Q); very well.

Remark 4.8 (Einstein’s general relativity) We say that a pseudo-Riemannian metric
[ on a manifold ) is a Lorentzian metric if its index is equal to one, and () is then called a
Lorentzian manifold. This is the setting of Einstein’s theory of general relativity, in which
() is a 4-dimensional manifold called “space-time” and on which the Lorentzian metric
describes a gravitational field.

We say that the curve t — ¢(t),I — @ in the Lorentzian manifold @ is space-like if
B(q(t))(dq(t)/dt,dq(t)/dt) > 0 for all t, time-like if 5(q(t))(dq(t)/dt,dq(t)/dt) < O for all ¢
and light-like if 3(q(t))(dq(t)/dt,dq(t)/dt) = 0 for all t.

Einstein’s theory now says that a free massive relativistic particle is described by a time-
like geodesic in @) for the Lorentzian metric, while light follows the light-like geodesics in
space-time. No particle can travel on a space-like curves, as such a particle would move
faster than light.

4.3 The geodesic equations

In local coordinates, the equations of motion for geodesics are found by writing out the
Euler-Lagrange equations [S]? = 0 for the kinetic energy

S(a.4) = 55@0d) = 5 D Aylaid; -

ij=1
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From the general formula (2.8) we see that these equations read dqtl = ¢ and

> B @) M2 4 2 5™ (00(a) + Ohbla(a) — el - (4.1)

m=1 J,k=1

If we now denote by
3"™(q) = (B(e)™),,

the (I, m)-th element of the inverse of the matrix 5(g), then multiplying (4.1) by 58%(q) and
summing over [, we obtain the explicit formulas

n

j,k=1
where
Ik(a) 25” (0iBki(q) + OwBiu(q) — OBjk(q)) - (4.3)

are called the Christoffel symbols of the metric.

The differential equations (4.2) have the following special property: if the curve t — ~(t)
solves (4.2) and a € R is a constant, then the curve ¢ — 0(t) defined by §(¢) := y(at) also
solves (4.2). Tt is straightforward to check this. A differential equation with this property
is called a spray.

4.4 Isometries

A diffeomorphism ® : () — @ of a pseudo-Riemannian manifold ) with pseudo-Riemannian
metric 3 is called an isometry if

Baq)(Tg® - ¢1, T, ® - G2) = B4(d1, ¢e) for all ¢ € Q and ¢y, ¢s -

It is easy to check that this implies that such a ® preserves length: if v : [a,b] — @ is a
C! curve in @, then (P o) = I(7).

Clearly, saying that ® is an isometry is equivalent to saying that T® : TQ) — T(Q
preserves the kinetic energy function Sg : T'CQ) — R, that is

SﬁOTq):Sg.

This in turn implies that if the curve v in () is a geodesic, then also ® o v is a geodesic.
This follows for example from applying the following general theorem to L = Sp.

Theorem 4.9 (Symmetric Lagrangians) Let Q be a C? manifold, L : TQ — R a C*
Lagrangian function and ® : Q — @Q a C? diffeomorphism. Note that this implies that
T®:TQ — TQ is a C diffeomorphism.
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Assume that t — ~(t),I — Q is a solution of the Euler-Lagrange equations [L|7 = 0
and that L is invariant under T'®, that is

LoT®=1.

Then ® o vy solves the Euler-Lagrange equations as well, that is [L]**7 = 0.

Proof: Recall the definition of the linear form
[L7(1): Ty @ — R,
defined in local coordinates by formula (2.3). By Theorem 2.1, we have the identity
(Lo TOP(t) = [L]™(t) o Ty
for linear forms on 7T’ ;)@. This proves the theorem. O

Theorem 4.9 expresses that if the Lagrangian L is symmetric, then this is reflected by a
symmetry in the set of solutions of the Euler-Lagrange equations for L. In particular, if
® is an isometry, then it sends geodesics to geodesics. An isometry is an example of a
symmetry. Symmetries will be the topic of Chapter 5.

4.5 Excursion: the Jacobi metric

We will show in this section that solution curves of natural mechanical systems can be
viewed as the geodesics of a special metric.

Let L = S —V : TQ — R be a natural Lagrangian, which means that S|z,q is a
nondegenerate quadratic form and V' is constant on each 7,(). In local coordinates (g, ¢)
for T'Q) this just means that S(q, §) = %szzl Bik(q)d;qx and V' = V(q). In the same local
coordinates, the Euler-Lagrange equations for such L read

n

d*q; dg; d a4, 0V (q)
3 D) jj—zﬂ%) ot (4.4)

G k=1 =1

with T, as in (4.3). We saw before that the total energy E' = T+V : TQ — R is a constant
of motion for equations (4.4). We now have the following theorem that characterizes the
solution curves of equations (4.4) in terms of the geodesics of a special metric:

Theorem 4.10 (Jacobi-Maupertuis principle) Let S : TQ — R be a smooth pseudo-
Riemannian metric and let V : Q — R be a smooth potential energy function. Let t —

q(t), I — Q be a curve in QQ such that E <q( ), d(tt)> =e € R and V(q(t)) # e for all t.
Then the map t — s(t), I — R defined by

s(t) = 2/0 e—V(q(r))dr .
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is a diffeomorphism onto its image J. We denote its inverse by s+ t(s),J — 1.
Moreover, the curve t — q(t) in Q is a solution to the Euler-Lagrange equation [S —
V]9 =0, if and only if the curve s — q(t(s)), J — Q is a geodesic of the “Jacobi metric”

S=(e-V)S .
Proof: Because d‘zl(tt) = e — V(q(t)) # 0, the inverse function theorem guarantees that
t +— s(t) is a diffeomorphism onto its image. Let us denote the reparametrized curve by

s+ q(s) == q(t(s)), or equivalently, q(s(t)) = q(t).
We work in local coordinates on () now. Differentiation of the identity q(t) = q(s(t))

. . . " dg; dgi d2q;
with r(i;pect to t twice leads to the identities % = 2(e — V(q))52 and & = 4(e —
q, av
V(@) 5~ 4le = V(@) g i 5|

equations (4.4) if and only if s +— g(s) satisfies

dgq 1 " 9V dq 1 1%
o —J k e il
ds2 N Z iz ds ds e—Vds — Oq ds 4 e—V)zzﬁ oq

=1

. %. We conclude that the curve t — ¢(t) solves
=q

Using that e — V = 3 ij ) @kd;; djt’“ =2(e—-V)’ D ke lﬁjk o %’“ along solutions, we
then finally find that

in which
. 1 oV oV %

Incidentally, the f‘;k are also exactly the Cristoffel symbols of the metric

S(q.4) = (e — V(q))S(q,q)

defined on the subset of ¢ € @ for which V(q) # e. This last claim is easy to verify by a
short computation. O

When = S 4+ V = e, then the condition that V' # e is equivalent to the condition that
S # 0. Hence the Jacobi-Maupertuis principle holds for curves that never have zero kinetic
energy. When S defines a Riemannian metric, then S(q, ¢) # 0 if and only if S(q,¢) > 0 if
and only if ¢ # 0 and the condition that e # V implies that e — V' > 0. Hence the Jacobi
metric (e — V')S then is automatically a Riemannian metric.
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4.6 Gradient vector fields

A pseudo-Riemannian metric on a manifold () allows us to define the geodesic vector field
on T'Q), as was shown in the previous sections. Now we will show how one can use it to
construct vector fields on () itself.

First of all, we remark that a pseudo-inner product 3 : V x V — R on a linear space
V' allows us to define a linear isomorphism from V' to its dual

V*={£:V - R | £is alinear map }
namely the map .
Brve Bu,) = (we flv,w),V—V".

Indeed, the nondegeneracy of # implies that this map is injective and hence bijective.

If (Q,3) is a pseudo-Riemannian manifold and f : Q — R a C! function on Q, then
the derivative df (¢) of f at ¢ is an element of (7,Q))*. Now we can apply the inverse of Bq
to df (¢) to obtain a vector in T,(). The result is called the gradient vector field of f with
respect to the metric 3, and denoted gradgf. It is implicitly defined by the relation

By((grads f)(q),v) := df(q) - v for all v € T,Q .

In local coordinates,

; I\ 9
gradgf = ; (Zﬁl 8ql> a4,

This shows that gradsf is a C* vector field if f is C**! and 3 is C*.

The gradient flow of a C! function f : Q — R is defined as the flow of minus the gradient
vector field of f. The crucial remark is that if @ is a Riemannian manifold (not a pseudo-
Riemannian manifold!), then every gradient flow on it possesses a Lyapunov function: let
t +— q(t) be an integral curve of —grad,f, i.e. assume that ¢(t) satisfies

d(il—it) = —grad; f(q(t)) .

Then it is easy to compute that

9 1ta(0) = drtae) - 0 = 5,0 (arad £(a0), ) = Jjgrad, (a2 < 0.

In other words, the value of f always decreases along the solution curves of minus the
gradient vector field of f, the only exception being at the points where gradsf = 0, i.e.
the equilibria of the gradient vector field. Due to the nondegeneracy of 3, these points
coincide with the stationary points of f, i.e. the points where df = 0.

Remark 4.11 (Infinite-dimensional gradient flows) Infinite dimensional gradient vec-
tor fields arise in many important, and often quite surprising, branches of mathematics
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and physics. Examples include pattern formation and reaction-diffusion equations, Morse-
theory and various branches of topological dynamics.

An important and somewhat easily understood example is the curve-shortening flow
that is used to study the geodesics on a Riemannian manifold (@, ). The Riemannian ma-
nifold on which the curve-shortening flow takes place is an infinite-dimensional “manifold of
smooth curves v in )7, endowed with an appropriate metric. On this infinite-dimensional
manifold, the length functional « +— [(v) produces a gradient flow that evolves an initial
curve vy into a family of curves s with I(vs,) < I(7s,) if s3 > s;. The hope then is that s
converges to a geodesic as s — oo. It turns out that this is more or less what happens.

Of course, the study of infinite-dimensional gradient flows is much more involved than
the study of finite-dimensional ones.

4.7 Exercises

Exercise 4.1 (Geodesics in submanifolds) Let U C R™ be an open subset. U can be
considered a Riemannian manifold with the Fuclidean inner product

n
(@' 4% =>4 for @ €R".
j=1

Suppose that Q C U is a C? submanifold of R™ of dimension d < n. Then Q carries the
metric 3 that it inherits from the surrounding space U, given by

Ba(d",¢%) = (¢",¢%) , for ¢ € T,Q CR" and q € Q.
Define S: U x R" — R by S(q,q) == 5(d,q).

e Use the ideas of Section 2.7 to prove that v : I — @ is a geodesic for the inherited
metric if and only if for allt € I,

ST (B)l, 0 =0

e Prove that [S]Y(t) = ~"(¢).

e Show that 7y is a geodesic of the inherited metric if and only if for allt € I, v"(t) € R®
is perpendicular to Ty Q.

Exercise 4.2 (Geodesics on the sphere) Denote by S™ the n-dimensional sphere:
S*i={r e R"" | (z,2) =1} .
Prove that for every x € S™ and every nonzero & € R™ with (x,%) = 0, the curve

sin(||#[]t) .

Vei(t) := cos(||z||t)x + ————>
|||

is a geodesic with v, :(0) = 2,7, ;(0) = ©.
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Exercise 4.3 [The hyperbolic half plane] I copied this exercise from the lecture notes on
Classical Mechanics of J.J. Duistermaat.

Let H={z € C | Im z > 0} be the complex upper half plane, which can be viewed as
an open subset of R? by identifying x + iy € C with (x,y) € R*. Moreover, let SL(2,R) be
the group of 2 X 2 matrices A with real coefficients and det A = 1. For every A € SL(2,R),
we define the fractional linear transformation 4 : C — C by

az+b . a b
CDA(Z)::cz—I—deA:(C d).

Prove the following results:

o d, is complex differentiable with derivative ®'4(z) = (cz 4+ d)™2 and maps ®4(H) C
H. Moreover, ®; = id¢c and &4 0 dg = Pyup. P4 is a diffeomorphism of H with
(‘I)A)_l =0 1.

o For every z € H and nonzero v € C there is exactly one A € SL(2,R)/{£1} with
D 4(2) =i and D'(2)v a positive multiple of i.

e Let B be a Riemannian structure on H with the property that every fractional linear
transformation ® 4 is an isometry of 3. Then (3 is uniquely defined by (3; by

B:(v,0) = Bi(Pu(2)v, Py(2)v) |
for every A € SL(2,R) with ®4(z) = i.

o This defines a Riemannian structure on H for which every fractional linear transfor-
mation is an isometry if and only if

ﬁi(v’ U) = ﬁl(q);&(l)U? CI)/A(Z)U)

for all A € SL(2,R) with ®4(i) = i. Equivalently, there is a ¢ > 0 such that
Bi(v,v) = c|v|?. Choose c = 1. In this way, we get

B.(v,v) = (Im 2)?|v|*, z€ HiveC.

o The reflection S : x + iy — —x + 1y 1s an isometry of this metric. If v is a geodesic
with v(0) = i and v'(0) = i, then 6 := S o~ is also a geodesic with §(0) = i and
d'(0) = i. We have that § = =, i.e. y(t) = iy(t) for some positive real valued
function y(t). The condition that the geodesic is parameterized by arclength leads to
the conclusion that y'/y = 1, so that v(t) = ie’.

o Fuvery geodesic parametrized by arclength is of the form ®4 o~ with v as above. If
c# 0 and d # 0 respectively, then

: a : b
tliglo i(t) = - and tl}_moo5(t) ="

If ¢ # 0 and d # 0, then the orbit of § is a half circle with its center on the real azis.
If c =0 ord =0, then the orbit of § is a vertical half line.
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Remark 4.12 H is called the hyperbolic half plane. The hyperbolic metric 3 makes it
a surface of negative “curvature”. The hyperbolic half plane is a standard example of a
non-Euclidean geometry.

Exercise 4.4 (Einstein’s special relativity) In FEinstein’s theory of special relativity,
one introduces the so-called Lorentzian space-time. Let us consider the case of one space-
dimension, i.e. space-time is R? = R x R. Let us denote its elements by (t,x), that have
the interpretation of the time- and space-coordinates respectively.

Let ¢ > 0 be a real constant, with the interpretaton of the speed of light, and let o > 0 be
another constant, to be determined later. For (t,z) € R?, let us now define on the tangent
space T(; »)R? = R?, the bilinear form

By = (34, (12,5%)) = a(=?i'i* + 3137) .

o Show that B defines a pseudo-Riemannian metric of index 1. It is called the Lorentz
metric.

e Write down the geodesic equations that are defined by this metric. Show that the
solution curves are straight lines. What distinguishes the time-like, light-like and
space-like geodesics?

e Denote by S : T(R?) — R the kinetic energy: S(t,x,t,&) = Lta(—c*?* + i?). Let
us parameterize a time-like geodesic by time, i.e. consider the time-like geodesic
s+ (s,sv). Our experience tells us that in the “classical limit” where |v| is small,
the kinetic energy S should of course increase like %va. Show that this implies that
a=m and that S = —imc?* (1 — (v/c)?).

e For simplicity, assume now that the speed of light is c = 1. A linear map L : R? — R?
1s called a Lorentz transformation if it is an isometry of the Lorentz metric and the
collection of all Lorentz transformation is called the Lorentz group. Show that a
linear map L : R? — R? is a Lorentz transformation if and only if its matriz has the

form
A B
mat L = ( c D )

with A2 —C? =1, D> = B?> =1 and AB — CD = 0. Show that this is true if and
only if there is a ¢ € R such that A = +cosh¢, B = +sinh¢,C = +sinh¢ and
D = +cosh ¢, while at the same time sign(AB) = sign(CD).

o Assume again that ¢ = 1. Show that a Lorentz transformation sends the light-cone
[t| = |z| to itself. Similarly, show that a Lorentz transformation sends the hyperbolas
t2 — 2% = E # 0 to themselves.

Exercise 4.5 Let S(q,q) = %szzl Bik(q)d;qx. Prove that the Cristoffel symbols of the
metric S(q,q) = (e — V())S(q,q) are given by (4.5)
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Exercise 4.6 We say that two elements v,w € V of an inner product space V' are perpen-
dicular if (v, w) = 0.

Let f : Q — R be a C* function on a C' Riemannian manifold Q with Riemannian
metric 3. Let ¢ € Q, f(q) =0 and assume that f is a submersion at q.

Prove that (gradzf)(q) € T,Q is perpendicular to the tangent space T, f~'({0}) C T,Q
with respect to the inner product 3, on T,Q).
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5 Dynamical systems with symmetry

Many mechanical systems and differential equations in applications are symmetric, for
instance under reflections, rotations, translations, etc. Symmetry is closely related to
group theory. In this chapter, we will introduce Lie groups, and we will investigate their
importance for and influence on dynamical systems.

Although this chapter will be more about mathematics than about mechanics, I hope
it will make clear the relevance of Lie groups in mechanics.

5.1 Symmetry

Definition 5.1 Let Q be a C* manifold, v: Q — TQ a C*' vector field and ® : Q — Q
a C* diffeomorphism. We say that ® is a symmetry of the vector field v if ®,v = v.

In other words, a symmetry conjugates a vector field to itself. Symmetries have the fol-
lowing important dynamical property:

Proposition 5.2 Let v be a C* vector field on Q. If ® : Q — Q is a C* symmetry of v
and v : I — @Q s an integral curve of v, then also ® o~y is an integral curve of v.

Proof: This simply follows because ® maps integral curves of v to integral curves of ®,v.
O

A crucial observation is that the collection of all the symmetries of a vector field form a
group.

Theorem 5.3 The collection of C* symmetries of a C*~' wvector field v on a C* manifold
Q form a group, with multiplication defined by composition of maps. This group is called
the symmetry group of v.

Proof: First of all, idg fulfills the role of identity element.

Secondly, if ® is a C* diffeomorphism, then so is ®~'. The chain rule implies that
(®71),(P.v) = (&7 o ®),v = v, so that if P,v = v, then (®~!),v = v, that is if § is a C*
symmetry then ®~! is as well.

Similarly, if ® and ¥ are C* diffeomorphisms, then so is the composition ¥ o ®, and
the identity (¥ o @),v = ¥, ®,v implies that if ¥ and & are both symmetries, then so is
their composition. O

Remark 5.4 (Groups) In case you forgot, let me refresh your memory. A group is a set
G in which a multiplication

(91,92) — 192 , Gx G —= G
is defined, for which the following is true:

1. Multiplication is associative, that is (g192)g3 = g1(g293) for all g1, g2, 93 € G.
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2. There is a unique identity element, denoted e (from the german word Finheit), which
has the property that eg = ge = g for all g € G.

3. For every g € G there is a unique element g~! € G, called the inverse of g, for which
~1

997 =g lg=e.
A group G is called Abelian or commutative if g1go = go2g1 for all g1, go € G. Certainly not
all groups are Abelian.

Simple examples of finite Abelian groups are Z/nZ with addition modulo n and (Z/pZ)* =
Z./pZ — {0} (p prime) with multiplication. Examples of finite non-Abelian groups are the
polyhedral groups, the symmetry groups of the platonic solids. An example of a countably
infinite Abelian group is Z with addition.

5.2 Lie groups

Let us forget about mechanics for a while and think about groups and symmetry. In fact,
in this section we shall be interested in groups that are at the same time differentiable
manifolds. Such groups are called Lie groups:

Definition 5.5 A C* Lie group is a group G that is at the same time a C* differentiable
manifold such that

1. The inversion G — G, g — g~ is a C* map.
2. The multiplication G x G — G, (g, h) — gh is a C* map.

If the group G is finite or countable, then we usually think of it as a C*° Lie group of
dimension zero. This is done by giving it the topology in which every subset is an open
set and defining for every g € G the chart k, : {g} — R° g — 0o.

Example 5.6 (Simple Lie groups) A very simple example of a Lie group of dimension
one is R\{0} with the multiplication (a,b) + ab that it inherits from R. Being an open
subset of R, this is clearly a C*° manifold of dimension 1. Moreover, the multiplication
(a,b) — ab,R\{0} x R\{0} — R\{0} and the inversion a — = R\{0} — R\{0} are
obviously C*° maps. This shows that R\{0} is a C* Lie group of dimension one.

In the same way, C\{0} is a C'* Abelian Lie group of dimension two. And the nonzero
quaternions H\{0} form an example of a non-Abelian C* Lie group of dimension 4. A

The most important examples of Lie groups are the matrix Lie groups, that is the subgroups
of the general linear group

GL(n,R)={A€R"™" | det A #0} .

Being an open subset of R™"*" = R™, GL(n,R) is an n*-dimensional C* manifold. Since
matrix multiplication is a polynomial map and, by Cramer’s rule, matrix inversion a ra-
tional map, GL(n,R) is indeed a C* Lie group. As we all know, the multiplication in
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GL(n.R) is noncommutative.
A subgroup H C G of a Lie group G that is at the same time a submanifold of G, is
of course a Lie group itself. Examples of Lie subgroups of GL(n,R) are the special linear

group
SL(n,R) = {A € GL(n,R) | det A= 1},

the orthogonal group
On,R)={Ae€GL(n,R) | AA* =id}

and the special orthogonal group
SO(n,R)={A € GL(n,R) | AA*=id , det A =1} .

Here A* denotes the matrix transpose of A.

5.3 Lie theory

In this section I will present some of the theory of abstract Lie groups. We will see that,
as manifolds, Lie groups have several quite special properties.
We start by defining, for every h € G, the following two mappings from G to G:

Lh:G_)G7g'_)hg7

Ry :G— G,g— gh.

Ly, is called ‘left-translation by A’ or ‘left multiplication by h’ and R}, is called ‘right-
translation by h’ or ‘right-multiplication by h’. Being the restriction of the multiplication
map GXG — G to {h}xG and G x {h} respectively, these maps are smooth. Furthermore,
(Lp)™' = Lp-1 and (Ry)™' = Ry-1, which proves that L; and Rj are diffeomorphisms of
G.

Being a differentiable manifold, G has a tangent bundle T'G consisting of the tangent
spaces T,G (g € G). The tangent space at the identity element e is called the Lie-algebra
of GG, denoted

g:=T.G .
We remark that left-multiplication by h sends e to h: Ly : e — h. Hence, T,L;, : g — T),G.
Differentiation of L,-1 o L, = Lj, o L,-1 = idg at e and h respectively shows that

(TeLh)il - Tth—l )

ie. T.Ly : ¢ — TG is an isomorphism. This proves the following interesting topological
fact about the vector bundle T'G:

Proposition 5.7 Let G be a C* Lie group. Then the map
1: TG —-Gxg, geT,G— (9, TyLs1-g)

is a global C*~1 diffeomorphism. Thus, TG is a trivial vector bundle over G.
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The diffeomorphism [ is called the ‘left-trivialisation of T'G’. One of the consequences of
the above proposition that is not hard to prove, is that on every C* Lie group it is possible
to define a nonvanishing volume form, that is every C! Lie group is orientable. In partic-
ular, no Lie group is diffeomorphic to the Mdbius strip!

In the same way as we defined the left-trivialisation, one can define the right-trivialisation,
which is a global diffeomorphism as well:

r: TG —Gxg, geT,G— (9,T4Ry-1-g) .

5.4 Left invariant vector fields

The next step is to consider vector fields on the Lie group G. In fact, given a vector X € g,
we can define a vector field v : G — T'G on G by

vi(9) :=T.L,- X € T,G .

Proposition 5.8 The vector field v’ is left-invariant, that is for any h € G, we have

(Lh)*le = le )

Proof: ((Ln):v%)(9) = Tir,-19)Ln - Vi ((Ln) ' (9)) = Th-14Lp - Vi (h7tg) = Th-1,Ly -
TuLyn-ry X =T.L, - X = v(g). 0

Also, a left-invariant vector field is uniquely determined by its value v(e) € g at the identity,
because left-invariance implies that v(g) = ((Ly)«v)(g9) = TeL, - v(e). Thus, we have the
following correspondence:

Proposition 5.9 Let G be a C*™! Lie group. Denote by XF(G) C X*(G) the vector space
of left-invariant C* vector fields on G. Then the linear map

X =y, g XG)
s a bijection.

Some people actually define the Lie algebra of G as the space of left-invariant vector fields
on G. Finally, the above correspondence allows us to define a bracket in g :

Definition 5.10 Let G be a C* Lie group and let X,Y € g. Then we define the Lie
bracket [X,Y] € g as

[(X,Y]:= —[vl,vb](e) for all X,Y € g .

Here the right hand side is minus the Lie bracket of the vector fields v} and v} on G,
evaluated at the identity. The minus sign is just due to convention. This definition is
designed in such a way that the following proposition holds:
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Proposition 5.11 The map X — vk from g to X*(QG) is a Lie-algebra anti-homomorphism,
1.€.
[foﬂ)é/] = _UfX,Y} :

Here, the bracket on the left hand side denotes the Lie bracket of X*(G) and the bracket
on the right hand side is the Lie bracket of g defined above.

Proof: By definition, both the vector field v{y ; and the Lie bracket —[v’,v}] take the
value [X,Y] in e. Because the Lie bracket of two left-invariant vector fields is again left
invariant, both vector fields are left invariant. Because the value at e determines a left
invariant vector field uniquely, these vector fields are equal. Il

The proposition immediately implies that the Lie bracket on g inherits the properties of
the Lie bracket for vector fields:

Proposition 5.12 The above Lie bracket is anti-symmetric, that is
(X, Y] = [V, X],
and satisfies the Jacobi identity
(X, Y, Z]|+ Y, [Z, X]]+ [Z,[X,Y]] =0 .

Proof: By definition and the anti-symmetry of the Lie bracket of vector fields, [X,Y] =
—[vk-vi](e) = [}, v](e) = —[Y, X]. Moreover,

[Xa [Y7 ZH = [X7 _[,Ué/'u UIZ](e)] = [X7 ,UEY,Z}(e)] = _[U,IXWUEY,Z}](e) = UfX,[Y,Z]](e) )
and similarly for the terms [Y, [Z, X]] and [Z, [X, Y]], so that
(X, Y, Z)| + [V, [Z, X]] +[Z,[X,Y]] = UfX,[Y,Z]]+[Y,[Z,X}]+[Z,[X,Y]](e) =0,
because of the Jacobi identity for vector fields. O

This proves that the Lie bracket on g is really a Lie bracket and that with this Lie bracket,
the Lie algebra g has really become a Lie algebra.

Remark 5.13 (Right invariance) A vector field v on G is called ‘right-invariant’ if
(Rp)«v = v for all h € G, and there is also a bijection between the Lie algebra g of G
and the space of right-invariant vector fields on GG. To add to the confusion, some authors
define the Lie algebra of G as the space of right-invariant vector fields on G.
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5.5 Group actions

Before discussing some important examples, let us first give the general definition:

Definition 5.14 Let G be a C* Lie group and Q a C* manifold. An action of G on Q is

a C* map
0 GxQ—Q
that satisfies
ale,q) = q for allq € Q (5.1)
a(g,a(h,q)) = a(gh,q) for allg,h € G and q € Q .

Despite the name, group actions have nothing to do with action integrals.
Ifa:GxQ — Q is a C* action of a C* Lie group G on a C* manifold @, then let us
denote, for g € G, the C* map

aQ:qHa(97Q)7Q_)Q'

The identities (5.1) and (5.2) just mean that a. = idg and a, o ap, = ag,. Now observe
that this implies that a, 0 a1 = a,-1 0 a, = idg, that is each a, is a diffeomorphism. The
action thus defines a map

g—ay, G— Dif f*(Q),

where Dif f*(Q) denotes the collection of C* diffeomorphisms of Q. Of course, Dif f*(Q)
is a group under composition of diffeomorphisms. The identity a, o a;, = ag, just means
that the above map is a group homomorphism!

Remark 5.15 (The diffeomorphism group) Let Q be a C* manifold, with & > 1.
Under certain conditions, for instance that ) be compact, it can be shown that the dif-
feomorphism group Dif f*(Q) is actually an infinite dimensional Lie group - an infinite
dimensional smooth manifold for which the group operations are differentiable maps. Un-
fortunately, it goes beyond this course to show how this works. As we will see in the next
chapter, the diffeomorphism group plays an important role in fluid dynamics. A

Example 5.16 (Left and right multiplication) Let G be a C* Lie group. Then it is
easy to check that the C* mappings

L:(h,g)—hgand R: (h,g)—gh™t ,GxG — G

define actions of G on itself! L is called the action by left multiplication and R is called
the action by right multiplication. A

Example 5.17 (The adjoint action and the adjoint representation) Another exam-
ple from Lie group theory is the adjoint action of a C* Lie group on itself, that is defined
by

Ad:GxG— G, (h,g) v hgh™*.
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The map
Ady = g— hgh™', G —= G

is called conjugation by h. It is easy to check that Ad defines an action of GG on itself, that
is that it is a C* map from G x G to G, that Ad, = idg and that Ady, o Ad;, = Adpp,.-

The next thing to observe is that, for every h € G, Ady, : e — e keeps the identity
element fixed. Therefore, its tangent map is a linear map that sends g to g:

ad, :=T.,Ad,: g—g.

Differentiation of Ad; o Ad,-1 = Ad,-1 o Ad, = idg at e reveals that ad, is invertible,
its inverse being ad;-i. In other words, ad; is an automorphism of g. Furthermore,
differentiating Ady, o Ady, = Ady,;, at e leads to the conclusion that

adh1 o) adh2 = adh1h2 N

This shows that
ad: G xg—g,(g,X)— ad,(X)

defines an action of G on g by means of linear mappings. An action of a Lie group G on
a linear space V' by means of linear mappings is called a representation of G in V', so that
ad is a representation of GG in its own Lie algebra g. It is called the adjoint representation
of G.

The importance of the adjoint representation lies in the fact that it measures at the
infinitesimal level the noncommutativity of the group G. Indeed, if G is an Abelian group,
then Ad, = idg for all h € G, and hence ad;, = idg for all h € G. This shows that
whenever G is commutative, ad is the trivial representation of G in g. At the same
time, if ad : G — GL(g) is not the trivial representation, then this means that G is
noncommutative. A

5.6 Symmetry actions

We give an action a special name if it acts by means of symmetries of a vector field:

Definition 5.18 Let a : G X Q — @ be an action of G on QQ and v : Q — TQ a vector
field on Q. We say that a is a symmetry action for v if

(ag)sv=v forallge G .

If a is a symmetry action for v then we also say that v is G-equivariant. Note that probably
it would have been more correct to call v “a-equivariant”, but the above terminology is
more or less standard.

A special role is played by the fixed point set of a group action:
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Definition 5.19 Let G be a C* Lie group that acts on a C* manifold QQ by means of C*
diffeomorphisms. Then the fized point set of G is defined as the collection of points in Q)
that are left fixed by this action:

Fix G:={q€@|alg,q) =qV geG}.

Again, it probably would have been better to speak of “Fix a”, but we will stick to the
convention.
The importance of this definition is expressed in the following important theorem:

Theorem 5.20 (The fixed point set of a symmetry group is flow-invariant)
Let k> 1, Q a C* manifold and v : Q — TQ a C*~' wvector field on Q. Suppose that v is
G-equivariant. Let v : I — @Q be an integral curve of v defined on an interval I C R.

If v(to) € Fix G for some ty € I, then y(t) € Fix G for allt € 1.

Proof: Let v: I — @ be an integral curve of v and g € GG arbitrary. Then by Proposition
5.2, the curve a, 0+ is an integral curve of v as well. Moreover, (a,07)(to) = 7(to) because
v(to) € Fix G. But integral curves with the same initial condition are unique, and we
conclude that a, oy =7, i.e. y(t) is fixed by a,. O

5.7 Excursion: Time reversal symmetry

Recall Newton’s equations of motion for a mechanical system subject to a force that de-
pends only on the positions:

Lq;
m; dtz = ¢ilq),i=1,...,n. (5.3)

Here, ¢ is element of an open subset U of R™. Let ¢; < t5 and assume that t — ¢(t) € U
is a C? solution curve of equation (5.3) defined for ¢ € (1, t2).
Then we can create a new curve in U by time reversal. That is, we define a new time
T:= —t € (—tg,—11) and set
i(r) == q(-7) €U .

Note that the image of the curve 7 — §(7) is the same as that of the curve t — ¢(¢), but
it is ‘traversed’ in the opposite direction.

Using equations (5.3) and the chain rule, it is easy to compute that the new curve
satisfies

d2q¢ (T) d2 2 d2qZ (t) - X
m; a2 mz‘p%(—ﬂ = (=1)"m; di2 = ¢ilq))|=_, = 0i(g(7)) , i=1,....n.

This shows that, if t — ¢(t) solves the equations (5.3), then 7 +— §(7) = ¢(—7) is a solution
as well. Physically this means the following: if one makes a movie of ¢(t) as it moves in
U, then from watching this movie, one would not be able to decide if it was being played
forward or backward! One says that Newton’s equations (5.3) are time reversible or simply
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reversible.
Let us try to understand this reversibility geometrically. Recall that Newton’s equations
define a differential equation on 7T'Q), which in local coordinates takes the form

dg; . dg; .
— =g — = O, =1.... .
o = iy iy $i(q) , i=1,...,n

Solutions to Newton’s equations are integral curves in 7'Q) of the vector field v : TQ) —
T(TQ), which in local coordinates maps U x R™ to U x R" x R™ x R" by

v(9:9) = (4,4, v4(9, ) v4(a: ) (5.4)

where v,(q,q¢) = ¢ and v;(q,q) = (m%gbl(q), e min(bn(q)) Now we can explain the re-
versibility of Newton’s equations by defining the velocity reversal map

R:TQ—-TQ, ¢eT,Q ——q¢eT,Q. (5.5)
In coordinates it takes the form
R:UxR"—=UxR" (q,q) — (q,—q) .

In local coordinates, the tangent map TR : T(TQ) — T(TQ) sends (q,q,dq,dq) —
(¢, —q¢,9q,—04q), so that it is not hard to check that

TR ovo Ril : (QJq> = (q7Q7 _UQ<Q7Q>7 _Uq<q7Q)) .

This proves that the vector field R,v on T'Q) is equal to minus the vector field v. Apparently,
R acts a bit like a symmetry of v. In fact, R is called a time reversal symmetry of the
vector field v:

Definition 5.21 Let Q be a C* manifold and v : Q — TQ be a C*! wvector field on
Q. A CF diffeomorphism R : Q — Q is called a C* reversing symmetry or time reversal
symmetry if

Rov=—v.

To avoid confusion, we remark that in the case of Newton’s equations, the vector field is
defined on T'Q, so in the above definition, () should be replaced by T'Q) and T'Q) by T(TQ).

The reversibility of Newton’s equations can geometrically be understood from the fol-
lowing proposition, which shows that, just like symmetries, reversing symmetries map
integral curves to integral curves. But only if we also reverse time:

Proposition 5.22 Let Q be a C* manifold, v:T — TQ a C*~! vector field and R : Q —
Q a C* reversing symmetry of v. Assume that 7 : (t1,t) — Q is an integral curve of the
vector field v, with t; € RU {+oo} and t; < ts.

Then Ro~yo—id :t— R(y(—t)) , (—ta,—t1) — Q is also an integral curve of v.
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Proof: Let v be an integral curve of v, that is 7/(t) = v(~y(t)) for all t € (¢1,t2). Then,
by the chain rule, (Rovyo —id)(t) = Ty—yR -7 (—=t) - (1) = =Ty pR - v(y(-t)) =
—Tr1(roy)(-tn B - 0(RH (R o y)(=1))) = (R V)((Ro)(=1)) = v((Reovyo —id)(t)). O

Although Proposition 5.22 shows that there are similarities between symmetry and re-
versing symmetry, there are also large differences. For instance, the fixed point set of a
time reversal symmetry in general is not flow-invariant. On the other hand, there is the
following result, due to Birkhoff:

Theorem 5.23 (Birkhoff’s reversing symmetry theorem) Suppose that R : Q — @
is a reversing symmetry of the vector field v : Q — TQ. Suppose that R?> = idg and that
v: I — Q is a mazimal integral curve of v with the property that it intersects Fix R at
least twice. Then I =R and ~ is periodic.

Proof: Suppose that v(¢1),v(t2) € Fix R with ¢; € I and t; < to. If y(t1) = 7(t2), then
I = R and the solution is periodic. If not, define 7 : [t1,2t; — t;] — @ by

A (1) when ¢ € [t1,t3) ,
i(t) = { fly%(fy(%g —t))  when t € [ts, 25 — 1] .

Then limy 4, 4(t) = limgyy, () = 4(t;), that is 4 is continuous. By construction, it is also

an integral curve of v. Moreover, 4(2ty — t1) = 4(t1), that is 7 is periodic. O

A diffeomorphism R : Q — @ with the property that R? = idg, is called an involution.

The velocity reversal R : TQ) — T'Q defined in (5.5) is an example of an involution.

Note that if R is a time reversal symmetry of a vector field v, then (R?),v = (R,)%v =

—(=v) = v. In other words, R? is a symmetry of v. Thus, time reversal symmetries do
not form a group. But the collection of the symmetries and time reversal symmetries of
v do form a group, which is called the reversing symmetry group of v. This name is a
little misleading: the reversing symmetry group contains symmetries as well as reversing
symmetries.

5.8 Exercises

Exercise 5.1 Prove that the torus
R"/Z" = {x+Z" |x € R"} ,
with addition modulo Z", is an Abelian C*° Lie group of dimension n.

Exercise 5.2 (Matrix Lie groups) The collection of all invertible n x n matrices is
called the n-th general linear group:

GL(n,R):={A R | det A # 0} .

Prove that:
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e GL(n,R) is an open subset of R™™ and hence a manifold of dimension n?.
e GL(n,R) is a group under matrix multiplication.
e GL(n,R) is a C* Lie group, that is the multiplication and inversion are C* maps.

e For A € GL(n,R), the tangent space ToGL(n,R) is isomorphic to R™*™. Remark:
The Lie algebra TiGL(n,R) is denoted gl(n,R).

e for A€ GL(n,R), left translation over A is the map L : B — AB.
o The tangent map TiLy sends E € gl(n,R) to AE € ToGL(n,R).

e For E € gl(n,R), the unique left-invariant vector field vty on GL(n,R) which takes
the value v, (I) = E, is given by v5,(A) = AE.

o The) curve t — A(t) in GL(n,R) is an integral curve of v%, if and only if %}Et) =
A(t)- E.

o The integral curves t — A(t) of the left invariant vector field v\, are given by

o Let Ey,E> € gl(n,R). The Lie bracket [Ey, Ey] := —[vl vy |(I) is given by the
commutator
[Ey, Bb] = Ey - By — Ey - By

Exercise 5.3 (Identical particles) Let n € N. We consider the group of permutations
of n elements, that is the group

Spi={c:{Ll,...,n} = {1,...,n} | o is bijective } .
o Show that the mapping
TS xR" = R" | (0,(q1,---,qn)) = (@o(t)s - - Qo(m))

defines an action of S, on R™ by means of linear automorphisms. We call it the
representation of coordinate permutations.

e Show that for all 0 € S,,, the tangent map T(w,) : TR™ — TR™ is given by
T(mo): (q,4) = (o - ¢, 70 - q) -
e Show that the mapping
II: 5y x TR" = TR" , (0,(q,q)) — T(ms) - (¢, 4)

defines a representation of S, in TR™.
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o Assume that V : R™ — R is an S,-invariant potential energy, that is

V(QO’(l)? o 7QO'(TL)) = V(QIJ oo 7%)
for all o € S,,. Prove that the equations of motion
dg; . dg; IV (q)
— =4, My—— = — :
dt dt 8qz

are Il-equivariant, if and only if m; = m; for all 1 <i,5 < n.

o Assume that m; = m; for all1 < i,j < n. Lett — q(t),I — R" be a solution of
the equations of motion and let 1 < k < 1 < n. Show that if q.(ty) = q/(to) and

d(to) = Gi(to), then qi(t) = q(t) for all t € I.

Exercise 5.4 (The Lie algebra so(3,R)) The 3-dimensional special orthogonal group is
defined as
SOB,R) ={AcR¥ | A-A* =1, det A =1},
where A* denotes the transpose of A. You may assume without proof that SO(3,R) is a
3-dimensional Lie subgroup of the 9-dimensional Lie group GL(3,R).
e Show that the Lie algebra so(3,R) := T;SO(3,R) consists of the skew-symmetric

matrices:
50(3,R) = {E e R3*3 \ E+E* =0 } )

e Show that the mapping

0 €1 €9 €1
g —€1 0 €3 — €2 , 50(3,R) — R3
—€g —€3 0 €3

1s a linear isomorphism.

o Prove that
o([Er, Br]) = o(E2) x o(Ey) ,

where [Ey, Ey| := Ey - Ey — Ey - Ey is the matriz commutator and a X b € R3 denotes
the usual cross product of 3-vectors, that is

ay by azbz — azby
a9 X bg = a3b1 — a1b3
as bs a1by — azby

Remark: We say that o is a Lie algebra anti-homomorphism from so(3,R) with the matriz
commutator to R® with the cross product.

Exercise 5.5 Let G be a C' Lie group and X € g. Recall the definition of the unique
left-invariant vector field v’ : G — TG that takes the value X at the identity and the left
trivialisation | : TG — G x g. Prove that the composition l o vl : G — G x g sends

lovk i g (g,X) .
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6 Mechanics on Lie groups

In some mechanical systems the configuration is naturally determined by an element of
a Lie group GG. Such mechanical systems are described by a differential equation on the
tangent bundle T'G of the group. The most famous example is the motion of a rigid body,
which can be viewed as the geodesic motion on SO(3,R) with respect to a left-invariant
metric. Quite remarkably, various partial differential equations that describe fluid flows
arise in exactly the same way. This chapter is devoted to these examples. It turns out
that these examples also have a lot of symmetry, so that a lot of the theory of the previous
chapters will come together now.

6.1 The rigid body

Sometimes, a Lie group is the natural configuration space of a mechanical system. An
example is the motion of a free rigid body. The configuration of a rigid body is completely
determined by a rotation matrix that describes the orientation of the body with respect
to a reference configuration. That is, the configuration manifold is

SOB,R)={A:R* - R* | A*A =1 ,det A=1},

the Lie group of all rotation matrices of three-dimensional space.

So how do we determine the equations of motion for the rigid body in the absence of
external forces -such as gravity? In this case, the Lagrangian of the rigid body is the kinetic
energy and this kinetic energy depends only on the velocity of the body. We remark that
the velocity A of the rigid body with position A € SO(3,R) is an element of

TASOB3,R) = {AcR¥3 | A*A+ A*A=0}.

To determine how much kinetic energy is stored in this velocity we need to specify a
quadratic form S on T4SO(3,R) or, equivalently, an inner product $4. Let us start by
choosing some inner product #; on the Lie algebra

T1SO(3,R) = s0(3,R) = {X € R¥*3 | X* + X =0} .

We do not worry about the exact form of 3; now, as it will depend on the exact shape and
properties of the rigid body.

Now let ¢ — A(t) be a curve in SO(3,R) with A(0) = I and A’(0) = X € so0(3,R),
then the instantaneous kinetic energy of the rigid body at t = 0 is %5}()(7 X). But
what if A(0) = A # I, and therefore A'(0) € Ta©)SO(3,R)? Then we apply the left
multiplication Lag)-1 : SO(3,R) — SO(3,R) to obtain a curve with A(0) ' A(t)|=o = I
and (A(0)"*A(t))]=0 = A(0)"'A'(0) € s0(3,R). The point is that this corresponds to
choosing a new “identity” in SO(3,R), i.e. the motions A(¢) and A(0)~'A(t) should have
the same kinetic energy at ¢ = 0. In other words, the kinetic energy is given by

T(A,A) = %MA, A) = %HI(A‘lA,A‘lA).
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This corresponds to choosing a metric 5 on SO(3,R) that depends on (3; by
Ba(Ar, Ag) == (A7 A, A1 Ay)
It is easy to check that, by construction, this metric is left-invariant, that is it satisfies

for every B € SO(3,R). Here, the pushforward of the metric 5 under the left-multiplication
by B, (Lp).3, is defined as

(Lp)B)a(Ar, As) i= Bp-1a(TaLp-1 - Ay, TaLlp-1 - Ay) .

Also, it is not hard to check that equation (6.1) holds if and only if Lg : SO(3,R) —
SO(3,R) is an isometry of 5. In other words, a metric (3 is left-invariant if and only if for
every B € SO(3,R), the left-multiplication Lp is an isometry of (3.

The equations of motion of the rigid body are the equations for geodesics on SO(3,R)
with respect to this left invariant metric .

6.2 FEuler-Poincaré reduction

The rigid body motion is a special example of a variational principle on a Lie group with
a left-invariant Lagrangian.

In general, let G be a Lie group and assume that on g some smooth function L. : g — R
is defined. This L. extends to a Lagrangian L on T'G by setting, for g € T,G,

L(§) == L(TyLy: - §) -

By construction this L is left invariant, that is L o T'L, = L for all h € GG, and it is the
unique left invariant Lagrangian that equals L. on g.

For the rigid body, G = SO(3,R) and L.(X) = 36.(X,X). In the discussion that
follows, L does not have to be a (pseudo-)Riemannian metric though.

Recall that a curve t — v(t), [a,b] — G satisfies the Euler-Lagrange equations [L]?(t) =

0 if and only if it is stationary for the action integral

with respect to C? variations with fixed endpoints. Also, I would like to remark that
Theorem (4.9) applies. But we can say more:

Theorem 6.1 (Euler-Poincaré reduction) The following are equivalent:

° [a,b] — G satisfies the Euler-Lagrange equations for the left-invariant Lagrangian

v
L.
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o The curve N(t) = Ty Ly - 7' (1), [a,b] — g is stationary for the ‘reduced’ action-
integral

with respect to all variations of t — A(t) of the form

(t,e) — A(t) + ¢ (%Sf) + [)\(t),é(t)]) :

with zero endpoints §(a) = 0(b) =

Proof: We start by remarking that the left-invariance of the Lagrangian implies that

/ L(¥(t))dt = / Lo(\(t))dt .

Assume the left hand side is stationary for variations with fixed endpoints. Thus, let
(t,e) — F(t,e),a,b] x (—e9,e0) — G be a variation of ¢ — ~(t) = 7(¢,0) with fixed
endpoints, i.e. ¥(a,e) = 7(a,0) and ¥(b, &) = 7(b, 0) for all e. Then X : [a, b] x (—¢€0,€0) — @
defined by A(t,¢) = Tst,e)La@te)-1 - V' (t, €) defines a variation of ¢ — A(t) = A(t,0). Define

07(t,0)
Oe <

Then d(a) = §(b) = 0 because 7 has fixed endpoints. I claim that

0(t) := Thpy Ly -

d% K62 =50 +N0.50)] (6.2)

To prove formula (6.2), let us pretend that G is a matrix Lie group. It turns out that
formula (6.2) is also true in the case that G is a general abstract Lie group, where the
bracket is the Lie bracket of g. The proof of this general result is a little cumbersome
though, and I will skip it in these notes.

Anyway, when G is a matrix Lie group, then A(t,¢) = (¢, )" - % and J(t) =
3(t,0)7" - 20 We hence find that

a>\<t7€) _ a = -1 8&(15,3) Iy —1825/(1576)
9 = 5 (0e)7) == +ite) 5 5

and 9 94(t,0) 0%4(t, 0)
7 ta ~ -1 ’Y ta
o (¢ t,0 —_— t,0) " ——— .
(8) = 5; (3(6,0)7") - —= +3(t,0) " — =
Formula (6.2) now follows from consecutively evaluating these two identities in ¢ = 0,
subtracting them and using the theorem for interchanging the order of differentiation.
Moreover, one also needs to know that % (v(t, &)™) = —(t, o)t - % -y(t,e)~ (and
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similarly for the derivative with respect to €) and that [\,0] =A-d — - A
The left-invariance of L means that

b b
A(i(ﬁ))Z/ L(’V(tﬂ))dt:/ Le(A(t,€))dt = a(A(€)) -

Thus, if a is stationary at A with respect to variations of the form § + [\, d], then A is
stationary with respect to variations with fixed endpoints.
Also, one can produce the variation A + ¢ (6’ + [\, §]) of A by choosing a variation 4 to

~ for which 6;’{(;;’0) = Ty Ly@w-1 - 6(t), which implies that if v is stationary for A, then so
is A\ for a with respect to the allowed variations. [l

The process of reducing the Euler-Lagrange equations on TG = G x g to the ‘Euler-
Poincaré equations’ on g is called Euler-Poincaré reduction, because g has only half the
dimension of T'G. Once one has found a solution curve t — A(t) € g, one may try to
reconstruct the solution curve v in GG. This is done by writing

dg(t)

7 — TeLg(t) . )\(t) y
which is a nonautonomous, first order differential equation on G. Given an initial condition
g(0) = go, its solutions are unique.

6.3 The rigid body continued

According to the previous section the curve t — A(t) is a geodesic in SO(3,R) for the
left-invariant metric induced by the inner product 3. on T.G if and only if the curve

t— Qt) = A7(¢) - %f’) in s0(3,R) is stationary for the action integral

| 3p00.00)

with respect to all variations of ¢ — () of the form ¢ — Q(t) + ¢ (Z'(¢) + [Q(¢), Z(2)])
with Z(a) = Z(b) = 0, i.e.

d
0=

b b
/%ge(9+a(5'+[Q,E]),Q+g(5'+[9,5]))dt_/ B(LE + [0, Z))dt
e=0+va a

for all curves ¢t — Z(t) in s0(3,R) with fixed endpoints.

Let us make this discussion a bit more concrete by identifying s0(3,R) with R3 by
means of the Lie-algebra anti-homomorphism of Exercise 5.4. In other words, let us write
w(t) = o(2(t)) and £(t) = o(E(t)). Also, let us choose a specific inner product on so0(3, R).
For instance if I is some symmetric positive definite 3 x 3 matrix, called the inertia tensor,
then we can define

Bu(X,Y) = (I0(X),0(Y)) = (I,1) |
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if r = 0(X) and y = o(Y). Then, using that [c7(£),07 (w)] = 07 Hw x &), we find that
for all curves t — £(t) € R? with £(a) = £(b) = 0, we have

b b
dé(t dw(t
0= / (Tw(t), % +&(t) xw(t)) = / (—I% + w(t) x Tw(t),&(t))dt .
Here we have performed a partial integration, using that {(a) = £(b) = 0, and the identity
(a,b x ¢) = (b,c x a). By the usual arguments, we have thus obtained the Euler equations
for the rigid body:

Iili—ctu:wxlw. (6.3)

6.4 Eulerian fluid equations

Some important fluid dynamical equations can be written in Euler-Poincaré form. The
(Lie) group under consideration here is the group Dif f*°(X) of C* diffeomorphisms of
a bounded open subset X C R" with C* boundary dX. X has the interpretation of a
fluid container. An element x € X has the interpretation of a fluid particle’s reference
position or ‘fluid label’. Each diffeomorphism ¢ € Dif f*°(X) then represents a possible
fluid configuration, where ¢(x) has the interpretation of the position of the fluid element
with fluid label x. The requirement that ¢ be a diffeomorphism is to prevent the fluid from
developing shocks, particle collapse and other kinds of singularities.

We will say that u : [a,b] — Dif f>*(X),t +— u(t,-) is a C* curve of diffeomorphisms
of X if uis C*° as a map from [a,b] x X to X. Such a curve describes a possible fluid
motion, so that t — u(t,z),[a,b] — X describes the trajectory of the fluid element with
label x. One often also requires that the fluid motions leave the volume-form d,xr on X
invariant, that is that the fluid is incompressible. In this case, the fluid motions are curves
in SDif f*(X), the (Lie) group of volume preserving diffeomorphisms of X.

As usual, the Lagrangian fluid dynamical equations are obtained from Hamilton’s prin-
ciple: given a Lagrangian function L = L(u, ), defined for diffeomorphisms u : X — X

and velocities 7 := 248 . X — R" it is postulated that ¢ — u(t) is a physical fluid flow
d

ot
if and only if
b ~
~ oul(t,-,e)
L{a(t,-e),—=——=)dt=0
e / <“< T )

for every C'™ variation 4 : [a,b] X (—eg,e0) — (S)Dif f>°(X) of u (i.e. u(t,z,0) = u(t,x))
with fixed endpoints u(a, x,e) = u(a, x), a(b,z,e) = u(b, x).

Usually L(u,u) is the integral over X of some density depending on u, @ and their
zr-derivatives, i.e.

L(u, 1) = /Xl(u(x), Du(x), ..., DFu(x);u(z), Di(x),..., D™u(x)) d

but in more exotic applications L can involve integrals over the boundary of X, for instance
if surface tension is taken into account. The simplest possible Lagrangians do not depend

67



on the z—derivatives of u and @, i.e. L(u,u) = [, I(u u)d x. Such fluids are sometimes
called nonviscous or ‘ideal’. An example is L(u,0) = [, 3> (4;(2))?d,z, the total
kinetic energy of the fluid.

Let’s note that an ideal Lagrangian has a remarkable symmetry: if ¢ : X — X is any
volume-preserving diffeomorphism, then

Lwod ™ ioo™) = [ ute™ (@), a6 @))dwe = [ 10(d). @)d7 = Llu )

X

.. . . . . - . 96(@)\ _
This simply follows from the substitution of variables x = ¢(Z), using that det <T) =1

if ¢ is volume-preserving. This means that the ideal Lagrangian is right-invariant, i.e.
invariant under the action (u, %) — (uo¢™!, wog™1) of SDif f>(X) by right multiplication.
This symmetry is called the relabeling symmetry of an ideal fluid and it expresses that
fluid elements can be given another name or label according to any volume-preserving
diffeomorphism ¢! without changing the value of the Lagrangian. If u is itself volume-
preserving, then L(u, ) = L(id, s ou™") =: Lyg(dou™").

We shall now sketch the derivation of the Euler-Poincaré equations for a right-invariant
Lagrangian on SDif f>°(X) from a variational principle, and in particular we shall derive
the Euler equations for an ideal incompressible fluid.

Instead of deriving the Euler-Lagrange equations for u, we shall exploit the right-
invariance of the Lagrangian L to derive Euler-Poincaré equations for the curve of Eulerian
velocity fields A : [a,b] x X — R"™ defined as

)= 8u U () e ou(t, T) ’
at Ot lamutt) @)
or implicitly: s
At ult,z)) = “ég‘”).

A(t, ) simply has the interpretation of the velocity of the fluid element that is at position
r at time t. Let us discuss some properties of A. First of all, when x € 0X, then
u(t,x) € 0X for each ¢, whence A(¢,u(t,x)) = 8u(t D € Ty4mdX, s that we can conclude
that A is tangent to 0.X.
The second property follows from differentiating the identity \;(t,u(t,x)) = 8ujgf’x)
with respect to x; to obtain

0 Ouy(z,t) i ONi(t,u(z,t)) Ouy(t, x)
ot Ox, ox; oxy,

=1
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je. 2ou@t) _ OAtuled) duta) hig and the fact that det 2452 = 1 identically, leads to
ot oz Oz Oz oz y

the conclusion that

. ou(t,z)\ d ou(t+h,xz)\
0= 5 det ( Oz ) ~ dn hzodet( Oz -
d Qu(t + h,z) (Ou(t,z)\ " Ju(t,z)\ OA(t,u(t,x))
dh hzodet ( Oz < Oz det Ox - Oz ’

where we have used that %L:O det(I + eFE) = tr(EF). We conclude that for each ¢, the

vector field z — A(¢,r) on X is divergence-free: div(\) =3"7 % = 0.

After these preparations, let u : [a,b] — SDif f*(X) be a C* curve of volume pre-
serving diffeomorphisms and let @ : [a, b] X (—&p,e9) — SDif f>(X) be a C* variation of
u with fixed endpoints, i.e. a(t,z,0) = u(t, z), u(a,x,€) = u(a,z) and u(b, x,e) = u(b, x).
Define X, 0 : [a,b] x X x (—eq,0) — R” implicitly by

Nt alt, o), e) = % , (6.4)
S(t,a(t,z,e),e) = % , (6.5)

and set §(t, z) := (¢, ,0). Note that A(t,z) = \(¢,z,0) and that 0(a,z,¢) = 6(b,z,&) =0
because @ has fixed endpoints. Moreover, a similar argument as above shows that = —
A(t,z,e) and z — d(t, z,¢) are tangent to X and divergence-free.

Our main observation now is that differentiating (6.4) with respect to € and (6.5) with
respect to ¢, evaluating the resulting equations in (t,z,¢) = (¢, u(t,-,0)71(Z),0) and using
that 2% = 2% e find (please perform this computation if you don’t believe it!):

Otde ~—  0Oedt’
ON(t,m,e)|  0%i(t,x) |~ [06i(t, ) ONi(t, x)
o= | ot * ; o, Nilhe) = =5 —olta) )

This proves the “only if” part of:

Theorem 6.2 (Euler-Poincaré for incompressible ideal fluids) Let L = L(u,u) =
Lid(uou_l) be a right invariant Lagrangian function, defined for volume preserving diffeo-
morphisms u : X — X and vector fields i : X — R™. Then the following are equivalent:

o The curvet — u(t) in SDif f>(X) is stationary for the action integral f: L(u(t), &ggt))dt
with respect to volume-preserving variations with fived endpoints.

e The curve of divergence-free vector fields t — A(t) := 615—(;) ou(t)™! is stationary for

the action integral fab Liq(A(t))dt with respect to variations X of \ of the form

< 05 [ D0 O\
)\—)\4‘8 (E—FZ <a_xj>\J_a_xj(5J>) ,
7=1
such that § is tangent to 0X, divergence-free and 6(a,x) = 6(b,xz) = 0.
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I leave the “if” part of this theorem as a (rather difficult) exercise.
As an example, let us compute the Euler equations for an ideal fluid, that is the Euler-
Poincaré equations for the kinetic Lagrangian

. . 1,
Lu, i) = [Ja]|2, ::/){52(%( na:—/ Z i; 0w ) (x)) dp .
=1

According to Theorem 6.2, for all curves (¢, z) — 0(t, x), [a, b] x X — R™ with 6(¢, -) tangent
to 0X, div(d(t,-)) = 0 and d(a,z) = d(b, z) = 0, the curve t — \(t) := ag( ) ou(t)~! should
then satisfy

2
d b 1 n a)\
_an/“ /}(§;<Ai(w)+ (833] a 83:]6)]) dz =0.

Integration by parts yields that the left hand side of this expression is equal to

/b/XZZl:A (%Jré(gi j—g—zdj»dmz (6.6)
/ab/xi_di< +ZA Hdw ) (g )dlv ) dedt =
//Z 5( ZA )d:cdt.

If X C R" is bounded, then the space of vector fields on X tangent to 0X is the Lo-
orthogonal sum of the divergence free vector fields and the gradient vector fields. This is
a consequence of Hodge-de Rham theory and unfortunately it would go too far to explain

this in detail. Nevertheless, we have derived the Euler equations for an ideal incompressible
fluid:

Z)\ N P Giv(n) =0

J &c] ox;

The function p is implicitly deﬁned by the condition div(A\) = 0 and is called the pressure
of the fluid.

The above derivation of Euler’s equations for an incompressible fluid as the Euler-
Poincaré equations for the geodesics on the special diffeomorphism group with a right-
invariant metric, is due to Arnol’d.

6.5 Exercises
Exercise 6.1 (The rigid body dynamics) Recall Euler’s equations for the rigid body

d
]d—j —wxlw, (6.7)
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in which the inertia matriz I is symmetric and nondegenerate. Using the explicit Euler
equations for the rigid body (6.3), show that the energy E = %(Iw,w) is a constant of
motion.

Can you give another argument why E is a constant of motion? Hint: View E as a
function on TSO(3,R).

Prove that the solutions of the rigid body equations lie on ellipsoids. Prove that they
stay bounded and are defined for all time.

Show moreover that the function J(w) = (Iw, [w) is conserved. Can you draw the joint
level sets of E and J in R3?

Exercise 6.2 (The hyperbolic half plane again) In this exercise we will again study
the hyperbolic half plane H = {z € C | Im z > 0} and we will give it the structure of a
noncommutative Lie group.

o forz,yc R, y>0,let ¢, : R — R be the affine mapping defined by
Guy(s) =2+ ys .
Show that ¢y © G5 = Putyzyy- In other words, the collection of affine mappings
G={tsy | z,y e R,y >0}

1s closed under composition. Show that G is a group under composition. Show that
the identity element of G is ¢o1 and that ¢;7; =¢ 1.

y'y
e Prove that the mapping x +1y — ¢4, from H to G is bijective. Prove that the unique
group operation x : H x H — H that makes this mapping a group isomorphism, s
given by
(x +1y) * (T +1i7) = (x + yT) + 1yy .
From now on, x will be “the” multiplication on H and we will forget about the ordinary
multiplication of complex numbers.

e Prove that x makes H into an analytic Lie group. Show that the identity element of
H isi and that (z +iy)~' = A zi

o Write z = x +1y. Show that L,—1 : H — H sends T + iy to % —l—z% Now show that
T.L.-» maps v =1v, +1iv, € T,H=C to %v = Uj+z% cT,H=C.
e OnT;H let us define an inner product by
(v,v) = [v|* forv e T;,H = C .

Prove that the unique left-invariant metric 3 on H with the property that (;(v,v) =
(v,v) for allv € T;H, is given by the hyperbolic metric of Exercise 4.3, that is

1 2
zlvl”

T
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o for ¢ =¢& +1i§ € T;H = C, show that the unique left invariant vector field vf on
H is given by v;(z) = (Im 2)¢. Show that the Lie bracket in the Lie algebra T,H is
given by

€)= mby —mé e RCC.

o Lett— z(t) € H be a geodesic for the hyperbolic metric and write z(t) = x(t) +iy(t).

Show that X(t) := T, L.y - dzgt) = ﬁ (dz(tt) + idzl—sf)> is a solution of the Fuler-

Poincaré equations
dX; d\
=\, —2 =M.
dt dt
Show that the energy %|)\\2 is a constant of motion for these equations. Draw the

phase portrait.

Remark 6.3 One can repeat this procedure and define for x € R™ and y > 0 the mappings
¢uy : R" — R”, thus producing a “hyperbolic half-(n + 1)-space”.

Exercise 6.3 (Ideal compressible fluids) Let X C R™ be a bounded open subset. For
an “ideal compressible fluid” the Lagrangian function is the total kinetic energy

L(u, ) = /X %Z(ui(m))zdna:.

This Lagrangian is not right-invariant under the group Dif f>(X). Why? For a C* family
of diffeomorphisms (t,x) — u(t, ), [a,b] x X — X show that the following are equivalent:
duft)

e u is stationary for the action integral ff L (u(t), T) dt with respect to variations

with fixed endpoints.

0%u;(t,x)
ot?

o (t,x) — u(t,z) solves the Euler-Lagrange equations =0 forali=1,...,n.

e For each x € X, the curve t — u(t,z), [a,b] — X is a solution to the second order
aQUi(t)

ordinary differential equation 5= =0 (i=1,...,n).

e foreachx € X, t— u(t,x), [a,b] = X is a geodesic in X for the Euclidean metric.

o u(t, ) = u;(0, ) + 24

-t foralli=1,...,n.
t=0

e \i= %oyl fie. N(tu(t,z)) = % for all i = 1,...,n) satisfies the Euler

equation for an ideal compressible fluid

BN +;/\ja—xj—0fora112—1,...,n_
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Remark 6.4 (Burgers’ equation) For n = 1 the Euler equation for an ideal compress-
ible fluid is called Burgers’ equation: % + )\% = 0.

Exercise 6.4 (1-dimensional EPDIiff) Let X = (a, ) C R. We shall study the Euler-
Poincaré equation on the group Dif f>(X) of diffeomorphisms of X as follows. Let [ :
REL - R be a C™ function. For a diffeomorphism u : X — X and vector field i : X — R
with W(a) = u(B) =0, let

L(u, ) ::/Xl((uou_l)(x) dix(uou 1)(5“)""’%(“0“_1)(“")) d
Prove that

e For any diffeomorphism ¢ : X — X, L(uo ¢, o ¢™1)) = L(u,u). This means that
L is right-invariant under the action of Diffoo( ).

e The curve of diffeomorphisms (t,z) — u(t,z),[a,b] x X — X is stationary for the
action ff L (u(t), dz;g”) dt with respect to variations with fixed endpoints if and only

if the curve of vector fields X : [a,b] x X — R defined by \(t,u(t,z)) = d“m (i.e.

d\(z) dF\(z)
Sodx 0 dxk

A= 2o y=1) is stationary for the action [, [(\(x)

to variations of the form

At z) +e (%gﬁ + 8>\§;’$)6(t, z) — aa((;, x)/\(t,x)) ,

)dx wzth respect

T
where ¢ : [a,b] x X — R is an arbitrary C* curve of vector fields on X with §(t, ) =
i, 0) =d(a,x) = d(b,x) = 0.
Exercise 6.5 (Burgers’ equation as EPDIiff) In exercise 6.4, choose
1
L(u,i) = [fico w3, = / §<u<u*<x>>2dm .
X

Show that the Euler-Poincaré equations for A := € ou™! read

Exercise 6.6 (The Camassa-Holm equation) In exercise 6.4, choose

Lu, i) = ||iou™ |2 :/X%((uoul)(x))z—kl (dci_(uou 1)(@)2 da .

Show that this Lagrangian gives rise to the Fuler-Poincaré equation

0%\ O\ o\ O\ 02\ O3\
(1_@>8t N Corar  om

This equation is called the Camassa-Holm equation. It is famous because it is integrable
and because it admits a special type of peaked soliton solutions, called ‘peakons’.
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7 Hamiltonian systems

In this section, we will show that the Euler-Lagrange equations (2.8) for a nondegenerate
Lagrangian are equivalent to the famous equations of Hamilton.

7.1 The Legendre transform

Let L : TQ) — R be such a nondegenerate Lagrangian. We define the “momentum”
variables

0L(q, q
;= M cR.
8qj
Again under the assumption that % is invertible, the transformation
. 9L(q.q)
(4,9) = (¢,p) = (. a—q)

is a local diffeomorphism. Hence we may write p; = p;(¢,¢) and ¢; = ¢;(¢,p). If we now
also express the constant of motion (2.9) in terms of the new variables

H(q,p) :=h(q,d Zp]q] ¢.p) — L(¢,d(q.p)) .

then we observe that

0H(q,p) "< Jdk(q,p)
o\ + AR
o, = q;(q,p) ;:1 Dk o,

n

0L(q,4(q,p)) 04r(q,p)
Gy, Ip;

= qi(q,p) ,

because of the definition of py. A similar computation leads to the conclusion that

OH(q,p) _ OL(g:d(a,p))

0q; 0q;
This makes the Euler-Lagrange equations % = ¢j, %3%(;74) = 8%(;"3) for the curve t +—

(q(t),4(t)) in T'Q equivalent to the equations

dg; _ 9H(g,p) dp; _ 9H(q,p) (7.1)
dt dp; ~ dt Jq; '

for the curve t — (q(t), p(t)). Equations (7.1) are called Hamilton’s equations of motion for
the Hamiltonian function H. The transformation of the Lagrangian L into the Hamiltonian
H is traditionally called the “Legendre transformation”.

The momentum p(q, ¢) := aL(‘; 9 does not have the interpretation of an element of 7,Q. In
fact, p(q, q) is the total derivative of the function ¢ — L(q,q) at the point ¢. Sometimes
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it is also called the “fiber derivative” of L as the differentiation is only in the direction of

the fiber T,) C T'Q. The derivative acts on v € T,Q by p(q,q)(v) = d% oo L(q,q + ev),

so p(q, q) is actually a linear map from 7,0 to R, i.e. p(q,q) € (T,Q)*. Recall that the
manifold of all ¢’s and p’s is called the cotangent bundle 7*Q of Q: T*Q = U,eq(T,Q)* .

For an arbitrary C! function H : T*Q — R of positions and momenta, Hamilton’s
equations of motion define a vector field on T*(Q), namely

“"“9OH & OH 9
Xy ;:Z—————. (7.2)

Xy is called the “Hamiltonian vector field” of H.

7.2 The tautological one-form and the canonical two-form

Let us start by introducing a one-form on the cotangent bundle T*(@) of a manifold Q.
Recall the canonical projection mp«q : T*Q) — @, which maps p € (T,Q)* to g. Its tangent
map 1{qp) (mr+) thus sends T, (T*Q) to T,Q. But p is a linear form on T,Q), hence this
allows us to define a one-form 7 on 7T%(Q), as the composition

Tagp) = P ° Tgp) (T7+Q) -

In local coordinates, 7o sends (¢, p) to ¢ and hence Ti,,)(77-q) : (¢,p, 04, 0p) + (g, 9),
50 T(gp) * (0¢,0p) — D7 p;0g;, that is

n
T = ijdqj .
j=1

The one-form 7 has the following remarkable property:

Proposition 7.1 View a one-form a on Q) as a map o : Q — T*Q. The one-form 7 on
T*Q defined above is the unique one-form on T*(Q) with the property that

a'T =« (7.3)

for all one-forms a on Q.

Proof Let us prove this statement by a computation in local coordinates, writing (g, dq)
for an element ¢ of 7,Q, ay = >°7_, a;(g)dg; for an arbitrary one-form on Q and o(,,) =
Z;L=1 07(q,p)dq; + 0} (q, p)dp; for an arbitrary one-form on 7*@Q. Using that a*o = oo Ta,
the equality a*o(q) = a(¢) becomes

n

> (Oj(q,a@) + Zaﬁ(q,a(f]))aogz]iq>> dq; = Zaj(Q)5qj :

j=1
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This yields equality for all ¢ € R" and all a : @ — T*Q if and only if ¢5(¢,p) = p; and
o} =0, that is if and only if o = 7. O

Because of the last property, 7 is called the “tautological one-form” of T*().

The exterior derivative .
w=—dr = quj A dp;
j=1
is called the “canonical two-form” of T*Q). Recall that this two-form assigns to two tangent
vectors (0q*, 0pt), (8¢%, 6p?) € T(yp)(T*Q) the number

n

Wi ((8¢",0p"), (5¢°,6p%)) = D (8¢");(p%); — (6¢%);(6p"); =

7j=1
oq;
1 L X 0 1Id oq;
(5(]1""75qn’(5p1,..-;6pn)( —Id 0 (5]7%
op

The matrix
7o 0 Id
T\ -Id 0
is sometimes called the standard symplectic matriz.

Proposition 7.2 The Hamiltonian vector field Xy in formula (7.2) is uniquely determined
by the relation

ixyw=dH (7.4)

The way equation (7.4) should be read is as follows: Xy is vector field on 7*(Q), and w a
two-form on T*Q), so that ix,w := w(Xp, ) is a one-form on 7*Q). As H is a function on
T*Q, dH is also a one form on T*(). These two one-forms are apparently equal.

Proof (of Proposition (7.2): Applied to a tangent vector (dq,dp) € T(4)(T*Q), both
the left and the right hand side of (7.4) give the value

) 5-.
ZGQJQJ 4p]
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In fact, it is not hard to see that Xy is uniquely determined by the relation (7.4). This
follows because for every (q,p) € T*(Q, the mapping w — i,w defines an isomorphism
between T(y,)(T"Q) to T(, ,(I"Q). This is true because the matrix J is invertible. A
two-form with this property is called nondegenerate.

7.3 Symplectic Geometry

Let us now generalize the setting of a cotangent bundle:

Definition: A symplectic manifold is a differentiable manifold M on which a two-form
w is defined that satisfies

1. wis closed, i.e. dw =0 and
2. w is nondegenerate, i.e. w — i,w : T, M — (T,,M)* is invertible for every m € M.

As above, for every smooth function H : M — R the Hamiltonian vector field Xz on M
can be defined by the relation
ixy,w=dH .

With the above definitions, T*(@) is an example of a symplectic manifold. On the other
hand, the so-called Darboux lemma says that every symplectic manifold locally looks like
a cotangent bundle, that is near every point m € M there exists a coordinate system
(q,p) for M such that w = Z?:l dg; A dp;. In particular, this implies that M must be
even-dimensional: dim M = 2n.

Remark 7.3 (deRham cohomology) Let M be an arbitrary smooth manifold. Recall
that for an arbitrary k-form o on M we can define the k + 1-form da on M. « is called
closed if da = 0 and « is called exact if @ = df for some k — 1-form 3. We have that
d(dp) = 0 for all forms 3, so that if a = df, then da = 0, that is every exact form is
automatically closed.

The inverse is true only locally, that is if « is a k—form with da = 0, then the so-called
Poincaré lemma says that every point m € M possesses an open neighborhood U, together
with a k — 1-form 3 on U, such that a|y,, = dB. In other words, the Poincaré lemma says
that every closed form is locally exact.

As we saw above, the canonical symplectic form Z?Zl dg; N\ dp; on T*Q) is exact, and
hence closed. On the other hand, in Darboux coordinates on an arbitrary symplectic
manifold (M,w), we have w = E?Zl dg; N dpj, so w is exact at least on every Darboux
coordinate patch.

Globally the structure of a symplectic manifold may differ from that of a cotangent
bundle though, if only because an arbitrary closed two-form on a manifold need not be

exact. Let us try to make this statement more precise by making the following definitions:
Denote by Z*(M) the space of all closed k-forms on M and by B¥(M) the space of
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exact k—forms on M. Clearly, B¥(M) C Z*(M). Then one can define the k-th deRham
cohomology group of M as

Hip(M) = Z"(M)/B*(M) .

Recall that the elements of HY,(M) are the equivalence classes of elements of Z*(M) whose
difference is in B¥(M), that is for a € Z*(M),

o] ={a € Z"M)|a—aeB*M)}e Hi(M).

The properties of H%,(M) depend strongly on the topological properties of M. For in-
stance, it is well-known that Hjp(M) = 0 if and only if M is simply connected. Also, one
can show that if M is compact, HE (M) =2 Hy(M) where Hy(M) is the so-called singular
homology of M, defined purely in terms of the possible triangulations of M. Singular ho-
mology is usually treated in a course on algebraic topology.

With all this terminology we can say that the symplectic form w on M is exact if and
only if the cohomology class [w] € H3p(M) of w is equal to zero.

Remark 7.4 (Symplectic topology) The existence of a symplectic form on a manifold
M puts rather strong topological restrictions on M: not every manifold admits a nonde-
generate closed 2-form. What’s more, the 2k-forms w* := w A ... Aw (k times) also are
closed and nondegenerate, and in particular, every symplectic manifold is orientable, i.e.
it admits a nowhere-zero volume-form, namely w™.

For instance, it is a known fact from topology that the only 2n dimensional sphere
that admits a nondegenerate 2k-form for every 1 < k < n is the 2-sphere. Hence we may
conclude that the only sphere that can carry a symplectic structure, is the 2-sphere.

7.4 The dynamics of Hamiltonian systems

A Hamiltonian vector field Xy has a number of special properties: first of all,

Proposition 7.5 H is a constant of motion for the flow of Xg.

Proof: This follows as dH - Xy = ix,dH = ix,ix,w = w(Xg, Xg) = 0 because of anti-
symmetry of w that holds for every k-form. O

Definition: Let ¥ : M — M be a diffeomorphism on M, v a vector field on M and « a
k-form on M. The pullback ¥*v of v under V¥ is the vector field on M defined by

Uo(m) = (T, %)~ v(T(m))
and the pullback U*a of o under ¥ is the k-form on M defined by

(V) (1, - -5 V%) = Qwin) (T ¥ - v, T W - vg)
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If we let U be the time-t flow (for small t) of a vector field v on M, then it is possible to
define the k-form £, on M by

N S : d vy
(Lo@)m (V1. .. 0p) = H%Z ((e")'a—a)(v,...,va), le. Lya= 7 (") a

By Cartan’s magic formula we have for every k-form « that
L, = diya + i,do

Proposition 7.6 The flow of a Hamiltonian system leaves the symplectic form invariant,
i.e. (X)W =w.

Proof: Lx,w =ix,dw+dix,w =0+ ddH = 0. O

Remark 7.7 (Locally Hamiltonian vector fields) In general, a smooth vector field v
satisfies L,w = 0, if and only if (e")*w = w. As dw = 0, Cartan’s magic formula gives
that L,w = di,w. Hence the Poincaré lemma guarantees that if £,w = 0, then i,w = dh
locally, and hence v is called locally Hamiltonian if L,w = 0. Whether or not v is globally
Hamiltonian, i.e. i,w = dH for some globally defined function H : M — R, depends on
whether i,w is globally exact, that is whether the cohomology class [i,w] € H}5(M) is equal
to zero. This is automatically the case if M is simply connected, because Hjn(M) = 0 if
M is simply connected.

A diffeomorphism ¥ : M — M with the property that U*w = w is called symplectic.
Clearly, the flow of any (locally) Hamiltonian vector field consists of symplectic transfor-
mations.

One important consequence of the above proposition is that a Hamiltonian flow pre-
serves the volume form w” =w A ... Aw:

(X (W) = (X w)" = w

Another particularly convenient property of symplectic diffeomorphisms is that they trans-
form Hamiltonian vector fields into Hamiltonian vector fields:

Proposition 7.8 Let M be a symplectic manifold with symplectic form w, H : M — R a
Hamiltonian function and ¥ : M — M a symplectic diffeomorphism, i.e. V*w = w. Then

UV Xy = Xy
in which VH := Ho WV : M — R.

Proof: Forv € T,,M we have (iyx,w)m(v) = (lvx,; V*w)m(v) = (VW) (V* Xy (m),v) =
Wy m)(Xa(¥(m)), T,V -v) = dH(¥(m)) - T,V - v =d(V*H)(m) - v. O

One more definition is that of the Poisson bracket of two Hamiltonian functions. Let
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F,G: M — R be two Hamiltonian functions, then we define a third Hamiltonian function
{F,G} : M — R by setting

{F,G} = w(Xp, Xg) = dF - Xg = —dG - Xp
In Darboux coordinates (g, p), one computes that

" 0F 0G  0G OF
2

This then leads to the conclusion that the space of C"*° functions on M is a Lie-algebra.
In particular, there is the so-called Jacobi-identity

{FAG H}} +{GA{H F}} +{H {F G}}

At the same time we can for two vector fields v and w on an arbitrary m-dimensional
manifold X define the vector field [v, w], called the Lie-bracket of v and w, by

d
[v,w] == pr

(etv)*w
t=0

The well-known expression for [v,w] in local coordinates

leads to the conclusion that
(Xr, X¢] = —X(rey

This means that the map F +— X is a so-called Lie-algebra anti-homomorphism.
Definition: Two functions F' and G on M are said to be in involution if {F,G} = 0.

First of all the involution property for F' and G implies, because {F, G} = dF - Xg =
—dG - Xp, that F' is a constant of motion for the vector field X and G is a constant of
motion for the vector field Xp. In other words, the flow of X leaves the level sets of the
function F' invariant and vice versa. At the same time the involution property for F' and
G implies that [Xr, Xg| = 0, i.e. the vector fields Xr and X -and therefore there flows
I- commute.

80



7.5 Excursion: a Hamiltonian wave equation

Some partial differential equations have a remarkable Hamiltonian formulation. We will
discuss in this section a simple example of a nonlinear wave equation on the circle S' :=
R/Z, as follows. Given a C! function F : R — R, we look for a C* function u : [a,b] x ST —
R of time t € [a, b] and position z € S! that satisfies

Up = Uy + F'(u) . (7.5)

Remark 7.9 (The Lagrangian formulation) Equation (7.5) has a Lagrangian formu-
lation, as we discussed before: setting u = u; as usual, one defines the kinetic and potential
energy of u at time ¢ as

1 1
T(u(t,-)) := / 5 (u(t,x))? dx and V(u(t,-)) := / 5 (ug(t, ) — F(u(t,z)) dx |
51 51

and observes that u is stationary for the action integral

A(u) ;:/ T(u(t,”) — V(u(t,-)) dt

with respect to smooth variations with fixed endpoints, if and only if u satisfies (7.5).

The Hamiltonian formulation of equation (7.5) comes about as follows. Denote by C*(S?!)
the space of C* functions from S' to R, and define the “Hamiltonian function”

H:C2(SY) x COSY) - R, H(u,v) = /S Lw@))? + % (u(2))? — Flu(z)) dz -

The derivative of H at the point (u,v) € C%(S') x C°(S') is the linear form
dH(u,v) € (C*(S") x C°(SY))" |
defined by its action on (ug,v9) € C?(S*) x CO(S!):

dH(u,U) . (UQ,UQ) — i

e H((u,v) + e(ug, v2)) =

e=0

/Sl v(z)ve() — (F'(u()) + tge(2))ua(x) da .

The last equality follows from a partial integration.
At the same time, for (uy,v1), (ug,v2) € C°(S') x C°(S1), we can define

Q((u,v1), (ug,vs)) ::/ uy (z)va(x) — ug(x)vy () do .
S1
Clearly, € is an anti-symmetric bilinear form on C°(S') x C°(S!), that is
Q((uly /Ul) + 8<ﬁ'1a ’&1)7 (u27 /UQ)) = Q((Ul, Ul)? (Ug, U2)) + SQ((ala ’61)7 (Ug, /02)) and
Q((“la Ul)) (UQ, UQ)) - —Q((U27 UQ)? (ula Ul)) .
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Also, Q is “weakly nondegenerate” in the following sense: if Q((uy,v1), (ug,v2)) = 0 for
all (ug,vy) € C°(SY) x C°(S1), then by continuity this implies that (u;,v;) = 0. In other
words, the linear map

O« (g, v1) = Q((ug, 01), ) : CO(SY) x CO(SY) — (CO(SY) x CO(S1))*

has trivial kernel and hence is injective. A weakly nondegenerate anti-symmetric bilinear
form on a linear space is called a weak symplectic form.
Finally, it is easy to see that

Q((v, Uy + F'(1)), (ug,v2)) = dH(u, v) - (ug, va) .
In other words, the equations
U =V, Uy = Ugy + F' (1)

can be viewed as Hamilton’s equations of motion on the infinite-dimensional space C?(S*) x
C°(S) equipped with the weak symplectic form €, and for the Hamiltonian function H.

The weak nondegeneracy of () implies that these equations are indeed unique, so that
it is allowed to speak of “the” Hamiltonian equations of H. On the other hand, if a(u,v) :
C°(S') x C°(S') — R is just any linear map, the equation Q(X (u,v),-) = a(u,v) may not
always have a solution X (u,v) € C(S') x C°(S)), because € is not necessarily strongly
symplectic.

7.6 Exercises

Exercise 7.1 Prove that the Poisson bracket satisfies the Jacobi-identity.

Exercise 7.2 Prove that the map F — Xp is a Lie-algebra anti-homomorphism, i.e. that
[Xr, Xe] = —Xipay-

Exercise 7.3 Consider the 2-sphere S* = {(z,y,2) € R® | 2% + y* + 2% = 1} with its
standard volume-form as a symplectic manifold. Compute the Hamiltonian vector field
generated by the Hamiltonian function H(x,y,z) = z. Draw its phase portrait.

Exercise 7.4 Consider the harmonic oscillator @ = y,y = —x, for (x,y) € R% With its
volume form dx A dy, R? is a symplectic manifold. Prove that the harmonic oscillator is a
Hamiltonian system. What is the Hamiltonian function?

Nezxt, let us make the coordinate change V : (z,y) — (I, @), where

1
I= 5 +97) and ¢ = ar(,y) -
Here, arg(x,y) denotes the angle that (x,y) makes with the positive x-azis. What are the
natural domain and range of this coordinate change? Compute the symplectic form in the
new coordinates, i.e. compute V,(dx Ady). What is W, H, i.e. the Hamiltonian in the new
coordinates? Finally, compute the Hamiltonian vector field in the new coordinates.
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Further reading

Most of the material in these lecture notes can be found in the existing literature in one
form or the other, although most of the time with much less detail. For further reading on
the subject, I would like to refer you to the following texts.

The bible of Geometric Mechanics, which treats classical mechanics in a differential
geometric framework, is

e Abraham, R., Marsden, J.E., Foundations of Mechanics. The Benjamin/Cummings
Publ. Co., Reading, Mass., 1987.

Easier to read, and with a focus on computations-by-hand is

e Arnol'd, V.I., Mathematical Methods of Classical Mechanics, Graduate Texts in
Mathematics 60, Springer-Verlag, 1978.

A nice introduction to the application of geometry and topology in fluid mechanics can be
found in

e Arnol’d, V.I. and Khesin, B.A., Topological Methods in Hydrodynamics, Graduate
Texts in Mathematics 60, Springer-Verlag, 1978.

Several examples of classical mechanical systems, treated in a slightly formal way, arise in
the textbook

e Cushman, R.H. and Bates, L.M., Global aspects of Classical Mechanical Systems,
Birkhauser Verlag, 1997.

An already standard, advanced, but nice book on Lie groups is:
e Duistermaat, J.J. and Kolk, J.A.C., Lie groups, Springer-Verlag, 2000.
Finally, introductory texts about the restricted three-body problem are found in

o Meyer, K.R., Periodic Solutions of the N-Body-Problem, Lecture Notes in Mathe-
matics, Springer-Verlag, 1999.

e Meyer, K.R., Hall, G.R., Introduction to Hamiltonian dynamical systems and the
N-body problem, Applied Math. Sciences 90, Springer-Verlag, 1992.

83



