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Introduction

A dynamical system on an open subset P C R™ describes the time evolution of
the various states z € P. When this description includes both (the complete)
past and future this leads to a group action

o : RxP — P

(t2) — @) (1.1)

of the time axis R on the phase space P, i.e.

¢o = id  and N\ oot = @t
s,teR

This implies ¢ 0 Y5 = Pr1s = Ps+t = s 0 ¢ for all times s, € R and
@i ' = p_; for the inverse evolution. We assume (1.1) to be smooth.

For every function f € C°°(P) we can consider the time evolution fop; €
C*°(P) and in particular the time derivative

: d
= Zfop

dt +=0
The mapping

c=(P) — C=(P)
f = f

is a derivation, i.e. a linear mapping that satisfies the Leibniz rule when
applied to the product of two functions. The simplest examples of a derivation
are the partial derivatives along the co-ordinate axes and the chain rule shows

that
of dz; L 0
Z Oz, dt (Z 822> /

i=1

is merely a linear combination of these, with coefficients in C°(P).
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Exercise 1.1. Show that every derivation on C'*°(P) is such a linear com-

bination of partial derivatives. Hint: consider the projections z — z; to the

km

co-ordinates and the polynomial functions z — Zaszl ceezpm,

Hence, derivations correspond to directional derivatives

.
; 9 5 (1.2)

with coefficient functions g; € C°°(P). Our aim is to further relate a given
derivation to a dynamical system (1.1). Equating f with (1.2) yields the sys-
tem

zi = gz(z) 5 izl,...,m (13)

of differential equations. Thus, given z° € P there exists a unique solution
z: I — P satisfying 2(0) = 2% and 2(t) = g(2(¢)) for all t € I. Here I C R is
the maximal interval on which the solution passing through z° is defined.

Exercise 1.2. Show that the flow ¢ : (¢,2°) — z(¢) defines a group action
on P if and only if the maximal interval I coincides with all of R for every

initial condition z9.

Where I is not all of R the equation

@(3790(t>20>) = 90(3+t720)

only holds true when s,t,s +¢ € I. This is called a local group action, by
definition the mapping

© UIzX{Z} — P

zeP

still satisfies 9 = id. On the other hand, replacing (1.1) by a local group
action still yields the derivation f — f and one still speaks of a dynamical
system.

Next to the algebraic aspect of defining a derivation the system of dif-
ferential equations (1.3) can also be given a geometric interpretation. The
assignment of a vector g(z) € R™ at each point z € P C R™ defines a vector
field and the solution curves are tangent to each vector at each point. The di-
rectional derivative (1.2) measures how much a function f € C°°(P) changes
along these vectors and hence along the solution curves, in particular f =0
if and only if f is invariant under the (local) group action.

Exercise 1.3. Show that a group action F' : Z x P — P is equivalent to
iterating an invertible mapping on P. What does iterating a non-invertible
mapping amount to?
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1.1 Newtonian mechanics

There are various approaches to mechanical problems. Probably the best
known is based on Newton’s axioms and leads to the (differential) equation

mi = F (1.4)

for the motion of a body with (fixed) mass m. Here x € R3 denotes the position
2

of the body, so = = de is its velocity and & = d—f its acceleration. Once the
force F on the right hand side of (1.4) is specified and both position z(tg) = ¢
and velocity Z(tg) = vo at time to are exactly known, the position x(t) is

determined for all' times. This solution and its derivatives & (¢) and i () satisfy
mi(t) = F(t,a(t),a(t))

at all times, so it would in fact suffice to specify the vector F' only along the
path (t,x(t),2(t)). However, we are interested in the solutions to all initial
conditions, so the complete time-dependent vector field

F: RxR}xR} — R3

should be specified (F' may in principle also depend on extra parameters, that
take different values for different bodies).

Note that the equation of motion (1.4) is a second order equation, this
is rephrasing Descartes? principle of inertia. The Aristotelian view that all
bodies tend to rest would favour a first order differential equation, and if the
equation of motion were of third order, then one would have to also prescribe
the initial acceleration &(tg) = ap to determine the motion.

The force field F' is rather general and may for instance contain a friction
term —az. Even if F' is time-independent and positional, i.e. F' = F(x), it
is still an extra assumption that the work W (z,y) done by F' between two
positions x and y does not depend on the path used to move from z to y, in
which case one may define the potential energy V(z) = W (z, xo) by choosing
e.g. o = 0 — a different choice x; leads to the additional constant W (xo,x1)
and has no consequences for

Flz) = -VV(x) .

For such a force field any solution x(¢) of (1.4) conserves the sum 7'+ V of
kinetic energy 3m(#(t))? and potential energy V (z(t)).

1 All times is the maximal interval given by the theorem on existence and unique-
ness of differential equations, for which we need the assumption that F'is contin-
uous and satisfies locally a Lipschitz condition.

? Discours de la méthode (1637), see also Galilei’s Discorsi e dimostrazioni matem-
atiche (1638).
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Introducing p := md the second order equation (1.4) can be written as the
system

1
—p

™m

p = F(t,z,p)

of first order equations. The dutch, english, french and german versions of
Wikipedia fiercely disagree on whether this is in fact how Newton formulated
his second axiom.

1.2 Lagrangean mechanics

The Lagrangean approach to mechanics is based on a variational principle.
The underlying idea that “nature tries to minimize something” has also proven
successful in other branches of physics, refraction of light may for instance be
thought of as light choosing the shortest way through an optical medium.

Possible motions in Lagrangean mechanics are extremals z(t) of the action
functional, which in turn is defined as the integral of the Lagrangean function
L = L(t,z,v) along the path

vt o (tx(t),2(t))

over time. Minimizing

B(y) = /1L(t,x(t),j:(t))dt (1.5)

where D denotes the derivative with respect to all “admissible” paths v, and
declaring this condition to be sufficient yields the extremals of (1.5).

The basic theorem of the calculus of variations states that the extremals
~v of @ are exactly those paths which satisfy the Euler—Lagrange equation

d

It is a co-ordinate free property of a path v to be an extremal of @ whence
we may choose any system q¢i,...,q, of “generalized” co-ordinates for the
position x of the mechanical system and the Euler-Lagrange equation takes

the form 4 /8L oL
( > = i=1,...,n . (1.6)

dt \ 9¢; dq; ’
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Note that the freedom of co-ordinate choice does not extend to the velocity v
of the mechanical system, on the contrary, ¢1,..., ¢, are directly determined
from the ¢;. The notational choice of letting ¢; denote both co-ordinates and
time derivatives turns out to be extremely useful in computations.

For the motion of a body with (fixed) mass m in a positional force field
derived from the potential V' the Lagrangean is the difference L =T — V be-
tween kinetic energy T' = %va and potential energy and the Fuler-Lagrange
equation reads

mi& = mio = —VV(z)

as in Newtonian mechanics.

1.3 Hamiltonian mechanics

The Hamiltonian formulation builds the conservation of energy into the the-
ory. For the motion of a body with (fixed) mass m in a positional force field
derived from the potential V' the Hamiltonian function is the sum H =T+ V
2
p

of kinetic energy T = o and potential energy. The equations of motion are
t = D,H (1.7a)
p = —D.,H (1.7b)

and reproduce again (1.4). However, for any other choice H = H(z,p) the
system (1.7) conserves the Hamiltonian as well:

H = D,H-i& + D,H-p = 0.

Thus, the vector field defined by (1.7) is tangent to the level sets of H. Per-
pendicular to these is the gradient vector field, which points in the direction
of maximal growth of H.

Exercise 1.4. Show that every system of n differential equations can be com-
pleted to a Hamiltonian system on R2?".

Exercise 1.5. Show that the linearization of a Hamiltonian system is again
Hamiltonian. How are the corresponding Hamiltonian functions related to
each other?

2
Exercise 1.6. Let H(z,p) = 2p—m + V(z) be the energy function, where
V : R — R is the potential energy. Compute the Legendre transformation

L(z,v) = ilég (v-p — H(z,p))

and clarify the situation with a figure. The function L obtained this way is
the Lagrangean function of the system. Show that Hamilton’s equations (1.7)
turn into (1.6).
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Exercise 1.7. Show that every second order differential equation & = f(x)
in z € R defines a Hamiltonian system. How can this be generalized to higher
dimensions?

1.4 Overview

As we have seen, the Newtonian, Lagrangean and Hamiltonian approaches are
equivalent for the motion of a body with fixed mass in a positional conservative
force field. It turns out that this equivalence extends to all situations in which
at least two of these approaches are applicable. A priori it was not evident
that the causal formulations behind the equations of motion (1.4) and (1.7)
yield the same description of mechanics as the teleological formulation to
minimize (1.5).

Given a mechanical system, it is a non-trivial task to write down the
Lagrangean or the Hamiltonian. In the sequel we concentrate on the case
that the Hamiltonian consists of the (total) energy of the system. Then the
equations of motion (1.7) follow immediately and our aim is to study the
resulting dynamics. To this we adhere to the following outline.

(1) Systems with one degree of freedom.
(7i) Theoretical background.

(7i7) Systems with two degrees of freedom.
(iv) General results.

(v) Systems with three degrees of freedom.

Emphasis will be on (iii) and we will see that the complete solution of ar-
bitrary such systems is already beyond our present means. The methods by
which at least something can be said motivate (iv), similarly the first “theo-
retical part” (ii) is motivated by (7). In fact, the theory will always be delayed
until it is actually needed.



2

One degree of freedom

A particle/mass point has one degree of freedom if it can only move in one
direction, the z—direction. In the simplest case, that of (force)-free motion,
the potential energy vanishes and the particle moves subject only to its own
inertia, with kinetic energy

2
p
H(z,p) = om

(with momentum p = muw, so this rephrases indeed T' = %va). Hamilton’s
equations (1.7) then read

H 1

T = %—p = P (so indeed & = v)
OH

) = - e O

b Ox

with the second equation expressing conservation of linear momentum — in
the absence of force. For given initial conditions (xg,pg) these equations can

easily be solved,
Po

m
the particle moves with constant speed on a straight line.

From now on we change notation and use y instead of p, this enables us
to work with co-ordinate changes (z,y) — (¢, p).

z(t) = zo+—t, pt) = po ,

Exercise 2.1. Show that z +— x + £ is a symmetry of the free linear motion
and explain that the corresponding group action coincides with the flow of
Hamilton’s equations.

Exercise 2.2. Give a necessary condition for the dynamical system
i = f(z,y)
y = g(z,9)

on the open set U C R? to be Hamiltonian. Is the condition also sufficient?
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2.1 The harmonic oscillator

Let the particle now move in a quadratic potential with minimum at x = 0.
Putting the mass m = 1 the Hamiltonian takes the form

1 w2
H(z,y) = §y2 + 71‘2

with equations of motion

T =y
y = —wzT.

For initial conditions (xg,yo) the solution reads

xz(t) = xgcoswt + P gin wt
w
y(t) = —wzosinwt + yocoswt .

These are ellipses in the (z,y)-plane, changing co-ordinates to

Y
q = Vywr and p = —
VW

we obtain the circular solutions of the system

i) = (23) ()

This second example is more “typical” for the systems we are going to study
than the free particle was, since the motion is bounded.

Exercise 2.3. Let
g = wp
p = —wq, w>0

be a harmonic oscillator. Transform the system to “action angle variables”

o, I according to
|1 |1
q = —cos2mp , p = — sin 2wy
7r 7

and conclude that the flows with different w are equivalent to each other,
having the same orbits.

Exercise 2.4. What are the possible types of linear Hamiltonian systems with
one degree of freedom? How do the corresponding Hamiltonian functions look
like? Which of the occurring equilibria are structurally stable — and in what
sense?
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2.2 An anharmonic oscillator

For a fourth order potential, still with a minimum at z = 0, the Hamiltonian
reads

1 1
H _ L2 L4
(z,9) 59" T 5%
with equations of motion
T =y (2.1a)
1
g = —Ex?’. (2.1b)

The phase portrait can be obtained from the graph of the potential energy, see
Fig. 7. Since energy is conserved, the potential energy at y = 0 is transformed
into kinetic energy at x = 0 and vice versa.

Exercise 2.5. Determine the phase portrait for a 1-dimensional particle mov-
ing in the potential

Exercise 2.6. Consider a function H : R? — R, of the form H(z,y) =
%yQ + V(z). For several shapes of the graph of V', sketch the phase portrait
of Xzy. How do the integral curves intersect the z-axis? In particular consider
cases where V' has maxima, minima or a horizontal asymptote.

1 1 A . . .
Perturb now to H(z,y) = §y2 + ﬂiLA + 5:1;2 with equations of motion

T =y
L 3
) = —=x° — Az
Y 6
and phase portraits given in Fig. 7. Under variation of A a Hamiltonian pitch-
fork bifurcation takes place. Correspondingly, the linearization of the anhar-
monic oscillator (2.1) in the origin is given by the matrix

01
00
whence this equilibrium is parabolic.

Exercise 2.7. Let ap be a minimum of the energy, whence(?!) the motion for
slightly larger energy values E is periodic with period T'(E). Determine the
limit
Ty = lim T(F) .
E—E(ao)
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The typical way in which a parabolic equilibrium bifurcates is the centre-
saddle bifurcation. Here the Hamiltonian reads
a o b 4
H(z,y) = zy° + —2° + c\z
2 6
where a, b, c € R are nonzero constants. For instance, when a = b = ¢ = 1 this
leads to the phase portraits given in Fig. 7.

Note that this is a completely different unfolding of the parabolic equilib-
rium at the origin. A closer look at the phase portraits and in particular at
the Hamiltonian function of the Hamiltonian pitchfork bifurcation reveals the
symmetry x — —x. This suggests to add the non-symmetric term px.

Exercise 2.8. Determine the bifurcation diagram of the family

1 1 A
Hy u(z,y) = §y2 + ﬂx“ + 53:2 + px

of Hamiltonian systems.

Singularity theory allows to prove that upon adding further “small” terms
to Hy,, no additional phase portraits are generated. Up to equivalence (i.e.
qualitatively) H} , contains all possible unfoldings of the anharmonic oscil-
lator (2.1), one also speaks of a versal unfolding. Similarly, the centre-saddle
bifurcation is stable 1-parameter family.

Exercise 2.9. Analyse the family

1 1 A
Hy(z,y) = §y2 + 6903 + §$2

of Hamiltonian systems.

Up to now all Hamiltonians were invariant with respect to y — —y. This
reversibility (reflecting the phase portrait about the z—axis and simultaneously
reversing the flow of time leaves the system invariant) is built into simple
mechanical systems with positional potential energy V' = V(z) and kinetic
energy 1T = %yQ. Note that adding an unfolding term vy does not lead to
qualitatively new phenomena since one may simply apply the co-ordinate
transformation (x,y) — (x,y — v) to the perturbed system.

Exercise 2.10. Consider the Hamiltonian H(z,y) = zy? — %xS. Use monomi-

als like z, %:1:2 or %yz to unfold preserving the reversibility and monomials like

y or xy to break the reversibility. Conclude that the latter does lead to qual-
itatively new phenomena. Can you guess the minimal number of parameters

of a versal unfolding?
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2.3 The mathematical pendulum

The mathematical idealization of a pendulum is a mass point fixed to a mass-
less rod (not a string, so the pendulum can also “turn over the top”). We use
the positional variable x € R to measure the angle from the vertical, whence
the height of the pendulum (i.e. of the mass point) is given by V(z) = — cosx
and the energy reads

1
H(z,y) = §y2 — cosx .
From the graph of the potential energy we obtain the phase portraits in Fig. ?

while the equations of motion obtained from H are given by

r = vy
Yy = —sinz .

The equilibria are (x,y) = (k7,0), k € Z and have linearization

(emiro) = (u0)

with determinant (—1)*, whence equilibria with even k are centres and equi-
libria with odd k are saddles. Note that phase portrait, Hamiltonian function,
equations of motion, ...are 2r—periodic in x — the pendulum does not know
the difference between the position of the mass point at an angle x and “that
same angle” x + 2km after several full rotations. It is therefore helpful to take
the co-ordinate x mod 27 and pass to the phase space S x R, see Fig. 7. On
the resulting cylinder the “rotating motions” over the top are periodic.

For any potential energy V : S! — R the Hamiltonian H = T + V with
kinetic energy T = %yz defines equations of motion

T =y
y = —V'(z)

on S x R ; the corresponding flow may be computed directly on the phase
space or first on R? and then projected mod 2 in the first component.

Exercise 2.11. Consider the Hamiltonian function H(z,y) = 1y* — cosz of
the pendulum. For |z] < 1 we consider the level set H~!(z). What is the
amplitude of oscillation in this level? If T'(z) denotes the period of oscilla-
tion in this level, then give an explicit integral expression for this. Determine
1im T(z) and ZliIJrrll T(z).

Exercise 2.12. Analyse the dynamics of the rotating pendulum & = M —sinxz
in dependence of M.
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Exercise 2.13. Let H(z,y) = 1y — V(z) be the Hamiltonian of a 1-
dimensional particle with mass m = 1 moving in the potential V. Describe
the time parametrisations of the trajectories H = h in terms of the indefinite
integral

(2.2)

dz
/«/Q(h—V(x)) '

Exercise 2.14. Let H € C°(P) be a Hamiltonian and § : P — 0,00

a smooth function. Define another Hamiltonian K € C*°(P) by K(z) :=
B(z) - (H(z) — h) for all z € P. Show that the trajectories of Xg on K~1(0)
are related to the trajectories of Xz on H~1(0) by means of the orientation

. . . dr 1 .
preserving re-parametrisation T - 3 of time.
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Hamiltonian systems on the sphere S?

Next to « mod 27 we could also work with y mod 27 and study Hamiltonian
systems on the 2-torus S! x S!. For such a one-degree-of-freedom system
there is no kinetic energy T' = %yQ and the variable y loses its interpretation
of being the velocity or momentum of the particle with position x.

This is even more true for Hamiltonian systems on S? which have the ad-
ditional problem that it is impossible to globally define a co-ordinate system,
at least one point has to be discarded.

Discarding two points on S? = {(x,y,2) € R3 : 22 + 32 + 22 = 1}, e.g.
the north pole z = 1 and the south pole z = —1, one can define cylindrical
co-ordinates p = z and ¢ € S' by means of

x i Y
cosq = —— , sing = ——— .
1 V1— 22 1 V1—22
The equations of motion still read
. OH
. OH

as we have in fact brought the situation back to S x R.

While it is possible to treat Hamiltonian dynamical systems on S? in this
way, switching to cylindrical co-ordinates along e.g. the y—axis when motions
passing through north or south pole are encountered, this approach is less
satisfactory.

1. The truly global questions are difficult to attack.
2. Also for local problems this is impractical.

We therefore prefer to work globally on phase spaces that are manifolds.
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Exercise 3.1. For H € C*°(R3) define the equations of motion

OH
x oz x

dt 9y
z OH z

0z

Show that H is a constant of motion. Find a second constant of motion. What
can be said about those points where both functions have linear dependent
gradients?

Definition 3.1. Let M be a metric space. A chart on M is a homeomorphism
@ : U — V between an open set U C M and an open set V C R™. A set of
charts on M forms an atlas if

(i) every point x € M lies in the source of at least one chart in the atlas;
(7i) the chart changes o0 (pfl cp1 (U1 NUy) C Vi — o(U1NU,) C V; are
differentiable.

Singling out an atlas A makes M a differentiable manifold. We then say that
a function f : M — R is differentiable if

/\ foe 't : V. — R is differentiable.

Two atlasses are called compatible if their union is again an atlas. The union
of all atlasses compatible with A is the maximal atlas of the differentiable
manifold M.

Examples are R™ itself, the cylinder S! xR, the spheres S™ and the tori T™ =
R™/ym. We like our manifolds to be as smooth as needed, i.e. C* with k € N
sufficiently high, and work from now on for simplicity with C'*® manifolds.

Exercise 3.2. Show that T™ is diffeomorphic with S! x ... x S1.

The atlas allows to transport a concept from open subsets V' C R™ to a man-
ifold P if the concept is local in nature and not depending on a special choice
of co-ordinates. For a dynamical system the notions of (local) group action
and of a derivation C°°(P) — C°°(P) are already globally defined. In every
chart the considerations from the introduction remain valid, in particular

. .

for the directional derivative. The corresponding locally defined (and co-
ordinate depending) vector fields can be given a global meaning. To this end
call two curves v,n : I — P with (0) = n(0) =: 2° equivalent (at 2°) if
the time derivatives of v and 7 at 0 coincide in one (and hence every) chart
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around z°. The equivalence classes of this equivalence relation are the tan-
gent vectors (at 29), and a vector field assigns to each 2° € P a tangent vector
at z°. In each chart this amounts to a system of differential equations, and the
solution curves have at each point a time derivative coinciding with the pre-
scribed tangent vector (i.e. the time derivative lies in this equivalence class).
The resulting flow is (again) a local group action.

Exercise 3.3. Show that on a compact manifold P each vector field deter-
mines a group action (of all of R) on P. Hint: consider the maximal time
interval I C R of a given solution curve.

To define the Lie bracket [X, Y] of two vector fields consider these as deriva-
tions X,Y : C*°(P) — C*°(P) and put

(X, YI(f) = X(Y(f) — Y(X(f))

Exercise 3.4. Compute the Lie bracket [%, %] of two partial derivatives
i J

along the co-ordinate axes in R™.

Exercise 3.5. Let ¢, be the (globally defined) flows of two vector fields
X,Y on a manifold P and assume that

/\ prohs = Ysop ,

s, teR

i.e. the flows commute. Conclude that then the Lie bracket [X,Y] vanishes
identically. Can you also prove the converse?

In this sense the Lie bracket of two vector fields measures to what extent the
corresponding flows commute.

Exercise 3.6. Show that the “natural mechanical system” H = 2y + V(z)
has a globally defined flow in the following cases.

1. The potential energie V' is everywhere positive.
2. The phase space is S x R.

In how far is the first condition physically relevant?

3.1 The Poisson bracket

To write down the equations of motion without resorting to (canonical) co-
ordinates we work with Poisson brackets.

Definition 3.2. Let P be a differentiable manifold. A mapping
{,}: C2(P)xC=(P) — C=(P)

is called a Poisson bracket if it satisfies the following conditions.
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(¢2) {, } is bilinear, i.e. linear in both arguments.

(ii) { , } is alternating, i.e. /\ {f,f}=0.

feC>=(P)
(131) { , } satisfies the Leibniz rule

AN Fahy = f{eh) + {fh} g
f,9,heC>(P)
(iv) { , } satisfies the Jacobi identity
A Hrahny = {f{en}} + {£.h}9) -
f,9,heC>=(P)
We then call (P,{ , }) a Poisson manifold.

The Leibniz rule gives { , } the character of a derivative (if one fixes one of
the arguments, see below) and correspondingly Hamilton’s equations become
% f=f={f,H} on a Poisson manifold.

Exercise 3.7. Show that a Poisson bracket is anti-symmetric, i.e.
f,9€C>(P)
and yields the vanishing sum of cyclic permutations
A\ {{f.g}.h} + {{o.h}. f} + {{h.flg} = 0
f,g,h€C>(P)
(this is often the form in which Jacobi’s identity is stated).
The Leibniz rule expresses that the mapping f — {f, H} is a derivation, as the

partial derivative 82 along the co-ordinate axis in a chart of P is a derivation,

z
a linear mapping satisfying the Leibniz rule. This makes f — {f, H} a vector
field on P whence

(L) = Y me)gs

in local co-ordinates; in a chart the partial derivatives ai along the co-

2
ordinate axes form a basis of each tangent space. Applying this to the co-
ordinate function z; yields

m
823-

{7, H}(2) = Zni(Z)aZi = Zm(z)%’ = n;i(z)

whence the above expansion reads

oy = Yy (3.1)
i=1 t
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Ezample 3.3. On R? a Poisson bracket is determined by the value of {x,y}
(why?) and the simplest non-trivial possibility is {x,y} = 1. We then obtain

b= o) = i) = - (waf a ) = O
vo= vH} = ~{Hy} = —({af,y}%—er{y,y}%—ZI) = —%—ZI

and the Poisson bracket reads

0 0 af o )
{f.g} = a—i{m,g} + 6_5 y, 9} = 6_£8_Z - a—za—i ,

O

Exercise 3.8. Show that there is exactly one Poisson bracket on R?" with
{xi,yj} =0y, Lj=1,...,n .

Such co-ordinates are called canonical co-ordinates. Write down the equations
of motion to find out why.

Exercise 3.9. Define a Poisson bracket on R?"*¢ with co-ordinates z1, .. ., z,,
Y1y -+ Yn, 21,---,2¢ by means of
{Ilfq;,l'j} =0 5 {y’wyj} =0 3 {xzay]} - 51] 5 (32&)
{:thj} =0 5 {yivzj} =0 5 {Zivzj} =0.
Show that
— df g of 9y
= — . 3.2b
f,geC==(R2n+¥) i=1

Exercise 3.10. Determine all Poisson structures on R2.

Exercise 3.11. Let P be a Poisson manifold. Show that the Lie bracket of
two Hamiltonian vector fields Xz and X, with H, K € C*°(P), satisfies

X Xkl = —Xig K} -

3.2 Examples on S2

Using the co-ordinates (z,%,2) on R? allows us to work globally on S? =
{2% + y? + 22 = 1}. Exercise 3.1 suggests to work with



18 3 Hamiltonian systems on the sphere S2
{z,y} =2, {2z} =2, {22} =y, (3.3)
as does the SO(3)—invariance of S C R3. Since

_ L _ —Y o
{COSQ7P} - {maz} — m == S111 q

. y T
sin g, = {————2p = ——— = cosq ,
{sing. p} {\/1—,22 } V1—22 a

cylindrical co-ordinates are canonical co-ordinats for this Poisson structure,

i.e. satisfy {q,p} = 1.
For the Hamiltonian function H(x,y, z) = z (measuring the height on the

sphere) the equations of motion are
i = {z,H} = —y
= {y,H} = =
2 = {z,H} =0
and easily solved ; the flow is given by
or(x,y,2) = (xcost—ysint,rsint + ycost, z)

and the orbits coincide with the intersections S?MN{H = h} of the phase space
with the energy level sets, see Fig. 7.

Definition 3.4. Let P be a Poisson manifold. A function f € C*°(P) is called
a Casimar function if

geC>(P)

For the above Poisson structure f(z,y, z) = 2% +y? + 22 is a Casimir function
and therefore invariant under every Hamiltonian flow on R3 D S?. Every
Hamiltonian function H € C*°(R3) defines a whole family of Hamiltonian
systems on the spheres S? = f~!(r?) — or a single Hamiltonian system
on R3. Note that the gradient of the Casimir is given by

X
Vi(z,y,2) = 2

<

z

whence the tangent plane at the point (z,v,2) € S? C R? is embedded in the
Euclidean space R? as

1
X X
TaySr = |y | + v
VA VA

and consists of all possible vectors X (z,y,2) where H runs through all
of C*°(RR3).
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Example 3.5. Consider on S? (or, in fact, on R?®) the Hamiltonian function

ax by? cz?

+ = + = (3.4)

where 0 < a < b < ¢ are three real parameters. (This models part of the
dynamics of a free rigid body with a fixed point, subject only to its own
inertia.) The equations of motion

t = {z,H} = (b—c)yz

= W H} = (c—ap
2 = {2,H} = (a—Db)zxy

are non-linear but can still be explicitly solved, using elliptic functions. Since
the orbits coincide with the intersections S2 N {H = h} of the phase space
with the energy level sets one can alternatively obtain the phase portrait
intersecting the sphere S? C R3 with the ellipsoid {H = h} see Fig. ?. O

Exercise 3.12. Analyse the dynamics defined by (3.4) on S? in the limiting
cases a — b and b — c.

Exercise 3.13. Study the dynamics of “Colombo’s top” on S? with Poisson
structure (3.3), the 2—parameter family with Hamiltonian functions

1
H)\W,(IL’,y,Z) = _§(Z_>‘)2 + ny .

(This models the (averaged) influence of the sun on the motion of a planet
revolving around its axis.) Hints: try to answer the following questions. How
do the phase portraits look like? (How can they be obtained without lengthy
computations?) What is the minimal number of equilibria? How many are
there at most? Which bifurcation do you expect where the number of equilibria
changes? Can you confirm this numerically? How do the bifurcation curves in
the (A, u)—plane look like?

Exercise 3.14. Let K € C*°(R3). Show that the triple product
{f,9}k = (VfxVg|VK)

(combining the inner product ( | ) and the cross product .. x ..) defines a
Poisson bracket { , }x on R3. Let furthermore H € C°°(R3). How are the
flows of Xzy on (R3,{ , } k) and Xg on (R3,{ , } ) related to each other?
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Theoretical background

The Poisson bracket is our basic structure, so a few general statements should
be made.

Exercise 4.1. Let P be a Poisson manifold and F, G € C°°(P) two constants
of motion of the Hamiltonian system defined by H € C*°(P), i.e. the flow of
Xpy leaves F' and G invariant. Show that the function {F,G} € C*°(P) is a
constant of motion as well.

Exercise 4.2. A Lie algebra is a (real) vector space g together with an alter-
nating bilinear form

[,]: gxg — g

that satisfies the Jacobi identity. Let vy, ..., v, be a basis of g. The real num-
bers C’z-kj in the representation

¢
[vi,v;] = Z C’fjvk
k=1
are called the structure constants of the Lie algebra. Show that

4
of 9y
- E k —Z
{f7g} L Clj 2k azi azj

i,5,k=1

defines a Poisson bracket on R¢. How do Hamilton’s equations look like?

Exercise 4.3. Let P be a Poisson manifold and H € C*°(R x P) be a time-
dependent Hamiltonian function. Rewrite the time-dependent Hamiltonian
system defined by H as an autonomous Hamiltonian system on P x R? :
construct a Poisson structure on P x R? and define a suitable Hamiltonian

function H € C®(P x R2).



22 4 Theoretical background

4.1 The structure matrix

As for all structures in mathematics, the mappings that preserve the structure
are (at least) as important as the structure itself.

Definition 4.1. Let Py and Py be two Poisson spaces. A mapping ¢ : P1 — Po
is called a Poisson mapping if

A\ {fop,goph = {f,g}a0p .

f,9€C>=(P2)

In particular, a Poisson mapping turns canonical co-ordinates into canonical
co-ordinates.

Exercise 4.4. Let H € C°(P3) be a Hamiltonian function. Show that a
Poisson mapping ¢ : Py — P2 maps the trajectories of the Hamiltonian
system defined by the Hamiltonian function H o ¢ on P; into the trajectories
of the Hamiltonian system X7 on Pa.

If a Poisson mapping ¢ is a diffeomorphism, then the inverse ¢ =! : Py — P,
is also a Poisson mapping and all questions about Hamiltonian systems that
one can ask in P; may be studied in Ps.

Theorem 4.2. Let ¢ denote the global flow of a Hamiltonian vector field Xpy
defined by H € C*°(P). Then the time-t-mapping @ : P — P is a Poisson

mapping.

Proof. Given f,g € C*(P), we aim to thow that
N\ {fovngoptow = {f.g}. (4.1)
teR

Differentiating the left hand side of (4.1) with respect to time yields the ex-
pression

{Xg(fow),gopi} + {fop, Xg(gow) — Xg({fowr,gopi)) (4.2)

transformed by ¢_;, where we used trilinearity and

d
XH(f) CPty = dt (f Pto O<Pt—to) = Xy (fOSDto)
t=to

The Jacobi identity in F' = fo gy, G = go ¢y and H implies that the

expression (4.2) vanishes. Since (4.1) is true for the “initial condition” o = id
we conclude that this equation remains true for all times. O

In local co-ordinates (z1, ..., zy) the Poisson structure is completely deter-
mined by the Poisson brackets {z;,z;} between the co-ordinate functions.
Indeed, iterating the expansion (3.1) yields
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(3

"0 0 0
{f.g} = 6_5{2“9} = > a_j{ziazj}a_i
i=1 "

i,j=1
whence prescribing the structure matrix
0 o {z,z} e ee {21, zm}

{z2,21}

{Z’ivzj}

T P |

is equivalent to defining a Poisson structure (provided that the Jacobi identity
is fulfilled). The structure matrix is anti-symmetric and hence the rank is even
in every point.

Definition 4.3. We say that a Hamiltonian system on a Poisson manifold P
has n degrees of freedom if 2n is the maximal rank of the structure matrix

({#i, 2;}),, onP.

The subset of P on which the Poisson structure has maximal rank is open
(and in non-pathological cases also dense). The origin of R? with the Poisson
brackets (3.3) is an example of a point where the rank of the Poisson structure
is not maximal.

Exercise 4.5. Let (P,{ , }) be a Poisson manifold of even dimension. Show
that the structure matrix is invertible for every point in a suitable chart around
a € P if and only if for every function f € C°°(P) for which a is not a critical
point there is another function g € C°°(P) such that {f,g}(a) # 0.

On the open subset where the Poisson structure has maximal rank we can
obtain a particularly simple form for the structure matrix. The proof of this
result uses Frobenius’ theorem.

The linear independent set {Y7,..., Yy} of vector fields on the m—dimen-
sional manifold P is said to be involutive if there are coefficient functions
hy; € C>(P) with

¢
k
Ys, Y;] = Zhij'Yk‘ :
k=1
More generally a distribution E, < T.P of /-dimensional subspaces of the

tangent spaces of P is called involutive if for any two vector fields X, Y with
values X,,Y, € E, also [X,Y], € E, for all .
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Theorem 4.4. (Frobenius). Let (E.).cp be an involutive {—dimensional distri-
bution on the m—dimensional manifold P. Then around each point z € P there

are local co-ordinates {z1, . .., 2y, } such that the first ¢ partial derivatives

0z;’
1=1,...,¢ span E,.

The resulting co-ordinate systems {z1, . . ., z¢} match up to form /—dimensional
manifolds M for which the tangent spaces T, M at each point z € M coincide
with FE.. These immersed submanifolds form the leaves of a foliation and a
distribution is called integrable if it consists of the tangent spaces of a foliation.
Thus Frobenius’ theorem states that every involutive distribution is integrable
(the converse is trivially true).

Exercise 4.6. Prove Frobenius’ theorem for ¢ = 1.

Thus, for a single vector field Y without equilibria there exist local co-

ordinates such that ¥ = %, locally the vector field can be straightened
1
out.

Exercise 4.7. Let {Y1,...,Y,} be an involutive set of linear independent vec-
tor fields. Is it possible to locally straighten out all ¢ vector fields simultane-
ously?

Theorem 4.5. (Darboux). Let P be a Poisson manifold and assume that the
structure matrix has maximal rank 2n in a € P. Then there are local co-
ordinates Ti,...,Tn, Yi,---,Yn, Z1,---,2¢ (With 2n + ¢ = m := dimP)
around a in which the structure matrix is given by (3.2a).

Proof. We work by induction on the number n of degrees of freedom. For
n = 0 the structure matrix vanishes in every co-ordinate system and there is
nothing to prove (as £ = m).

When n > 1 there exists a Hamiltonian H € C*°(P) with Xg(a) # 0.
Take x :=t for the time along the trajectories of Xpy and put y := H. Then

= Wy {t,H} = {z,y} = {y,—=}

dt
and we can also interprete y as the time along the (locally defined) Hamilto-
nian vector field X_ . For f, g € C°°(P) the Poisson bracket {f,g} € C*(P)
does not depend on x :

o{f, g} d{f, g}

or  _ _a HrhahHy = {{f.9}9y}

= {figv}} + {fiyh,9t = 0

and similarly {f, g} does not depend on y. Therefore, the structure matix is
of the form




4.2 The theorem of Liouville 25

010
—-100
00 *

where * contains Poisson brackets from co-ordinates in
z = {secm ] (=0} }

To show that the functions in Z can indeed be used to complete x and y to
a local co-ordinate system we can use Frobenius’ theorem as {Xy, X_,} is
involutive. Hence x is itself the structure matrix of a Poisson bracket, of rank
2(n — 1), so applying the induction hypothesis yields the desired result. O

We have proven a bit more than stated in the theorem, the condition that the
rank of the Poisson structure be maximal in a was nowhere used.

Corollary 4.6. (Weinstein). Under the conditions of Theorem 4.5, if the
rank 2n of the structure matrix in a is not maximal, then there are local
co-ordinates X1i,...,Tn, Y1,---,Yn,s 21, ---,2¢ around a in which the structure
matrix is given by

{xi?xj} =0, {yiayj} =0, {xhyj} = 6ij )
{xsz} =0, {yhzj} =0, {Z“ZJ} = S(Z)

with S(0) = 0.

Exercise 3.11 shows that the space of all Hamiltonian vector fields is involu-
tive, so the theorem of Frobenius provides integral manifolds — the integral
manifold through a point a € P consists of all points z € P that can be
reached from a by a concatenation of trajectories of (various) Hamiltonian
vector fields. The dimension of the integral manifold through a is equal to the
rank of the Poisson structure in a, one speaks of symplectic leaves. Where this
dimension drops one has to use a generalization of Frobenius’ theorem due to
Stefan and Sussmann.

4.2 The theorem of Liouville

Hamiltonian systems conserve the Hamiltonian function, i.e. (for simple me-
chanical systems) the energy. However, the reason that one often speaks of
‘conservative systems’ is the conservation of phase space volume.

Theorem 4.7. (Liouville). Hamiltonian systems are volume-preserving.

Proof. The time—t-mapping ¢, of the Hamiltonian vector field X7 transforms
a region {2 into ¢¢({2) with volume
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/ dri---dx,dy; - -dy, dz; ---dzy
©t(£2) (4.3)

= / det(Depy) dxy -+ - dxy, dyy -+ - dy, dzg -+ - dzg
0

where we work in co-ordinates provided by Darboux’s theorem. How does this
quantity change in time, say at t = 0 ? Expanding

+ O(?) = id + tA + O(t?)
t=0

d
Dypy = Depg + t&DSOt

and using
det(Aid — A) = A" — trace(A) A" 4+ ... &+ det A

in the form
det(id +tA) = 1 + ttrace(A) + O(t?)

we obtain

d
- det(Dgot)

% = trace(A) = trace(DXp)

t=0

" 9 OH o OH 5,
N i—zlaxiayi _3yi3$i +Z—O -

For a vector field Y one calls div(Y) = trace(DY") the divergence of Y.
Corollary 4.8. The flow of a divergence-free vector field is volume-preserving.
The phase space volume is contracted near an attractor of a dynamical system.

Exercise 4.8. Show that in a Hamiltonian system no asymptotically stable
equilibria or periodic solutions occur.

Exercise 4.9. Show that a planar dynamical system, defined on R?, is Hamil-
tonian if and only if it is area-preserving.

Exercise 4.10. Let H € C*°(R?) be a Hamiltonian function and assume that
for hg € R the motion in the level curve H ~!(hg) is periodic. Show that for
energy values h near hy the motion is periodic as well. Let A(h) denote the
area enclosed by the level H~1(h), while T'(h) denotes the period of oscillation

in this level set. Show that T' = %

The proof of the next corollary consists of “a walk in the park” covered by
(fresh) snow: however small my shoes are, if I walk long enough through the
park then I end up stepping on my own trail.
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Corollary 4.9. (Poincaré’s recurrence theorem). If 2 C P has finite non-zero
volume and is invariant under the flow, then every neighbourhood U of every
point a € {2 intersects a trajectory that returns to U.

Thus, after dropping milk into a cup of coffee, one just has to wait and even-
tually the fluids are separated again (and the coffee is cold). The solution to
this counter-intuitive riddle is that the recurrence time is easily longer than
the age of the universe.

Exercise 4.11. Give an explicit proof of Corollary 4.9.

While the volume of R™ is infinite, so one would have to find an appropriate
invariant subset (2, the energy level sets are often compact. The Lebesgue
measure of a co-dimension—1 manifold like { H = h} vanishes, but it is possible
to define an induced volume on {H = h} and then one can apply Poincaré’s
recurrence theorem.

Obviously the notion of “phase space volume” has to be clarified a bit. In
R™ with Poisson structure (3.2) it coincides with the Lebesgue measure. For
the more general situation that the phase space is a manifold the phase space
volume should be a measure that in Darboux co-ordinates coincides with the
Lebesgue measure, i.e. may be patched together from such local expressions
(one always can resort to dividing a subset {2 C P into small subsets (2; that
fit into the charts of an atlas and then compute the volume of {2 as the sum
of the volumes of the §2;).

A global definition of the volume on a manifold uses differentiable forms,
O € I'(P,A™T*P) is called a volume form in much the same way that the
Jacobi determinant describes the infinitesimal change of volume in (4.3). The
situation is particularly simple if the structure matrix of the Poisson structure
on P is invertible. Then m = 2n and the Poisson structure can be defined
in terms of a so-called symplectic form w € I'(P, A2T*P), locally given by

w = dei A dy;, whence @ = w A ... Aw is the (Liouville) volume form

on P. See Appendix A for a few more details and the modern literature on
mechanics for much more details on symplectic forms.
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The planar Kepler system

Kepler! described the planetary motion in terms of three laws.

1. The planetary orbit is an ellipse with the sun at one of the two focal
points.

2. The planetary speed varies in such a way that the line joining the sun and
the planet sweeps out equal areas of the ellipse in equal times.

3. The square of the planet’s period is proportional to the cube of the semi-
major axis of its orbit.

As Newton? showed, these laws can be derived from a gravitational force
proportional to the inverse square of the distance. The potential of this force
is proportional to the inverse of the distance.

Denoting the vector from the sun to the planet by z € R? and their relative
speed by v € R? the motion is confined to the plane spanned by x and v, the
plane perpendicular to the angular momentum vector z x v € R3. We may
choose this plane to be R2. Furthermore placing the centre of the two masses
at 0 € R? we can reduce the problem to that of the motion in a central force
field.

Exercise 5.1. Fill in details to explicitly reduce the two body problem to
(two times) the problem of the motion of one body in a central force field.

For U :]0, 0o[ — R we define the Hamiltonian function

y: + 5
2

H(xz,y) = + U(x? + 23) (5.1a)

on R2\0} x R2 (with canonical Poisson bracket), in case of the Kepler system

U(z) = 7 (5.1b)

' Astronomia Nova (1609) and Harmonice Mundi (1619).
2 Philosophiae Naturalis Principia Mathematica (1687).
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We first concentrate on properties that hold true for all central force field mo-
tions and then consider the special case of the gravitational potential (5.1b).

Exercise 5.2. Draw a potential V(z) with V(0) = +oco and analyse the
Hamiltonian system defined by H(z,y) = 2y + V(z) on |0, oo[ xR.

Exercise 5.3. Determine the phase portraits of the family of Hamiltonian

2 2
b 1 M f CPN
£ - 4+ for a significant
> p + 53 g

systems defined on 0,00 xR by H(q,p) = %

choice of values of the parameter p € R.

5.1 Central force fields

The potential energy in the Hamiltonian (5.1) is invariant under rotations in
the x—plane and the kinetic energy is invariant under rotations in the y—plane.
The combined group action

Y SIxRY — R*
1 cosp —sinp 0 0 1
T2 sinp cosp 0 0 x2 (5.2)
(- Y1 )~ 0 0 cosp —sinp Y1
Y2 0 0 sinp cosp Y2

furthermore preserves the Poisson structure, i.e. the mapping v, on the phase
space is for every p € S! a Poisson mapping. Consequently, the Hamiltonian
vector field is equivariant with respect to ¥ and the flow ¢ commutes with
this group action — ¢ 0 1), = b, o p; for all (¢,p) € R x S1. Our aim is to
use this to reduce the system to one degree of freedom.

Exercise 5.4. Let 1) : P — P be a Poisson mapping and H € C*°(P) be a
Hamiltonian function satisfying H o = H. Explain why 1 is a symmetry of
the Hamiltonian system Xp.

Declaring two points to be equivalent if there is a rotation 1, that turns one
into the other we are led to the equivalence classes

i A | v (-0}

and the quotient space

v () e

To be able to define the equations of motion on the abstract quotient space we
want to find a concrete realization. The key to this are the invariant functions
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o 7?3 + 23
- 2
o o= ViU

2
T3 = X1Y1 + T2y2
T4 = T1Y2 — T2Y1

(the fourth quantity is the component of z with respect to the vector y=
perpendicular to y).

Theorem 5.1. The ring (C°°(R*))S" of $*~invariant functions on R* is gener-

ated by 71, ..., 74, i.e. every S'—invariant function f € C°(R*) can be written
flzy) = F(r(z,y))
as a function F' in the variables 7q,...,74.

Proof. In complex co-ordinates u = x1 + iz, v = y; +iys the S'-action reads
Yp(u,v) = (ei”u, eipv)

and leaves the monomial v*@'v™%"™ invariant if and only if I — k = m — n. In
this case we can write the monomial in the form

k=l , m=-n l—k

uFalo™o" = (ua)®(vo)"(uwo)F = TR (s —in)
proving the theorem for the ring (R[x1,z2,y1, yg])s1 of S'-symmetric poly-
nomials. The extension from polynomials to all smooth functions works for
every compact group, see [25, 23]. O

In the same way that x1,72,y1,y2 are (global) variables on R* in that ev-
ery function f € C°°(R%) can be written as f o (21,2, ¥y1,%2), the four S!-
symmetric functions 71, 72, 73, 74 serve as global variables on R%/ g1, which are
restricted by the relations

T1 Z 0 s T2 2 0 and = 27’17’2 . (54)

This last equality is the syzygy of the Hilbert mapping
r: R* — RY

and we have realized R4/S1 >~ im7 as a subset of R* defined by the rela-
tions (5.4). Since the defining constraints (5.4) combine polynomial equations
with polynomial inequalities one speaks of a semi-algebraic variety. The Pois-
son bracket relations yield the structure matrix

0 T3 27’1 0
—1T3 0 —27’2 0
—27’1 27’2 0 0

0 0 0 O
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whence in
(b = 3 g 5:5)

2,7=1

the summation only has to go to 3 instead of 4. The rank of this matrix
equals 2, so we have reduced from two to one degree of freedom. The Casimir
function 74 = x1ys — x2y; is the angular momentum which is therefore invari-
ant under the flow of every S'-invariant Hamiltonian.

Exercise 5.5. Show that Kepler’s second law holds true for all central force
fields.

Using 74 as Hamiltonian function (before the reduction) yields the vector field

1 = {z1,1a} = —x9
Ty = @1

X, .

T U1 = —Yo
Y2 = 1

for which the flow is given by (5.2). In particular, the angle p can be interpreted
as the time variable for this vector field, whence {p, 74} = 1.

Mimicking the proof of Darboux’s Theorem 4.5 one can obtain canonical
co-ordinates (q, p, p, 74) with ¢ = /271, i.e. (g, p) are polar co-ordinates on the

configuration space R2\MO0} | Invariance under (5.2) makes the Hamiltonian in
these variables independent of p whence 74 = 0 again follows. A (canonical)
co-ordinate is called cyclic if it does not enter the Hamiltonian (whence its
conjugate co-ordinate is a conserved quantity). In exercises 5.3 and 5.8 the
(planar) Kepler problem is treated in terms of (g, p, p, 74).

It follows from Darboux’s Theorem 4.5 that the Poisson structure (5.5)
admits local co-ordinates (X,Y, Z,S) with {X,Y} = 1 for which Z and S are
local Casimir functions. One can take Z = 74, and also S turns out to be
globally defined, given by

T§ +Tf

sty = B4

— 27’17’2 (56)

whence the syzygy S = 0 is preserved for every Hamiltonian system. The
zero level set S71(0) = {S = 0} C R* is a double cone, with vertex at the
origin 7 = 0. At this point the rank of the Poisson structure drops from 2
to 0, whence it is an equilibrium for all Hamiltonian systems.

Exercise 5.6. How is the above reduction of the symmetry (5.2) related to
the group SO(2, 1) of linear mappings on R? that preserve the quadratic form
22422227

Exercise 5.7. Reduce the S'—action
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¢ S'xR* — R4
T cost 0 —sint O T
(t T ) e 0 cost 0 —sint T (5.7)
| sint 0 cost 0 Y1
Y2 0 sint O cost Y2

on R* and compute the Poisson bracket on ]R4/51 induced by the canonical
Poisson structure on R%.

The Hamiltonian function (5.1) induces a Hamiltonian system on the realiza-
tion

(RQ\{O}XRQ)/Sl — {TER4 ’ 7'1>O,7'220,S(7):O}

of the quotient (5.3) with Hamiltonian function
H(r) = 1 + U(2n) (5.8)

that extends to {r € R* | 71 # 0} . Since furthermore 74 = u is conserved,
the reduced dynamics takes place on the embedded surfaces

PM = {(Tl,TQ,Tg)GRS 7'1>O,TQZO,S“(T1,T2,T3):O}

where )
T
Su(717T277—3) - ?3 - 27—17-2 + % .

The conic sections S, = 0 defined by this quadratic function are two-sheeted
hyperboloids for i # 0 and a double cone (now in R?) for y = 0. The in-
equality 7o > 0 selects one sheet of the hyperboloid, and since 71 > 0 the
remaining part of the cone is lacking the mo—axis. In particular, all surfaces P,
are diffeomorphic to the plane R?, see Fig. ?.

Exercise 5.8. Put ¢ := /27, and compute the conjugate co-ordinate p, i.e.
the function p = p(7) with {¢,p} =1 and {p,p} = 0. Show that the Hamilto-
nian function (5.1) turns into

H,(q,p) =

2
p
: + (5.9)

on |0, 00 xR.

The phase portraits of the one-degree-of-freedom problem on P,, with Hamil-
tonian function H,, (1,2, 73) = H(71, T2, T3, 1) defined by (5.8) are given by
the intersections of the energy level sets {H,, = h} C R?® with the phase space
P, C R3. The latter is a surface of revolution (around the axis 71 = 72) and
the former is a ‘cylinder’, a direct product Bj X R on the basis
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Bh = {(Tl,T2)€R2 ‘ TQZh—U(QTl)}

in R%. Thus, we can obtain the orbits from the relative position of the two
curves P, N {r3 = 0} and {H,(71,72,0) = h} = By, within R% For u = 0
the former is the positive m—axis {r1 > 0,72 = 0} and for u # 0 it is the
hyperbola
2
o= L (5.10)
4t 1
Fixing p and varying the energy value h results in “moving the basis By up
or down” and yields Fig. 7. From this one easily obtains the phase portraits.
The reduced flows are organized by the (relative) equilibria, where the two
surfaces touch each other. This can only happen in the (71, 72)—plane as the
surface of revolution P, has nowhere else tangent planes that contain the 73—
axis. Equilibria are therefore given by the points where the two planar curves

P.N {m3 = 0} and B}, touch. For p = 0 the strictly monotonous functions

v
27'1

o= h+ (5.11)
can intersect the T —axis only transversely, whence there are no equilibria in
this case. For pu # 0 the hyperbola (5.10) touches the graph of (5.11) if and
only if the difference function

2

Vi(r) = U@n) + 571 — h (5.12)

has a double zero. The equation V), (1) = 0 can always be fulfilled by adjusting
the value h of the energy accordingly. The remaining equation

2 !

p? oo
Vi) = 2U'(2n) — = = 0

is for each p an equation in 7 with solution

4
1
T = W (513&)
whence
2 2
Y i
T2 = 2—,u2 and h = ﬁ . (513b)

Thus, as h passes through this value, the motion changes from “no motion
possible” to periodic orbits around this equilibrium. For A = 0 one calls (5.12)
the effective potential; in exercise 5.8 the co-ordinates (q, p,p,74) allow to
reduce to the 1-dimensional particle moving in the potential V), analysed in
exercise 5.3.
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Another qualitative change occurs as h passes through 0. The right turning
point of the periodic orbits (i.e. the right intersection point of the two planar
curves) diverges to infinity as h 0. Since

T = {Tl,H,u} = T3 = 47'17'2—IUQ < Amn, + B

the solutions with energy h > 0 are defined for all times, the flow is complete
for all u # 0. For g = 0 the energy level curves {Hy = h > 0} on the lower
and upper part of the cone become separated and form two orbits. As 7y — 0
the m—component accelerates according to

9Ho REE 72T 2)%

J— —7' f— p—
or > 2(271)% 273

7 = {mn,Hy} =

and reaches infinity in finite time (the curve on the upper part of the cone took
finite time to leave infinity). The orbits on Py with negative energy combine
this behaviour and collide for both positive and negative finite time with the
singularity at 71 = 0.

Exercise 5.9. Two particles with mass m1, mgy attract each other with grav-
itational force proportional to the inverse square of the distance. In the initial
position, they are at rest and their distance is d. When do they meet?

The reduced orbits with angular momentum g = 0 correspond to motion along
straight lines in the configuration space R0} Reducing the symmetry (5.2)
identified all these directions, whence reconstructing the full flow in two de-
grees of freedom merely yields a whole circle S* of identical trajectories for
each energy value. If the kinetic energy is smaller than the potential energy,
then the trajectory collides with the origin in finite time, both in the future
and in the past. For h > 0 the trajectory can escape (in positive or negative
time, respectively), when h = 0 the escape velocity at infinity vanishes.

For angular momenta p # 0 the circle S' attached to each point of
the hyperboloid P, does carry dynamics. Thus, from the equilibrium 7 =
(11, 72,0, 1) given by (5.13) we reconstruct a periodic orbit. In configuration

space R2\MO} this phase space orbit projects to a circle

4
2 2 H
], +xy = 211 = —
1 2 ,)/2
on which the equation of motion derives from (5.9) as
. 8[‘[“ o T4 o ’}/2
po= 67’4 N 27'1 N ,u3 ’

In particular, the equation

(%w”)z _ 4_(u_)
2 v \\7v

relates period and radius as predicted by Kepler’s third law.




36 5 The planar Kepler system

Exercise 5.10. Derive the éfform of the gravitational potential from Ke-
pler’s third law.

For periodic orbits on P, the two intersection points of the hyperbola (5.10)
and the graph of (5.11) yield an inner and an outer radius in configuration
space R2MO} between which (the projection of) the reconstructed trajectory
is captured. Passing on phase space to co-ordinates (x1, z2, 73, 74), with inverse
given by

X1T3 — X2T4
2 2
r{ + x5
273 + X1T4
22 + 23

Y1 =
Y2 =

allows us to fix the fourth co-ordinate 74 and identify the torus
{ (.CC]_,.’E27T37T4)€R4 T4:N,H:h} (514)

in Fig. 7. The motion on this invariant manifold is conditionally periodic,
superposing the periodic motion on P, with the periodic motion in p along

2
the attached circles. In the limit A — 2—72 the torus shrinks down to the

periodic orbit in the z—plane {73 = 0}. As h passes to positive values, the
outer radius goes to infinity (and beyond) whence the torus turns into a
cylinder. The flow on (5.14) commutes with the S'-action (5.2) which turns
trajectories into trajectories, only rotating in x and leaving the co-ordinates
73 and 74 fixed.

Exercise 5.11. Analyse the behaviour of an orbit in a (planar) central force
field that has total energy equal to the effective potential energy at a local
maximum.

Exercise 5.12. What do the results on planar central force fields imply for
the free particle?

5.2 The eccentricity vector

The energy-momentum mapping

M R* — R?
(:U,y) = (T4($,y),H(.I‘,y)>
allows to collect the information on the global dynamics that we obtained so

far, see Fig. 7. Shown are the bifurcation values of EM, the remaining open
parts consist of regular values.

(5.15)
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212
empty. It is only by convention that these are called regular values; with this
definition the statement of Sard’s Lemma is simply that the regular values of a
smooth mapping form an open and dense set of full measure — the complement
(the critical values) has Lebesgue measure zero. The regular values in

For values (u, h) € R? satisfying h < the inverse image EV ™ (u, h) is

2
{(M,h)eRz ‘ M%O,ﬁ<h<0}

have invariant tori as inverse images, on which the periodic orbit P, N H*(h)
is superposed with the periodic motion in the p-variable that has been sup-
pressed when reducing the symmetry (5.2).

For a general central force field this conditionally periodic motion alter-
nates between quasi-periodic — the trajectory lies dense on the torus — and
periodic — the trajectory returns exactly to its initial state after having super-
posed the two periodic motions for a finite number of periods. Furthermore, it
will in general depend on the initial condition, and thus on the values p of 74
and h of H, which of these two alternatives applies. A torus EM ™' (u, h) that
consists of periodic orbits is also called resonant, since the frequencies wq, ws
satisfy a resonance relation

kiwi, + kowy = 0 (516)

with an integer vector k € 72\MO} that one may choose to have relative prime
components. The periodic motion then consists of ks periods on the reduced
phase space superposed with k; full rotations about the origin = = 0.

According to Kepler’s first law, all invariant 2—tori have to be resonant,
with k&1 = ke = 1 in (5.16). While following an ellipse in configuration
space RZ\{O}, the trajectory moves along the “lower” part of the torus when
approching the origin and along the “upper” part when elongating (indeed,
71 = 73), see Fig. 7. Such a uniform resonance, valid for all invariant tori,
hints to the existence of an additional conserved quantity (and hence to an
extra symmetry).

Theorem 5.2. (Noether). Let (1s)ser be the flow of a Hamiltonian vector field
defined by F € C*(P) for which every 15 : P — P is a symmetry of the

Hamiltonian system Xp. Then F is a conserved quantity (or first integral)
of Xpy.

Exercise 5.13. Prove Noether’s theorem. Is the converse true as well?

The vector

T4 L ]_ T4 y2 ]_ hal
L r = 4 - 5.17
0 Y V21 Y <_y1) 27 (xQ) ( )

is called the eccentricity vector of the planar Kepler system. The first compo-
nent is conserved since
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d {@ T 1 _ T2 Iy T1T

de | v N 21 (271)3
_ T4 Tx2 _n T173
oy (22 4 22)2 27 (211)2

—T4To — 2T1Y1 + X173

(23 +23)3

= 0.

The second component differs from the first only by interchanging x; < x5
and y; < 2, the minus sign in y* is compensated by the resulting minus sign
in 74 = x1y2 — x2y1. Thus, the second component is conserved as well.

Four independent constants of motion would make every point an equilib-
rium. For the length of (5.17) we obtain

T4 1 2 T2 279 T4
1 4 1
—Yy - ——2 - 2 yolx) + 1
0l 27 0 7v271< )

2 2

() e

Y 21

212 H

742 + 1.

~

The direction of the eccentricity vector (5.17) cannot be invariant under the
rotation (5.2), so we have found a third independent constant of motion. As

_y _

gl V211
this direction points to one of the two turning points of the ellipse where 7
is extremal (and 73 vanishes).

To confirm that the projection of the orbit to the configuration plane Rr2\{0}
is indeed an ellipse, with focal points at the origin and at

1/~ 1
f==(=v- x
H vy vV 2T 1
we consider the sum of the distance to the two focal points. Since the time
derivative

r = z||yt <= xly

z |

H?2

_ T3 1 4 \/ﬁ + H_l
271 V21 4+ 2H-1\/27 + H-2

d d 2
Zllall + =711 = % [an b2 = 2 -y + 2

vanishes (check!), this sum remains constant along the orbit which is therefore
an ellipse.
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Exercise 5.14. Show that the eccentricity vector points away from the centre
of the ellipse.

For h — 0 the second focus point wanders off to infinity and the ellipses limit
a parabola, turning into a hyperbola for positive energies. Thus, the cylinders
EM ™Y (u, ), h > 0, are foliated (and even fibrated) by curves that make less
than a full rotation in the z—plane when passing from 73 = —o00 to 73 = +00.

Exercise 5.15. The correction of the gravitational law in general relativity
leads in first order to the Hamiltonian function

2 2 2
&
Yi + Y5 g 73 Dcee

+ ;
2m NETEY x? + 22 m2c?

What happens to “Kepler’s ellipses” under the influence of this perturbation?
Is this also true for the other conic sections?

H(x,y) = <1.

The bifurcation set of the energy-momentum mapping contains next to the
p—axis also the h—axis, i.e. the values for which the orbit can disappear into
the origin. Another special property of the Kepler system, compared to other
central force fields, is that this collision singularity can be regularized. We
concentrate on the bounded orbits.

Exercise 5.16. Consider the energy level set {H = —%} and apply the
co-ordinate transformation (z,y) — (q,p) defined by
A A q1p1 — @2p2
v =S —a) . = T
A qip2 + ‘18a)
T2 = Aqigo yy = q1p2 T g2p1
’ 4 g +a
together with the scaling
d 1
S (5.18b)

g+ a3

of time. Show that this regularizes the singularity at the origin. Can you give
an interpretation of the part ¢ — x of the transformation?

The third part of the bifurcation set of the energy-momentum mapping
parametrises the circular orbits with minimal effective potential energy. When
considering the fibration of the invariant tori &V~ *(u, h), h < 0 by ellipses
the circular orbits “fit in” to make {H < 0} an S'-bundle, i.e. every peri-
odic orbit of the Kepler system has a neighbourhood that is diffeomorphic
to S1 x R3. Let us compute the base space {H = h}/g1 of this bundle for
fixed negative energy. Writing the expression for the length of the eccentricity
vector as
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[
Y V271 i Ty 1
—2H 2 —2H
suggests to work with the invariants
T4Y2 . 1
oy = 2l V211
vV—2H
_T4y1 o T2
oy = Y V271
vV—2H
T4
o3 — —
8
1
o =
! —2H

which indeed generate the ring of Xp—invariant functions.

Exercise 5.17. Apply the transformation (5.18) to o1, 02, 03, 04 and conclude
that every polynomial (smooth) conserved quantity can be written as a poly-
nomial (smooth function) in these variables.

The Poisson bracket relations between these variables yield the structure ma-
trix
0 g3 —09 0
1 —03 0 01 0
; oo —op1 0 0
0O 0 00

and we recover (3.3). Hence, the two Casimirs are given by o4 and 03 +03+03.

In particular, the Kepler system admits for negative energy the symmetry

group SO(3) and the base space {H = h}/q1 of the S1-bundle can be identi-
1

—2h’

fied with the 2—sphere of radius o4 =

Exercise 5.18. Regularize the singularity at the origin for h > 0 and show
that the Kepler system admits for positive energy the symmetry group SO(2,1).

Adjusting cylindrical co-ordinates on the sphere o7 + 03 + 03 = 037 to

G = 2myo3 = 2774 and conjugate angle g (measuring the direction of the
eccentricity vector) we can mimick the proof of Darboux’s Theorem 4.5 to ob-
tain canonical co-ordinates (g, ¢, G, L), interpreting L = 270, as Hamiltonian

and ¢ as the time along the corresponding flow. In these Delaunay elements
2

the Hamiltonian of the Kepler system is expressed as H = —QLLQ whence the

flow becomes particularly simple as the equations of motion read

_47T2
=
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Hence, (g,¢) are T?>~valued variables on the invariant tori {G = Go, L = Lo}
that are well adapted to the flow. The co-ordinate singularities G = +L
correspond to the circular orbits.

Exercise 5.19. For a free action G x P — P of a compact Lie group G on
the manifold P the quotient P/, is again a smooth manifold and the mapping
7 : P — P/ (that sends each point x € P to the G-orbit {g(z) | g € G})
is a submersion (i.e. has in each point a surjective derivative). Let now P be
a Poisson manifold and each g : P — P be a Poisson mapping. Show that
there is a unique Poisson structure on P/G that makes 7 a Poisson mapping.
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The spherical pendulum

The pendulum with configuration space S' moves within a vertical plane.
Omitting this constraint, the pendulum is allowed to move on the whole sphere
S? C R3, subject only to the constraint x7 + 23 + 23 = 1. Differentiating with
respect to time yields x1&1 + 229 + x323 = 0, i.e. the velocity vector has
to be perpendicular to the vector of position if the motion is to preserve the
sphere. Defining

r? + 2% + 23
2
Q(x,y) = x1y1 + T2y2 + T3y3

our phase space is given by

P = {(x,weRSxR?’ R@.y) = 3. S(@9) = }

The Hamiltonian function is the sum

Y2 + y2 + y2

H(z,y) 5

+ ya3 (6.1)

of kinetic and potential energy. When working with the canonical Poisson
structure { , } on R® we find

R = {RH} = Q =0
Q = yi+ys+ys —yas £ 0

and once the value of () starts changing and becomes non-zero also the value

of R begins to deviate from %

Exercise 6.1. Determine the phase portraits of the family of Hamiltonian
2

2
systems defined on |0, 7[ xR by H(q,p) = % —cosq+ for a significant

2sin? ¢
choice of values of the parameter u € R.
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6.1 Dirac brackets

There are two ways to ensure that the trajectories of Xz do not leave the phase
space P, changing the Hamiltonian and changing the Poisson structure. We
pursue the second alternative, this makes P a Poisson submanifold of R®. To
distinguish the new Poisson bracket { , } from the canonical Poisson bracket
we denote the latter by [ , |. Our aim is to define { , } = [, ]+ ... in such
a way that the constraining functions R and ) become Casimir functions,
whence the restriction of { , } to P is again a Poisson bracket. To this end
we compute

[R,Q] = 22 + 23+ 25 = 2R
and define the Dirac bracket

L RIQ.g -

if,9y = [figl + R

1
— R

1 QlIR.g
whence {f,R} = 0 and {f,Q} = 0 for all f € C°(R®). In particular, the
equations R = % and Q = 0 defining P are conserved for every Hamiltonian
H € C>=(R").

Exercise 6.2. Given Ry, ..., Ry € C*(R?"), under what condition is it pos-

sible to define a Poisson structure on R?*" with n — [g} degrees of freedom
that makes Ry, ..., Ry Casimir functions ?

The relations

[z;,R] = 0
lyi, R = —u;
[2:,Q] =
i, Q] = —vui

allow to compute the structure matrix

0 0 0 CC% + l’% —X1X2 —Ir1x3
0 0 0 —X1Z2 x% + ac§ —22I3
1 0 0 0 — 7173 — T2 xi + a5
2R | —23 — 23  x122 123 0 —T1Y2 + T2y1 T3YL — T1Y3
T1T2 —T3 — T3 Toxs T1Y2 — T2Y1 0 —T2ys + T3y
T1T3 Tors —TT — T3 —T3y1 + T1Ys T2Ys — T3Yo 0

whence the equations of motion

3
. TiT;Y; Q
i = owHy = y; — a2 = i — a5 L
o= oty = = IR = - g
2 2 2
. VT3 — Y[ — Y3 — Y Q
g = {vi H} = —0 + 2+ Sy

2R i T 5R
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turn on P into

0
@ =y and g = —| 0| + (v — (¥ +ui+3))
g
after using R = % and () = 0. The number of degrees of freedom is now two,

coincidings with the number of directions in which the pendulum can move.
The second term in the y—equation is the constraining force that keeps the
pendulum on the configuration space S2.

Exercise 6.3. Show that the subset {z2 = yo = 0} of P is diffeomorphic to
S1 x R. Check that the equations of motion defined by (6.1) on this subman-
ifold describe the (planar) mathematical pendulum.

6.2 Symmetry reduction

The kinetic energy %(y% + y3 + y3) of the spherical pendulum is invariant
under the whole group SO(3) of 3—dimensional rotations and the potential
energy yxs is invariant under rotations about the xs—axis. The simultaneous
rotation

P SIxR6 — RS
cosp —sinp 0
sinp cosp 0 0
x 0 0 1 x (6.2)
(p’(y)) ~ cosp —sinp 0 (y)
0 sinp cosp 0
0 0 1

furthermore preserves the Poisson structure whence the Hamiltonian vector
field Xp is equivariant with respect to the Poisson mapping v, for every
p € St. Again we use invariants to reduce to one degree of freedom and take

7?3 + 23
A
2
2 2
YTt Y3
T2 =
2
T3 = T1Y1 + T2Ys
T4 = T1Y2 — T2Y1
T = I3
Te = Y3

as variables on the reduced phase space.
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Theorem 6.1. The ring (C°°(R6))S" of $'~invariant functions on RS is gener-
ated by 11, . .., T, i.e. every S'—invariant function f € C°(R®) can be written
as a function in the variables 11, ..., Ts.

Proof. We can consider a given a polynomial f € R[x1,z2, 3, y1, Y2, y3] with
real coefficients as a polynomial f € R[z1, x2,y1, y2|[75, 76] in the two variables
x3 = 75 and y3 = 76 with coefficients that are itself (real) polynomials g €
Rlz1,2z2,y1,y2] in four variables. For such ¢ invariance under (6.2) is the
same as invariance under (5.2) whence the ring of all invariant coefficient

polynomials g is generated by 71, ..., 74, see Theorem 5.1. Therefore
st Ch
(Rlz1, 22,23, y1, 92, ¥3])” = (Rlz1,22,y1,92])" [75, 76]
- R7-17T27T337—4][T53T6]

[
- R[7-17T27T33T437—57T6] .

Again we extend from polynomials to all smooth functions as in [25, 23]. O

While 75 and 7 are free variables, the four S'-symmetric functions 7, 72, 73
and 74 are still restricted by the relations

7m >0, 7 >0 and S(7) =0

with (5.6), now defining a function S : R® — R, entering the syzygy of the
Hilbert mapping
7: R — RO, (6.3)

We have realized R%g1 = im T as a semi-algebraic subset of R°.

Exercise 6.4. Determine the structure matrix ({7;,7;}),, and show that 27, +

3

72, T3 + 7576, 47172 — T4 and 74 define Casimir functions.

The structure matrix has rank 2 (we reduced from two to one degree of free-
dom) and correspondingly there are four Casimir functions. From the Dirac
bracket we inherit

7'52 1

R(’T) = T1 + ? = 5

|

Q(r) = 13 + 1176 = 0

and S is a Casimir function as well. The fourth Casimir function is the vari-
able 74, the angular momentum about the vertical axis. The values of Casimir
functions remain fixed for every Hamiltonian system and we can use this to
eliminate the variables

_ 2
1 -7
T = s T3 = —T5T¢ and T4 = W

2

where 1 € R is a parameter with values determined by the initial condition
of the spherical pendulum. We transform the remaining variables to
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e yitvityd

= = = = d = _—=
U Ts r3 , U T6 Y3 an w To + 5 5
which are constrained by the relations
v2
lu| <1, 5 < w and Syu(x,y,z) =0
with the remaining Casimir taking the form
2 2
Su@y,2) = = — (1-udw + L.
2 2
The structure matrix reads
0 1—u? v
1442 0 —2uw
—v 2uw 0
and defines the Poisson bracket
{f,g} = —(VfxVg|VS,) (6.4)

on R3.
Exercise 6.5. Analyse the force free spherical pendulum.

For the reduced phase space
P, = { (u,v,w) € R3 ‘ lu <1,w>0,S,(z,y,2)=0 }

the inequality %112 < w is a consequence of the S, = 0, except when u = 0,
which only can happen when @ = 0 and in which case necessarily v = 0 as
well. Thus, even the seemingly weaker inequality w > 0 is an extra constraint
only if 4 = 0. The Hamiltonian function

H,(u,v,w) = w + yu (6.5)

reduced from (6.1) is independent of v and pu, the energy level sets {H,, = h}
are the planes perpendicular to the vector

1
0 (6.6)
8

and contain for every energy value h € R the v—axis. From (6.4) and (6.5) we
obtain the equations of motion

v = {u,H,} = v

v = {v,H,} = v — 1 — 2yuw

w = {wH,} = —yv
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which are defined on R?® but leave P, invariant, and also conserve energy.
Hence, the trajectories of XHM are the intersections of P, with the planes
{H, = h}.
In case p # 0 the equation S, = 0 implies that u # 41 and we can divide
this equation by 1 — u? to obtain the explicit expression
1 U2 _ /1’2

w = w(u,v) = 51T (6.7)

This makes P a graph over the (u,v)-space |—1,1[ xR, see Fig. 7. Intersec-
tions with planes perpendicular to (6.6) are closed curves that shrink down
to a point (u,v,w) = (u*,0,w*) where the two surfaces touch. Here the re-
duced flow has its unique equilibrium. Note that the tangent planes of P at
(U, Vs, Wy ) contain the v—axis if and only if v, vanishes, whence we can com-
pute u* (and hence w* = w(u*,0) and the energy h* = w* — yu*) equating
the derivatives of

1 —p?

21— u?
with respect to u. This yields

= h — yu (6.8)

’yu4—2'yu2+,u2u+'y = 0
and the 4th order polynomial has a unique root u* €]—1,1].

Exercise 6.6. Find an explicit expression of u* and draw the resulting graph
as a function of p. What are the asymptotic values for 4 — 0 and for y —
+oo ?

For 1 = 0 we first have to generalize Definition 3.2 to allow for singular points.

Definition 6.2. Let P C R™ be a closed subset and A C C(P) a Poisson
algebra. Then we call (P,{ , }) a Poisson space.

For P,, we work with the Poisson algebra

A = ({ F,€C(P,) V  Fueyl@,y), vz, y),wz,y) = f(z,y)

fe(ce=(P)st

which yields C*°(P,) for p # 0. However, when p = 0 the reduced phase
space Py no longer is a smooth manifold. The defining equation

% = 1-wdw (6.9)
has for v = 0 the solution lines
(u,v,w) = (£1,0,w) (6.10)

(u,v,w) = (u,0,0) (6.11)
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with free parameters w > 0 and u € [—1,1], respectively. Where v # 0 we
have again u # 41 and divide by 1 — u? to obtain the explicit expression

w = w(u,v) =

Fixing u makes this a parabola, with minimum attained at (6.11). For a better
understanding of the singular points at the intersection of (6.10) and (6.11)

we rewrite (6.9) as
2

(w+D—1w + 5 = 0

and recognize for u ~ 1 as well as for u &~ —1 the equation for a double cone,
which is in both cases restriced to a cone when taking |u| < 1 into account.

Theorem 6.3. The singular points (u, v, w) = (+1,0,0) are equilibria for every
Hamiltonian system on Py.

Proof. The Poisson bracket vanishes at these points and hence also the Hamil-
tonian vector field. O

Intersecting Py with the planes perpendicular to (6.6) yields the trajectories
of Xp, whence these can be constructed from Fig. ?. For ;4 = 0 the angular
momentum about the vertical axis vanishes. This confines the motion of the
spherical pendulum to the plane generated by the initial position x and the
initial momentum y. The S'-action (6.2) turns such initial conditions into
initial conditions for oscillations in a different plane, and reducing the S'—
symmetry identifies all these planes with each other. Taking p = 7 in (6.2)
shows that the (planar) mathematical pendulum has a Zo—symmetry.

Exercise 6.7. Reduce the Zs—symmetry of the mathematical pendulum.

Exercise 6.8. Construct for ;1 # 0 a diffeomorphism P, — ]0, 7[ xR that
turns the Hamiltonian system defined by XH;» into the system considered in
exercise 6.1.

Exercise 6.9. Reformulate Definition 6.2 in such a way that the phase space
need not be given as a subset of some R™, still covering all the examples met
so far.

6.3 Reconstruction

To reconstruct the flow of the spherical pendulum from the reduced phase
portraits on P, we have to “undo” the identifications of elements of P that
are turned into each other by a rotation 1, of the S'-action (6.2). The two
singular points on Py correspond to the two points of P where (6.2) has
non-trivial isotropy. Indeed, for x; = x93 = y; = y2 = 0 the point (x,y) €
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P is a fixed point of every ¢,, p € [0,2n]. Hence, the two points (z,y) =
(0,0,£1,0,0,0) are not identified with any other point when reducing (6.2).
These are the two equilibria of the spherical pendulum, the stable position
“hanging down” and the unstable position “standing up”.

Exercise 6.10. Compute the eigenvalues of the linearization of the Hamilto-
nian vector field in the two equilibria.

For regular points on the reduced phase space the inverse image under the
Hilbert mapping (6.3) is a circle parametrised by the angle p that measures
the simultaneous rotation (6.2) about the vertical axis. For regular equilibria
on P, this circle is an invariant manifold and since p # 0 we obtain the
periodic solutions found by Huygens! — the spherical pendulum rotates about
the vertical axis, at a fixed height x3 = u* that keeps the gravitational and
centrifugal forces in equilibrium.

Exercise 6.11. Compute the frequency of the periodic solution for given u*.

Where this rotational motion is superposed with a (relative) periodic orbit of
the reduced system the motion becomes conditionally periodic, taking place
on an invariant 2-torus. For pu # 0 the configuration z(t) € S? of such a
conditionally periodic trajectory (z(t),y(t)) remains confined between the two
circles of height 3 = u. and x3 = v'. Here u.,u" are the two solutions of (6.8)
with h = H(2(0),y(0)) that lie in the interval [—1, 1]. Both periodic and quasi-
periodic trajectories occur, with the orbit closing or spinning densely around
the 2—torus, respectively.

For i = 0 the circles attached to each regular point of P, carry no dy-
namics and all invariant tori {74 = 0, H = h} are resonant. When h < ~ the
resulting periodic orbits are planar oscillations around the stable equilibrium
point and when h > 7 we recover the rotating motions over the top of the
mathematical pendulum. The invariant set {r4 = 0, H = v} can be thought of
as a torus with the “inner” p—fibre pinched to the unstable equilibrium point
(x,y) = (0,0,1,0,0,0). The stable and unstable manifolds coincide and form
together with the equilibrium the pinched torus.

Exercise 6.12. Analyse the spherical pendulum with potential energy 2 + 3
instead of yxs.

The energy-momentum mapping
EM = (14,H) : P — R?

allows to collect the information on the global dynamics. For regular values
(1, h) € im EM the inverse image EM ™ *(u, k) is an invariant 2-torus while a
critical value with p # 0 has a periodic orbit as inverse image. The inverse

' De Vi Centrifuga (1659) and Horologium Oscillatorium (1673).
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image EV ™1 (0, —) is the stable equilibrium and the inverse image EM (0, )
is the pinched torus.

For critical values (u,h) the reduced phase space P, touches the energy
plane {H,, = h} whence the polynomial

2
Pon(u) == ~yu® — hu®> — yu + h — % (6.12)

has a double root. Note that for © = 0 this implies u = £1, while for u # 0
the roots of P, j, coincide with the roots of (6.8).

Theorem 6.4. The subset
A = { (1, h) € R? ‘ P, has multiple roots in [—1,1] }

of the discriminant locus admits the parametrisation

h = —s — — (6.13a)

po= +/7 Ne (6.13b)

with parameter s € [—1,0[U{+1}.
Proof. Factorise

Pun(u) = ~y(u—s)*(u—t)
= qud — y(2s+t)u? + (25t + s*)u — ysit

and compare coefficients, this yields 2st+s% = —1 whence s # 0 for the double
root s € [—1,1]. Substituting

1+ s2

t = —
2s

in h =~(2s+1t) and $p* — h = st yields (6.13a) and

Y
pro= ——(1—s%?
s
with negative right hand side for s €]0,1]. O

As shown in Fig. ?, the bifurcation set A of &M is formed by the two arcs
corresponding to the stable periodic orbits, both parametrised by s €]—1, 0],
the meeting point (u,h) = (0, —7) of these two arcs, corresponding to the
stable equilibrium and given by s = —1 in (6.13), and the isolated point
(1, h) = (0,7) corresponding to the pinched torus and given by s = +1.
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Exercise 6.13. Compute the hook formed by the two arcs of A where they
meet.

Exercise 6.14. To model the influence of a magnetic monopole at the origin

on the motion of an electrically charged particle in R3\{0} one adjusts the
canonical Poisson bracket from {y;,y;} =0 to

axiy
{y’wyj} - 5ijk‘W7

where €, = sgn(}7¢) denotes the alternating Levi-Civita symbol. One speaks
of a magnetic spherical pendulum if furthermore the constraints 2% + 23+ 3 =
1 and z1y1 + 22y + x3ys = 0 are fulfilled. The Hamiltonian function is still

given by (6.1).

(1) Determine the corresponding Dirac bracket.

1) Reduce the axial S'-symmetry.

11) Reduce th ial S1-sy try
(731) Give the phase portraits of the reduced magnetic spherical pendulum.
iv) Determine the critical values of the energy-momentum mapping.

v) Determine the critical val f th gy t ing

6.4 Action angle variables

A co-ordinate I on P is called an action if all orbits of the flow of X are
periodic. Where one can determine a transverse section of initial conditions
the time parametrisation of the periodic flow allows to define a conjugate
angle, i.e. a function ¢ : P — T! satisfying {p,I} = 1. One speaks of
action angle variables for a system in n degrees of freedom if the Hamiltonian
H = H(I) depends only on the actions Iy,...,I, and not on the angles

Y1, .., %n, whence the equations of motion read
¢ = DiH(p,I) = w(I)
I = —DyH(p,I) = 0

with frequency vector w(I) € R™. The trajectory with initial condition
(0(0), 1(0)) = (¢, I°) is conditionally periodic and spins densely around the
torus T™ x {I°} if the frequencies do not satisfy a resonance relation

kiwi + ... + kywn, = 0 (614)

with an integer vector k € 770} The Delaunay elements are action angle
variables for the Kepler system and action angle variables for the harmonic
oscillator were constructed in exercise 2.3.

Exercise 6.15. Show that every Hamiltonian system on R? that has only
periodic orbits admits action angle variables. Hint: use exercise 4.10.
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Let R = EM~Y(C) be the inverse image of the set C' C R? of regular val-
ues of the energy-momentum mapping of the spherical pendulum. The third
component of the angular momentum is an action I := 2774 with conjugate
angle 1 = % The reduced motion on P, is periodic, and normalizing the

period T" to 1 allows to define the second angle 2. For the conjugate action I
this amounts to
X, = T h) Xy — vip,h) Xy,

2
where v(u, h) is the frequency ratio of the conditionally periodic flow on the
invariant torus EM ! (u, h).
Constructing action angle variables in the neighbourhood of each torus
yields local diffeomorphisms

(o, 1) : U — T*xV (6.15)

with open subsets &/ C R and V C R?. These are semi-local variables, while
the angles ¢ € T? are defined globally on every torus contained in i, the
actions I are only locally defined (and also the angles are not globally defined
on all of R). The local diffeomorphisms (6.15) make R a 2—torus bundle, every
point has a neighbourhood U that is “trivial” — looking like a direct product.
One speaks of global action angle variables if one can put 4 = R in (6.15),
whence the torus bundle itself is trivial.

Theorem 6.5. The spherical pendulum does not admit global action angle vari-
ables

Proof. For h near —v the Hamiltonian system admits local co-ordinates (¢, p)

on P in which the Hamiltonian function can be developed into a Taylor series

pi+p3+ai +a3
2

H(g,p) = — + V7 + 003)
whence the energy level set H ~!(h) is diffeomorphic to the 3—sphere p3 + p3 +
¢+ =1

When h > v the equation H = h determines for fixed x3 € [—1,1] a y—
sphere of radius 2h — 2yz3, and intersecting with the tangent plane (x | y) = 0
yields a circle. Hence, the energy level set H~1(h) is diffeomorphic to the unit
tangent bundle

118 = { @) er® | el =1 ]9 =0, vl =1 |

Completing the vectors x and y by x x y yields an orthonormal frame, showing
that 7152 = SO(3), the group of 3-dimensional rotations.

Except for the identity every rotation has a unique rotation axis, the
eigenspace to the eigenvalue 1. In this way every point in the closed subset

B = {26R3 } IE| §27r}
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represents a rotation, with all points on the boundary 0B representing the
identity. The quotient space B/gp is diffeomorphic to S3. However, each el-
ement of SO(3) corresponds to two points in this quotient space. Indeed,
rotating an angle 1 about the vector z defines the same rotation as rotating
the angle 27 — 1) about the opposite vector —z.

Thus, S? is a 2:1 covering of SO(3) and the energy level sets for low and
high values of h are not diffeomorphic to each other. As shown in [7] this
contradicts the assumption that the 2-torus bundle R is trivial. O

Depending on the initial condition the quasi-periodic motions of the spherical
pendulum favour an interpretation of rotating oscillation or oscillating rota-
tion or rotating rotation. The non-existence of global action angle variables
reflects that these points of view cannot be reconciled.

Exercise 6.16. Construct action angle variables for the planar motion in a
central force field.
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Coupled oscillators

Let z € P be a regular point of a Poisson manifold P with even dimension 2n,
where the rank of the Poisson structure in z assumes the maximal possible
value 2n. For local questions (around z) we may work in canonical co-ordinates
Tl,.yTny Y1, -, Yn and thus restrict ourselves to the case z = 0 € R?" with
canonical Poisson bracket. However, where the co-ordinates x1,...,...,y, be-
come distinguished if 0 € R?" is the starting point, the seemingly more general
starting point above makes it clear that canonical co-ordinate changes do not
lead to a different problem but on the contrary may serve to simplify a given
problem.

Exercise 7.1. Assume that the derivative of H € C°°(R?") does not vanish
at the origin. Show that locally around the origin there are canonical co-
ordinates qi,...,Gn, P1,---,Pn in which H(q,p) = p1 and solve the resulting
equations of motion. Can you give a physical interpretation?

Thus, within a sufficiently small neighbourhood the Hamiltonian flows near
all points that are not equilibria look alike, leaving only the case DH(0) = 0
for further local study. The value H(0) having no dynamical meaning we may
substract it from the Hamiltonian and assume that H(0) = 0 whence the
Taylor series

o0 Zk
H(z) = ZD’“H(O)-H
k=2

starts at order k = 2. Truncating the higher order terms we obtain a quadratic
Hamiltonian function, i.e. we linearize

i = DXy(0) -2

the vector field at the equilibrium. Our aim is to find canonical co-ordinates
in which the quadratic part Hy of H (and hence DXy (0) = Xp,) looks
particularly simple.
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Theorem 7.1. Let Hy € C*°(R?™) be a quadratic Hamiltonian. Then the eigen-
values of the linear vector field Xp, can be grouped into complex quartets
+R +iS, purely imaginary pairs +i¥, symmetric real pairs £R and the eigen-
value 0 with even multiplicity.

Proof. Let the matrix 2 € Mo, x2,(R) represent the linear mapping z +—
Xz, (2) in canonical co-ordinates. Then'

T = 101

where I € Ma,x2,(R) is given by

0 idy
L= (—idn 0)

with id, € M,x,(R) denoting the identity matrix. Since I? = —idg, the
characteristic polynomial y, € R[A] of {2 satisfies

Xo(A) = det(Midg, — 2) = det(Aidy, — 27)
= det(—\I? — IQ1I)
= det(—Xido, — 2) = x,(=N) .

Hence, for every eigenvalue A € C the complex number —\ is an eigenvalue
as well, as are A and —\ (because Y, has real coefficients). The quartet £\,
+ ) shrinks to pairs if A = A or A = —\ and if both these equations hold true
then A = 0. Denoting by k, I, m the number of distinct quartets, symmetric
real pairs and purely imaginary pairs, respectively, the algebraic multiplicity
of the eigenvalue zero is equal to 2n — 4k — 2l — 2m. ad

Two linear Hamiltonian systems with different eigenvalues can not be trans-
formed into each other by means of a Poisson transformation; this differ-
entiable mapping would induce a linear transformation between the linear
systems. Preservation of the Poisson structure leads to further signs distin-
guishing different types.

Exercise 7.2. Classify all linear Hamiltonian systems in two degrees of free-
dom that have no multiple eigenvalues. Hint: consider the Hessian matrix
D?Hy = I‘lXHQ.

Multiplying the Hamiltonian by —1 amounts to reversing the time direction
and allows to reduce the number of cases, e.g. identifying minima with maxima
of the Hamiltonian. However, the relative sign cannot be removed, leaving us
for two pairs +iaq, tias of imaginary eigenvalues with the definite type

2 2 2 2
+ +
. b1 T4 T+ ay bs T 43

. . (7.1)

Ha(q,p) = «

! The matrix DH> = I~ is symmetric.
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and the indefinite type

p?+qi p3+43
— ay

2 2

of coupled oscillators. The linear flow defined by the superposition of two

oscillators depends on number-theoretic properties of a1, as > 0. Next to the

equilibrium (g, p) = 0 there are periodic orbits

Hy(q,p) = o

0
(q(t),p(t)) = (q? cosagt + p—lsinalt,(), —a1q) sinayt + pY cos alt,0>
a1
and
o
(q(t),p(t)) = (O,qg cosant + 2 sin aot, 0, —aaqd sin gt + p3 cos Oégt)
a2

for special choices of the initial conditions. All other trajectories lie on invari-
ant tori

T. = {30i+a@) =c,505+@) = }
with positive constants cq, co € R. If the quotient M s irrational, then every
«

2
trajectory on every torus 7. lies dense. In the resonant case M e Q we write

Qs
- % with k,¢ € N relative prime. All orbits on 7. are periodic, rotating
o

k times in the (q1,p1)-plane and ¢ times in the (g2, p2)—plane before closing.
Dividing the Hamiltonian by the common multiple ¥~ 'a; = ¢~ lay we can
achieve the standard form

kp?Jrrﬁ N gp%Jrq%

H —

of the (linear) k:+/¢ resonance.

This standard form carries over to the 1:1 resonance, where the definite-
ness of D? H, prevents the occurrence of a nilpotent part in Xp,- An example
of an equilibrium with linear part in 1:1 resonance is the stable rest posi-
tion (z,y) = (0,0,—1,0,0,0) of the spherical pendulum. Also the equilibrium
(z,y) = 0 of the central force field with potential U(z) = $(2} + 23) is in
1:1 resonance. Note that in both examples the symmetry with respect to an
S1-action prevents a detuning of the frequencies.

Exercise 7.3. What is the simplest form that the linearization of the unstable
rest position (z,y) = (0,0,1,0,0,0) of the spherical pendulum can assume in
local co-ordinates of the form (3.2) ?

An equilibrium in 1:—1 resonance is called semi-simple if the quadratic part
of the Hamiltonian can be brought into the standard form
Pi+a  pitad

2 2 ’

In general the occurrence of a nilpotent part cannot be prevented.

HZ(Q7p)
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7.1 The Krein collision

Bifurcations of equilibria occur where the eigenvalue configuration is changed
to a different type. In one degree of freedom this means that a hyperbolic
equilibrium becomes elliptic (or vice versa) as e.g. in the Hamiltonian pitchfork
bifurcation. Superposing one of the bifurcation scenarios of Section 2.2 with
a saddle H(q,p) = %pz — %qQ yield this bifurcation scenario on a normally
hyperbolic invariant submanifold. A saddle generated in the bifurcation yields
a saddle-saddle equilibrium in two degrees of freedom, and centres lead to
saddle-centre equilibria (with one real pair and one purely imaginary pair
of eigenvalues). Superposition with a centre similarly results in equilibria of
saddle-centre and centre-centre type.

The four types of equilibria in two degrees of freedom that do not have
zero eigenvalues have eigenvalue configurations as depicted in Fig. 7. Pas-
sages from and to the saddle-centre involve zero eigenvalues and “diagonal
passages” would even impose all eigenvalues to vanish at the bifurcation. Both
the saddle-saddle equilibrium and the focus-focus equilibrium are hyperbolic
equilibria, with no eigenvalue on the imaginary axis. From a local dynamical
viewpoint no bifurcation takes place when passing from one to the other since
their flows are topologically conjugate on sufficiently small neighbourhoods.
There is a homeomorphism mapping trajectories to trajectories, preserving
the time parametrisation. This allows to translate possible local questions
from one system to the other and later translating back the answer to that
question.

The remaining possibility is the passage from an elliptic equillibrium of
centre-centre type to a hyperbolic equilibrium of focus-focus type, with inter-
mediate eigenvalue configuration as given in Fig. 7. Both 1:1 resonant equi-
libria and 1:—1 resonant equilibria have such a double purely imaginary pair
of eigenvalues. However, an equilibrium in 1:1 resonance is a local extremum
of the Hamiltonian function whence all small deformations of the system have
a nearby equilibrium that is a local extremum as well. Hence the deformed
Hamiltonian has a quadratic part of the form (7.1), showing that all small
deformations of a 1:1 resonant equilibrium are elliptic.

Thus, a 1-parameter family H* of Hamiltonians with an equilibrium
2y € R* passing from focus-focus type to centre-centre type has to admit
a parameter value \g for which the equilibrium is in 1:—1 resonance.

Exercise 7.4. Use the implicit mapping theorem to change to new co-
ordinates in which z) = 0 for all parameter values A € R.

For a better understanding of the situation it is helpful to apply the co-
ordinate transformation

q1 x1 10 0 -1 q1
q2 s i) o L 01-10 qo
P1 (7 V2101 1 0 P1

D2 Y2 1 0 O ]_ P2
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The new co-ordinates (z,y) are again canonical and the semi-simple part S
of a quadratic Hamiltonian in 1:—1 resonance becomes

Sy = W —43;2)2 + <x12y2>2 _ ((yz —4331)2 N (mZyl)z)

= T1Y2 — X241

with linear equations of motion

I 0—-10 0 I
i T9 B 1000 To
dt Y1 N 00 0-1 U1
Y2 0010 Y2
The nilpotent matrix
0000
0000
1000
0100
has the Hamiltonian function —N where
2 2
Ny = H52

and the Hamiltonian of the transpose matrix is

v+ 5

M($7y) = 9

whence M and N are also called each others adjoint.

Exercise 7.5. Show that the two Hamiltonians S 4+ a/N and S — N can be
obtained from each other by a canonical co-ordinate change if a < 0. Use in

addition reversion of time (i.e. multiply the Hamiltonian by —1) to transform
S+ N into S — N.

It is exactly the addition of the adjoint that triggers the Krein collision in the
1-parameter family

Hy(z,y) = S(z,y) + aN(z,y) + AM(z,y) (7.2)

of quadratic Hamiltonians. Here a is a fixed non-zero coefficient, for example
a = —1, and )\ is a parameter passing through 0.

Exercise 7.6. Compute the eigenvalues +£1/—aA £ 1 of the linear vector field
defined by Hs.
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The equilibrium is for aA < 0 of focus-focus type and hence dynamically
unstable. At A = 0 the equilibrium is spectrally stable since no eigenvalue has
positive real part. The linear flow is given by

T cost —sint 0 0 T

Io sint cost 0 0 To
(t, ) — . :

Y1 —atcost atsint cost —sint Y1

Y2 —atsint —atcost sint cost Y2

whence the origin is unstable. In Section 7.4 we formulate conditions under
which the nonlinear part of an equilibrium in 1:—1 resonance is able to stabilize
the equilibrium.

7.2 Normalization

We are given a family of Hamiltonian systems for which the origin is an
equilibrium, with Taylor series

Ao Hy
H = !

k=0

where we suppress the parameter dependence in the homogeneous polynomials
HY of degree k + 2 (the upper index 0 will become clear in a moment). The
quadratic part Hy = %HS, given by (7.2), admits the symmetry (5.2) and it
would be helpful if the higher order terms would respect this symmetry as
well. Normal form theory is designed to help in such a situation, pushing a
symmetry generated by the quadratic terms through the whole Taylor series.

From an abstract point of view this is an iterative process where at each
step a co-ordinate transformation py = ¢}V, is generated by a polynomial
Hamiltonian function W € R[x1, 22, y1, y2|. Here W is not given to us (like H
is), quite on the contrary it is our task is to choose W in such a way that the
given Hamiltonian becomes simplified. The effect of ¢y on H is

=1 =1
Hopy = ZHH,S — {W,HY} + ZE{H,S,W} + ...
k=0 k=1 """

and we concentrate on the effects of lowest order.

Exercise 7.7. Let A € M, «,(R) be a matrix for which all eigenvalues are
different from each other. Show that the vector space R™ admits the splitting

mA @ kerA = R"”

as a direct sum of two A-invariant subspaces.
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Denoting by Gi+2 the polynomials of degree k 4 2, the derivation

XH(()): gk+2 — gk+2

w — W, Hg} (7.3)

is a linear mapping between finite-dimensional vector spaces. The first step is
to choose W7 € G3 such that
{Wi,H} + Hy = HY

with Hg in normal form. Then choose %Wg € G4 to turn HY into H and so
on. At each step the homological equation

(W, HY + HY = HY (7.4)

has to be solved where %Wk € G2 generates the kth co-ordinate transfor-
mation and H, (’f € Gkt2 is in normal form (i.e. as simple as possible, preferably
7Z€ero).

Exercise 7.8. Compute for H) = S the eigenvalues and eigenvectors of the
linear mapping (7.3) and conclude that the splitting

imXg @ ker Xg = Giio (7.5)
can be achieved for every k € N.

Using the splitting (7.5) the solution of the homological equation (7.4) is
immediate; for HY € G2 we let HY be the projection to ker Xg, and since
H? — H} € im Xg there must be Wy, € G0 with {Wy, H3} = HY — HE. The
infinite composition ¢oc = @w, © P 1yy, © oo would turn H into the normal
form expansion

1
_ Lok
Ho¢py = Z k!H 0 -
k=0
However, the convergence of this normal form series is problematic, and the
convergence of the infinite composition is even more questionable. Restricting
to a finite composition ¢y = pu, o...0 1w, yields

Hog¢, = H + O +3)

with (truncated) normal form
_ 1 k

of degree £ + 2 in z,y and higher order terms that are not in normal form.
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Exercise 7.9. Show that the vector space R" always admits the splitting
imA @ kerAT = R"

where AT denotes the transpose of the matrix A € M,,»,(R).

In the semi-simple case that all eigenvalues have algebraic multiplicity equal to
geometric multiplicity (whence one can diagonalise over the complex numbers)
there is no difference between the kernel and the kernel of the transpose.

Exercise 7.10. Show that for H) = N the linear mapping (7.3) is nilpotent,
i.e. the power (Xpy)" vanishes for sufficiently high m whence all eigenvalues
are zero.

Since Xg o Xjy = Xy o Xg the sum

is the Jordan decomposition of XHS into semi-simple and nilpotent part. In

an appropriate? basis ng = Xg — aXps and
0
ker X, _ opsr = kerXg N ker Xj, . (7.7)

This allows to improve upon the normal form that one would obtain in the
semi-simple case XHT0 = Xg.
0
Theorem 5.1 implies that every polynomial in ker Xg can be written as a
function of S, N, M and

P(z,y) = ziy1 + x2y2 .

Note that this immediately proves H} = 0 for all uneven k. To compute (7.7)
it is sufficient to consider the restriction of Xj; to the kernel of Xg and

i of
{f M} = Pos + 2Mo3

then shows that polynomials in (7.7) depend only on S and M.

Normalizing H* yields (7.6) with HJ unchanged, HY¥ = 0 for all uneven k
and Hf = HE(S, M) for all even k € N, i.e. the normal form reads

HMey) = Say) + aN(ey) + AM(a,y) + 5 (M(r.y))? (7:80)

+ ¢S(x,y)M(z,y) + g(S(:lc,y))2 + ... (7.8b)

2 Alternatively one can introduce an appropriate inner product on Rlz1,x2,y1,y2]
and hence on the vector spaces Gi+2. Every orthonormal basis is then ‘appropri-

ate’.
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truncated after finitely many monomials in ‘...". It turns out that under the
non-degeneracy condition ab # 0 the terms in the second line (7.8b) do not
influence the qualitative behaviour of the Hamiltonian system defined by (7.8)
whence we restrict to the normal form H* given by (7.8a).

Using scalings in « and y and rescaling/reversing time one can simplify
the coefficients a and b. However, the relative sign sgn(ab) = £1 cannot be
removed and indeed distinguishes two qualitatively different cases. Simplifying
to a = 1 we concentrate on the supercritical case

_ 1
H = S+N+)\M+§M2 (7.9)

and leave the subcritical case as exercise 7.14.

7.3 Symmetry reduction

The S'-symmetry (5.2) generated by S allows to reduce the Hamiltonian
system defined by (7.9) to one degree of freedom. This makes S a Casimir
function and fixing S = p we obtain the reduced phase space

P, = {(N,M,P)GR?’ RM(N,M,P):O,NEO,MEO}

where
Lo s
Ru(N,M,P) = §P — 2NM + >

with Poisson bracket relations
{N,M} = P, {N,P} =2N, {M,P} = —2M .

For 1 # 0 the surface P, is one sheet of the two-sheeted hyperboloid R;,*(0),
as in the reduced Kepler system. The surface Py is the positive cone; in the
reduced Kepler system we had to leave out the points reduced from the origin
of the configuration space where the potential was not defined. Omitting the
constant term the reduced Hamiltonian becomes

1
Hp = N+ AM + ;M

whence the energy level sets { H ﬁ‘ = h} C R3 are parabolic cylinders.
Exercise 7.11. Determine the bifurcation diagram of the 3—parameter family

1 1
H(x,y) = §y2 — ax‘:’ + %m?’ — %mQ — 13X (7.10)

of Hamiltonian systems in one degree of freedom.
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7.4 The Hamiltonian Hopf bifurcation

The trajectories of the reduced system are given by the intersections of the
energy level sets {H ;} = h} with P,. The resulting periodic orbits are orga-
nized by the relative equilibria which all lie in the plane P = 0, cf. Fig. 7.
Within this plane the energy level set is the graph of the parabola

1
N:h—§M2—>\M

which moves up or down under variation of A and moves to the left or to the
right under variation of A. The intersection P, N {P = 0} is given by

2
_ o -
N—4 if u#0
N=0 and M =0 if u=0.

Next to the singular equilibrium (N, M, P) = 0 this yields for x = 0 the
regular equilibria (N, M, P) = (0,—X,0) when A < 0 and for x # 0 (and all
A) the equilibria

M2
(N,M,P) — (W7M7O)

where M is the positive root of the polynomial M3 + AM? — %,u2.

The full dynamics in R* of (7.9) is reconstructed by superposing the pe-
riodic motion along the angle conjugate to the action S. In this way periodic
orbits give rise to invariant 2-tori and regular equilibria yield periodic orbits.
The singular equilibrium leads for all A to the equilibrium at the origin which
is therefore (dynamically) stable for A > 0 and unstable for A < 0. In partic-
ular, the linearly unstable equilibrium for A = 0 has been stablilized by the
nonlinear term %M 2. The information on the global dynamics is collected in
the energy-momentum mapping.

Exercise 7.12. Show that the critical points of the energy-momentum map-
ping B
EM=(S,H") : R* — R?

form a subset of the discriminant locus of the polynomial

12

M? 4+ 2AM? — 2hM + 5 (7.11)
The discriminant locus of a general polynomial of degree 3 is a cylinder on the
basis of the bifurcation diagram derived in exercise 2.8, two smooth surfaces
meet at one cusp line. We are interested in the way this set gets folded under

the mapping
2
A gy h) (ZA,%,Qh)

that assigns to our parameters the coefficients of (7.11).
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Lemma 7.2. The discriminant locus of (7.11) coincides with the discriminant
locus of the polynomial
4 5 h A2

M* — 2AM +\/§MM+§+Z. (7.12)
To prove this lemma just compute the two discriminant loci. The more inter-
esting question is how to get the idea to compare these two sets. This is much
easier to answer after solving exercise 7.11. The bifurcation diagram of (7.10)
is the swallow tail surface which lies at the basis of the discriminant locus of
the general polynomial of degree 5 (the leading 5th order term can be scaled
to 1 and a translation removes the 4th order term). With this picture in mind,
draw the set of critical values of EM.

Exercise 7.13. Use the translation M — M — 2\ to turn (7.11) into standard
form M3 + k1M + ko and study the mapping k = k(\, u, h) from R? to R2.

The mapping

A V242 2h+ N2
A h 2
(A h) (6’ 24 ' 06

that assigns to our parameters the coefficients of the partial derivative of (7.10)
with respect to x is a diffeomorphism whence the discriminant locus of (7.11)
is indeed the swallow tail surface. To obtain the set of critical values of the
energy-momentum mapping we still have to take the inequalities N > 0 and
M > 0 into account. The latter is no restriction since the polynomial (7.12) is
invariant under the simultaneous transformation M +— —M, u +— —u and the
discriminant locus of (7.12) is symmetric with respect to the reflection in p.
The former inequality yields h — %M 2 — AM > 0 which results in h > 0 for
A<0andin h > —%)\2 for A > 0. Thus, we have to “remove the tail” from
the swallow tail, see Fig. 7.

Note that the A\-axis consists of critical values of EM since S and H*
vanish for all A at the origin. For A > 0 the critical values form a crease at
this line, corresponding to two families of periodic orbits that shrink down to
the (stable) equilibrium. For A < 0 the A\—axis {u = 0,h = 0} detaches from
the swallow tail surface and forms a 1-dimensional thread. The inverse im-
age of these points under the energy-momentum mapping is a pinched torus
formed by the unstable equilibrium and its (coinciding) stable and unstable
manifold. The thread does belong to the real part of the discriminant locus
when interpreting (7.12) as a complex polynomial, but is not part of the (real)
discriminant locus when interpreting (7.12) as a real polynomial. Correspond-
ingly, this thread is not part of the bifurcation diagram of (7.10).

Exercise 7.14. Analyse the normal form of the Hamiltonian Hopf bifurcation
in the subcritical case sgn(ab) = —1.
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To fully understand the dynamics near a resonant equilibrium in 1:—1 reso-
nance we have to take the higher order terms into account. For higher order
terms in normal form one can repeat the above considerations to get precise
formulas, but this does not lead to qualitative changes. Indeed, adding higher
order terms to a parabola yields a polynomial that still has a local extremum
close to the unique extremum of the parabola.

More problematic are higher order terms that are not in normal form.
While it is possible to normalize up to any desired degree ¢ 4 2 this still
leaves us with the remainder term. On an e—neighbourhood the terms K of
order O(¢ + 3) satisfy a bound of the form ||K| < 3k expressing that
these terms can be made arbitrarily small. We will see in Chapter 8 that
the remainder term nevertheless exerts a certain influence on the invariant 2—
tori. For the periodic orbits we have the following result, relating the periodic
orbits of H” in a neighbourhood of the origin that have a short period® to the
periodic orbits of the normal form.

Theorem 7.3. Let H* be a family of Hamiltonian systems on R* such that
for A = 0 the origin is an equilibrium in 1:—1 resonance, with double eigen-
value +i. Assume that the normal form H?> satisfies

at (S,N,M,P) = (0). Then there exists a diffeomorphism ¢ : U — V
between open neighbourhoods U,V C R* of the origin that maps the periodic
orbits of XH,\ with period close to T' = 2w to the relative equilibria of XHA.

For a proof see [16]. When b = 0 both the term ¢SM in (7.8b) and the cubic
term in M become important.

3 This excludes the periodic orbits on resonant 2-tori.
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Perturbation Theory

The examples of Hamiltonian systems that we considered so far were mostly
integrable. In one degree of freedom this follows from conservation of energy,
and in two degrees of freedom an existing symmetry allows to reduce to one de-
gree of freedom. Such a symmetry is often only approximate. The assumption
of symmetry may be implicitly made when modeling the system, or explicitly
introduced by means of a normalization procedure. This makes the behaviour
with respect to (small) perturbations an important property of an integrable
system.

The recurrent dynamics of an integrable system in two degrees of freedom
consists of equilibria, periodic orbits and invariant 2—tori, the former together
with stable and unstable manifolds. For equilibria one can use the implicit
mapping theorem to prove persistence if the linearization has no zero eigen-
value, and the linear behaviour persists as well if furthermore no eigenvalues
are in 1:—1 resonance. Similar considerations are possible for periodic orbits.

The regular values of the energy-momentum mapping of an integrable
system parametrise invariant tori (and unbounded motions). Expressed in
action-angle variables the Hamiltonian depends only on the actions and this
remains true in n degrees of freedom. On the phase space T™ x R"™ with
canonical Poisson structure the integrable! system defined by N(q,p) = N(p)
has for initial conditions (qo,po) the conditionally periodic solution

(¢(t),p(t)) = (g0 + w(po)t,po) (8.1)

where w(p) = VN (p) is the frequency vector of the family of invariant tori
T™ x {p}. A small perturbation leads to the Hamiltonian function

H.(q,p) = N(q) + €P(q,p;¢) - (8.2)

By a dictum of Poincaré the study of (8.2) is the fundamental problem of
dynamics.

! Tt would be more precise to speak here of an integrated system.
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8.1 The homological equation

The perturbed flow defined by the Hamiltonian (8.2) would be conditionally
periodic as well if it were possible to transform co-ordinates (q,p) — (z,y)
in such a way that the resulting H.(z,y) = H.(y) depends again only on
the action variables. We encountered a similar problem when normalizing the
higher order terms of the Hamiltonian Hopf bifurcation, so let us try to find
a suitable Hamiltonian function W for which the co-ordinate transformation
0. = oY makes the transformed Hamiltonian H. o ¢, independent of the
anglular variables € T". Expanding in ¢ yields

(Heope)(z,y) = N(y) + eP(z,5;0) + e{N,W} + O(e?)
whence the terms of order € form the homological equation
(W) | VaW(z,y)) + Ply) = Plz,y;0)

where we let P(y) denote the e-term of the transformed Hamiltonian. To solve
this linear partial differential equation we develop

W(z,y) = Y Wily)e™*® (83)
keZm

Px,y;0) = Y Pu(y)e?*®
kezm

in Fourier series and are led to P(y) = Py(y) and
A 2mi(k | w(y))Wi(y) = Pr(y) (8.4)
kezn\{0}
reflecting the splitting of the function space into C'*°(R") and functions in

C>°(T™ x R™) with vanshing average

Roy) = [ Playio)de

As the left hand side of (8.4) vanishes at resonances the homological equation
cannot be solved in this generality.

Theorem 8.1. The following properties are incompatible.
(i) The unperturbed Hamiltonian is non-degenerate:
/\ det D?°N(y) # 0 .
y
(ii) The perturbation P has lots of non-vanishing Fourier coefficients:

A AV Ik and Puy) #0 .

Yy kezm Lezn
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(2i1) The co-ordinate change . transforms the pertubed Hamiltonian (8.2)
into

H(z,y) = N(y) + ePo(y) + *R(x,y;¢)

with a smaller perturbation term 2 R.

Proof. The first property implies that the frequency mapping y — w(y) is
locally invertible and the resonant frequency vectors are dense, so there exists
n near y and k € z\0} with (k| w(n)) = 0 and hence (¢ | w(n)) = 0 for all
¢ parallel to k. Solving (8.4) to obtain the third property then requires

N Pn) =0

Lk
contradicting the second property. O

The result goes back to Poincaré, who worked a bit harder and showed that
there is no smooth first integral independent of H.. For a given “unknown”
perturbation it is unlikely that lots of Fourier coefficients vanish and hence
one should not expect integrability.

8.2 Small denominators

Instead of attacking the homological equation in full generality by solving (8.4)
simultaneously for all frequencies w(y) one can look for simple solutions of the
unperturbed system X and how they survive in the perturbed system Xpy_.
For the simplest solututions, equilibria and periodic orbits, persistence can
be shown by means of the implicit mapping theorem. For quasi-periodic solu-
tions with n independent frequencies the inner product at the right hand side
of (8.4) does not vanish, allowing to define the Fourier coefficients

Pr(y)

N W) = ooy

kezZn\{0}

(8.5)

of W in terms of a “freezed” frequency vector w = w(yo). This yields an exact
solution of the homological equation only at y = vy, so the approximation of
the co-ordinate transformation ¢, is now in terms of both € and ||y — yo|-
From a dynamical point of view it is natural to concentrate on those n—
tori T™ x {yo} with (k | w) # 0 as these have a dense orbit which makes
the torus a dynamically defined object rather than merely an invariant set
consisting of quasi-periodic orbits. On the other hand, it is exactly the dense
orbit that imposes the denominator 27i(k | w) to occasionally assume smaller
and smaller values. The higher the differentiability of the perturbation P the
faster the Fourier coefficients Py converge to zero, and this has to outweigh
occuring small values of the denominator if W and the resulting co-ordinate
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transformation are to retain the same degree of differentiability. Thus, one
needs bounds, and a k-independent bound [(k | w)| > v is available only in
the periodic case n = 1. A typical means to ensure that |k| = |k1|+ ...+ |k
has to be (very) large when |(k | w)| becomes (very) small are Diophantine

conditions
A Aol 2 g (8.6)
kezn\{0}

Exercise 8.1. Sketch the set

Iy, = { w € R? ‘ 27 (k | w)| > # for all k € 22\{0} }

of (v, 7)-Diophantine frequencies.

At first sight the set of (v, 7)-Diophantine frequency vectors seems to be
rather small or even empty, as one removes a full open neighbourhood of a
dense set. However, by choosing 7 > n — 1 sufficiently large this set turns out
to be of full relative measure in the limit v — 0.

Exercise 8.2. In the unit interval [0, 1], for given constants v > 0 and 7 > 2,

consider a subset D, of Diophantine numbers, defined as follows. We say

that p € D, . if for all rational numbers P one has
q

p—=| =

q q’

Show that D, ; is nowhere dense. Also show that the Lebesgue measure of
[0, 1]\D%T is of order O() as v — 0.

Our aim is to replace the perturbation P by the T"—avarage Fy. Indeed, the
dense orbit on tori with non-resonant w is so well distributed that this space
average equals the time average along that orbit over infinite time. To have
a good approximation over finite time we need that the orbit “visits other
parts” of the torus before “coming back” to the starting point.

Apart from this dynamical point of view there is the analytical consid-
eration that the Fourier series (8.3) converges only if the coefficients (8.5)
decrease to zero.

Exercise 8.3. Prove the lemma of Paley—Wiener: a periodic function with
Fourier series ‘
f ( :L') — Z fk elka:

is (real) analytic if and only if the coefficients decay exponentially fast:

Vo A Il s MM

Mmn>0 keZ
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The set of (v, 7)-Diophantine frequency vectors is an example o a Cantor set,
intersecting this set e.g. with the sphere {||w|| = 1} transvere to the continuous
radial direction yields Cantor dust, a completely disconnected closed set for
which every point is an accumulation point (except for a countable subset).

Theorem 8.2. (Kolmogorov, Arnol’d and Moser). Let Y C R™ be an open
neighbourhood of the origin and consider the phase space P = T" x Y with
canonical Poisson structure. Let the Hamiltonian (8.2) be real analytic with
non-degenerate unperturbed part N. Then there exists €9 > 0 such that for
all |e| < eo there is a canonical transformation ¢. near the identity and a
measure-theoretically large Cantor set Y. C Y with the property that for
y € Y. the transformed Hamiltonian H. o ¢. does not depend on x € T™.

Since
b= 2 (He o ¢e) w(y)
- ay 1> (> - y
. 0
Yy = __(91' (Hso¢s) =0

the Cantor set T™ x Y. consists of invariant tori with quasi-periodic flow. Note

that no statement is made for y € y\Ye,

Where the continuous lines of the Cantor set Y. intersect the energy shells
transversely we obtain Cantor dust parametrising surviving tori on every en-
ergy shell. The same result is obtained under the condition of iso-energetic

non-degener
U (PN A .
et(DN(y) 0 ) # 0, (8.7)

which is independent of det D2 N (y) # 0. In two degrees of freedom the energy
shells are 3—dimensional whence invariant 2—tori form a barrier. This allows
to obtain stability of equilibria (in the sense of Lyapunov).

The (planar) Kepler system does not satisfy a non-degeneracy condition.
The same reason that makes the (unperturbed) Keplerian system itself so
easy, all reccurent orbits are on ellipses, makes the perturbed problem more
difficult. As a remedy one can compute a preliminary normal form

N = K + ¢F

by averaging the perturbation along the Keplerian flow generated by Xp-. This
breaks both the rotational S'-symmetry (of any central force field) and the
Sl-symmetry generated by (the direction of) the eccentricity vector. By con-
struction {N, K'} = 0, the “Kepler symmetry” makes N integrable, allowing
to pass to action angle variables (¢, ¢, K, I'). The iso-energetic non-degeneracy
condition

22 352 afgaf 1+ 5
N 9N 6aN £ 0
8K8[ oz o1

1+£8K 581 0

det
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2

is fulfilled if the O(¢)-term 5% does not vanish, in which case the perturbed
system has “many” quasi-periodic tori. The two frequencies of these are of

order one and of order €, whence resonances only occur with large values of k.
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