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Abstract

The motion of objects in the sky has captured the attention of scientists and
mathematicians since classical times. The problem of determining their motion has
been dubbed the Kepler problem, and has since been generalized into an abstract
problem of dynamical systems. In particular, the question of whether a classical
system produces closed and bounded orbits is of importance even to modern math-
ematical physics, since these systems can often be analysed by hand. The afore-
mentioned question was originally studied by Bertrand in the context of celestial
mechanics, and is therefore referred to as the Bertrand problem. We investigate the
qualitative behaviour of solutions to the generalized Kepler problem, in which parti-
cles travel in an abstract space called a manifold. We find that although Bertrand’s
results do not generalize to even the most simple non-trivial example of a com-
plex manifold, we can partially reduce the problem through the use of a function
called a momentum map. We then study the generalized Kepler problem on pseudo-
Riemannian surfaces of revolution. In this case we are able to demonstrate that a
generalization of Bertrand’s theorem holds, and we compute explicit expressions for
the shape and period of the orbits. Furthermore, we compute a generalization of
the Laplace-Runge-Lenz vector, which allows one to determine all solutions to the

equations of motion in terms of three constant quantities.
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1 Introduction

The Bertrand problem is the century and a half old question: ‘which classical
mechanical systems have the property that all of their bounded orbits are closed?’
[1] The Bertrand property is related to the integrability of a Hamiltonian system.
In particular, a Hamiltonian system is Bertrand if it is maximally superintegrable,
meaning it admits a maximal number of conserved quantities. It is known that
the only Bertrand systems whose configuration space is R? are the Kepler system,
which classically describes the motion of a particle in a 1/r potential, and the simple
harmonic oscillator. Both of these systems arise in some way from the Green’s
function of the Laplace-Beltrami operator of the configuration space. In general,
the question of whether a system arising from such a Green’s function is Bertrand
is open for many manifolds. The problem has been entirely worked out in the case
where the configuration space is a Riemannian three-manifold [4, 5, 2, 3]. It is also
interesting to study superintegrable systems on surfaces [10, 8, 9, 6, 7]. We study
the integrability of systems on a complex model space, the projective space CP2.
The study of dynamics on complex projective space has been studied [12, 11] and
is relevant to quantum superintegrable systems [13]. Later, we work out an explicit
solution of the Kepler problem on pseudo-Riemannian surfaces of revolution [14],
which have not been extensively studied in the context of the Bertrand problem

[15].



1.1 Conventions

A variety of conventions are used in this thesis which may not be universally
recognized. This section aims to clarify some of the choices in notation found herein.

First of all, this thesis will use the Einstein summation convention.

Remark 1.1 (Einstein Convention). Consider a mathematical expression contain-
ing two or more indexed quantities to be summed over, such as for example, Wyg =
Zcﬂil 25:1 X$ .Y . We will ignore the summation symbol whenever an index ap-
pears in both the superscripts and subscripts appearing in the expression. So the
previous expression would instead be written Wyy = Zé\il Y “¢, where the index

a is assumed to be summed over.

The following is a table of commonly used symbols and their names/descriptions.

Symbol  Description

M Manifold of dimension n

C*(M) Space of smooth functions from M to R
L?>(M)  Space of L2-functions on M

TM Tangent bundle of M

M Cotangent bundle of M



T (M) Tensor fields of valence (n, k) over TM

AFE = Alt(®f:1 E) Exterior power of a vector bundle E

AE =@ A\*E Exterior algebra of a vector bundle
X(M)=T(TM) C*°(M)-Module of vector fields on M
QF(M) = T(A*T*M) C*°(M)-Module of differential k-forms on M
Ok (M) Closed differential k-forms on M

Q* (M) = @r_, (M) Algebra of smooth differential forms on M
d: QF(M) — QL (M) Exterior derivative

A QF(M) x QY(M) — QF(M)  Exterior product

J: X (M) x QF(M) — QF1(M)  Interior product

gel'(T"M @ T*M) Riemannian metric on T'M
heT(T®*M ® T(C*M) Hermitian metric on TCM

QY M) — X(M) Sharp map induced by ¢ (index raising)
b X(M) — QY (M) Flat map induced by g (index lowering)
V:X(M)xX(M)— X(M) Levi-Civita connection of g

* 1 QF (M) — Qn=F(M) Hodge dual on M

gradf = dff Definition of the gradient



divX = tr VX Definition of the divergence

w € Q4 (M) Symplectic form

Table 1: List of commonly used mathematical symbols and expressions.

Here the Hodge star operator for a Riemannian metric g on an orientable man-
ifold is the unique linear map * : Q¥ (M) — Q"~*(M) satisfying (o, 8)dV, = xa A 3,

where dVj; is the volume form associated to g.

1.2 Hamiltonian Mechanics of Point Particles

Mechanics is among the oldest disciplines of physics. Out of the many concepts
introduced by mathematical physicists, the phase space first introduced to classi-
cal mechanics has become increasingly relevant to modern physics. While Hamilto-
nian mechanics originally described idealized point particles interacting in Euclidean
space, the advent of symplectic and contact geometry in describing mechanical sys-
tems has allowed for the setting to vary drastically, permitting researchers to de-
scribe complex phenomena in quantum mechanics, statistical mechanics, and other
applications. Additionally, the theory of classical fields allows one to extend Hamil-
tonian mechanics to an infinite-dimensional phase space, which can describe the
motion of extended objects such as strings, deformable solids and fluids, as well as
gravitational and electromagnetic fields. Much of the following section can be found
in standard books on geometric mechanics and symplectic geometry such as those

of Cannas da Silva and Arnold [16, 17].



A common approach to deriving Hamilton’s equations is to begin with the La-
grangian formulation of mechanics. This is done using the calculus of variations,
which is a way of defining the notion of a critical point for a functional. This frame-
work can be used to reinterpret many important problems as optimization problems,
including the problem of finding the extremal paths of particles on some manifold.
A fully rigorous calculus of variations for functions on a Riemannian manifolds is
defined by the variational bicomplex [18], which defines variations in terms of infinite
jets. Calculus of variations can also be used to study the symmetries of a dynami-
cal system, since there may be infinitely many critical points of a given functional
related by some transformation [19].

We will focus here on the Hamiltonian mechanics of point particles interacting on
a Riemannian manifold M. A point particle consists of two components: a positive
real number m called the mass, and a curve v : I — M called the trajectory. The
trajectory describes the motion of the particle. For a system of N distinguishable
particles with trajectories {71,...,7,}, the space of all possible configurations of
the system is the manifold M. We wish to find a functional of these trajectories
whose critical points model the trajectories of particles in the real world. According
to experimental evidence, a suitable candidate functional appears to be the action

functional, defined below.

Definition 1.1 (Action). Consider a system of N ideal point particles, travelling

along trajectories {z1(t),...,zn(t) : t € I C R} in a Riemannian manifold M of



dimension n with metric g. The action functional S : C°°(I x TM)N — R of the

system is defined by the following formula.
Slon,. . on] = /Lm(t),...,xw),a‘n(w,...,:'cN<t>,t> i (1)
I

Here L : TMYN — R is called the Lagrangian function. It is most common to consider
Lagrangians of the form L = K — V. Such a Lagrangian is called separable. K :
TM — R denotes the kinetic energy of the system, which only explicitly depends on
the velocities (&1(t),...,2n(t)) € Txl(t),,..,xN(t)MN~ The function V is the potential
energy of the system, which only depends on the positions {z1(t),...,zn(t)}. We
often write S = | ; L(z,#,t)dt. The kinetic energy K can be interpreted as a
weighted measure of how much motion is taking place in the system, while the
potential energy V usually describes interactions between the particles as well as

with any extraneous forces.

To determine the critical points of such a functional, we now turn to defining

the variational derivative.

Definition 1.2 (Variational Derivative of Action). Let I be an interval and let
M be a smooth manifold. Consider a space of paths and their tangent vectors,
F C C*°(I, TM). Define a family of functionals Sy, € F* for each L € C*°(TM x I),
and let Fo C L?(I) be a suitable space of test functions. For each ¢ € F consider

the functional D,Sy, on F given by

(D)) = i S HAZI e (1.2)




This is called the Gateaux derivative of St in the direction of ¢. If this limit is
independent of ¢ € Fy, we say St is differentiable. The usual variational derivative

is then defined by the formula

(53¢) = Dosul (13)

This definition takes some dissecting to fully understand. Let us explicitly cal-
culate the functional %, given Sy, = [; L(z,4,t) dt as seen above, with I = [a, ]
and M = R. Assume that L is analytic, and assume that ¢ and ¢ are bounded.

Then,

3S .1 . . .
<5f,gp> = lim — (/L(x+5g0,x+e<p,t) — L(z,,t) dt>

e—0 ¢ T

1 ) oL oL . 9 ,
= lim — (/1 [L(asja:,t) + e + 5259 +O(e )] — L(z,a,t) dt)

e—0 ¢

— 87[/ +8£'dt

_/ OL _doLy 4. 9L,
=S \or " atez )T 927

Now, if we require from the beginning that the boundary terms vanish, we can

b

a

directly read off the usual expression for the functional derivative as presented in
physics textbooks. However, since infinite-dimensional vector spaces are not always
isomorphic to their dual, we should be careful to note that % only defines a function
from I to R if D, S[f] can be written in integral form as [ %(L) ’th(t)dt. In general,
6S 6S

57 is a distribution, and we should interpret the expression <W’ ¢) as the natural

pairing defined between any vector and an element of the dual space. In the case



where ¢ is taken to always vanish at the boundaries, it makes sense to write % as

a function, and we have

If the boundary terms do not vanish, the functional derivative can only be inter-
preted in the sense of distributions, and the above equation would include instances
of the Dirac delta distribution. The requirement that L is a critical point of S
is given by the condition that g—? = 0. Therefore, we can see that for the simplest

one-dimensional mechanical systems, the equations governing their motion are given

by,

oL doL
e 1.5
Ox  dt 0% (15)
For a system of N particles in n dimensions, with trajectories given by {zf (t) :i=

1,...,N,j=1,...,n} we have,

oL d oL

A very common model for physical systems is to take the kinetic energy to
proportional to the Riemannian norm of some vector (this is clearly convex). For the

remainder of the section we will consider Lagrangians of this form, where L = K-V

Definition 1.3 (Separable Lagrangian). If L = K — V with % = 0 for all ¢ and

g;/i = 0 for all i, we say L is separable.

Separable Lagrangians are typically easier to study with numerical and analytic

methods than nonseparable Lagrangians. Note that if L is of the form K — V', but



K depends on the position variables, then L is not separable. This happens, for
instance, when the metric ¢ depends on z'. Therefore, many systems on curved

manifolds are non-separable.

Definition 1.4 (Natural Kinetic Energy Function). Let M be an n-dimensional
manifold and let {z1,...,zy} be the trajectories of N particles on this manifold.

The kinetic energy of the system is defined as,

N
1
K= Zing T, T;) (1.7)
=1
Where m;, 7 =1,..., N are the masses of each particle.

We have so far only discussed the Lagrangian formalism for mechanics, in which
we solve the second order system (1.6) for the trajectories z; on M. However,
with a particular change of variables we can convert this to a first order system for
trajectories (2%, p;) on TM™, which we dub the phase space of the system. This is
the foundation of Hamiltonian mechanics. We will often call the curve (x%(t), p;(t))

in TM™ the trajectory of the particle in phase space.

Definition 1.5 (Legendre Transform). Let M be a smooth manifold of dimension
n, and let {xf :i=1,...,N,j=1,...,n} be coordinates on some patch U C M",
and let L be a Lagrangian function. The Legendre transform of L with respect to

the coordinates {xz} is defined as the following function,

H(xlv"'axnapla"wpn Zzil‘_ xlw'wxnailv"'vin) (18)
=1 j= l



The Legendre transform of a well-behaved function defines a system of coordinates

{(mf,p;)} on T*MN where for all x € MV if v € T,M" then p = <gg§- izvé)f)b.
In this sense the Legendre transform can be seen as an isomorphism between T M
and T*M. When L is of the form K — V with K defined by (1.7) we see that
this isomorphism is exactly the musical isomorphism determined by g. It is worth

noting that the Legendre transform can be defined for any form of Lagrangian with

non-vanishing second derivatives, not just those of the form K — V.

There is one small issue if we use the above function H as our definition for a
Hamiltonian. The function is written in terms of coordinates on TM¥ rather than
T*MN. To fix this, we need to invert % = p; to find an expression for #;, and
substitute this into L. This can be tedious, but luckily if the Lagrangian is of K —V

type we can come up with a shortcut. Observe that

OL _ 19
ox; 201

mig(di, &) = mid.

So we have H =2K — (K - V) =K+ V.

Theorem 1.1. Let L be a Lagrangian function on TMY. If L is of K — V type,
and K = 1 3. m;g(i;, #;), then the Legendre transform of L is H = K +V where K
is the pullback of K under the musical isomorphism induced by g. We often write

K=K.

For our choice of kinetic energy function, the equivalent formula in terms of the

10



new variables is given as follows. Note that g—é = gfé = mzxi’
K= lng(.%'z,xﬁ
— 2
(2
.
(2
LI
= Z Tm,-pi (P;)
7

1 _
- 7
7

2m

From this we see that g—f = mipf = &; (since b is the inverse of £). This is the first of

Hamilton’s equations. Meanwhile, p; = %gﬁ = —gj = —% by (1.6). This gives

us the second of Hamilton’s equations. A more general formulation of Hamilton’s
equations can be written in terms of the flow of a vector field called the Hamiltonian

vector field.

Definition 1.6 (Symplectic Form). Let M be a smooth manifold of dimension
m = Nn, and let w € Q?(M) be a closed two-form. This two-form is called a
symplectic form if it is non-degenerate. That is, for all X € X(M), w(X,Y) = 0 for

all Y € X(M) if and only if X = 0.

A smooth manifold endowed with a symplectic form is called a symplectic mani-
fold. The dimension of a symplectic manifold is always even, and in fact if M = T*N

for some N, then the following normal form characterization for w exists.

Definition 1.7 (Darboux Coordinates). Let M be a manifold of dimension n. Then

11



in any local trivialization U x R™ C T*M, the standard symplectic form €2 is,

n
Q:dei/\dpi. (1.9)
i=1
Where {2 : i = 1,...,n} is a local system of coordinates on U and p; are the

corresponding coordinates on R™ with respect to dz'.

In general, in a small enough patch U on a symplectic manifold M with sym-

plectic form w, one can find a coordinate system on U so that w is of the form (1.9).

Remark 1.2. Observe that the standard symplectic form €2 is exact. That is,

Q) = d\ where X is defined as
A=) aldp (1.10)
i=1

Definition 1.8 (Tautological One-Form). Let %, p; be defined as above. Then

A=30" 2'dp; is called the tautological one-form.

In physics, symplectic manifolds appear as the phase space of a system which
conserves energy. That is, a dynamical system for which the Hamiltonian is constant
in time along each trajectory. In general, a function of the coordinates z*, p; on T M

which is constant along each trajectory is called an integral of motion for the system.

Definition 1.9 (Locally Hamiltonian Vector Field). Let M be a symplectic mani-
fold, let U be an open subset of M, and let f € C*°(T*M). Then f defines a unique

vector field Xy on T*U called the Hamiltonian vector field associated to f, defined

12



so that

df = X;ow (1.11)

Conversely, if X € X(T*U) and X Jw is exact, we say X is a locally Hamiltonian
vector field. If X € X(T*M) and X Jw is exact on all of T*M, then X is just called

a Hamiltonian vector field.

It is also useful to define the following operation on functions, which makes

computations using Hamiltonian vector fields somewhat simpler.

Definition 1.10 (Poisson Bracket). Let f,g € C°(T*M). The Poisson bracket

{f,g} of f and g is defined as the following formula,

{f,9} = w(Xy, Xg) (1.12)

In particular, in Darboux coordinates this becomes

dim M 8f 89 ag af
{f.9}= z; <8xiam_amiam> (1.13)

' d
Remark 1.3. Notice that Xy f = df(Xpg) =w(Xs, Xg) ={f,H} = (T{'
Using the Poisson bracket we can give a proper definition of an integrable system.

Definition 1.11 (Integrable System). Consider a Hamiltonian system on some
configuration space M of dimension n. Suppose there are n conserved quantities
fis-ooy fn: T*M — R so that dfy,...,df, are linearly independent at each (x,p) €
T*M, and so that {f;, f;} = 0 for all 4,j. Then the system is said to be completely

integrable.

13



An integrable system has the remarkable property that it reduces to a much
simpler system of equations on the level sets of the conserved quantities fi,... fy.

This is made precise by the Arnold-Liouville theorem.

Theorem 1.2 (Arnold-Liouville). Consider a completely integrable system on an n
dimensional manifold M with n conserved quantities fi,... f,. Let My = {(z,p) €
T*M : fi(x,p) = ¢;,i = 1,...n}, where for each i, ¢; is a constant real number.

Then the following statements hold.

1. If My is compact and connected then it is diffeomorphic to the torus 7™ =
(81", and in a neighbourhood of M; we may construct a system of lo-

cal coordinates called action-angle variables I1,...1I,, ¢1,...¢,, where I} =

fi(z,p), ... Iy = fu(z,p) and ¢1,...¢, € [0,2m).

2. The equations of motion become
fk:O, (i)k:wk(ll,...fn), k‘Zl,n (114)

Where wy, is a smooth function of the conserved quantities. Hence the equa-

tions for ¢; are independent and can be solved separately.

In general, the theorem can be extended to the case where the system has more
than n conserved quantities. From this, it is found that if the system is maximally
superintegrable then My is one dimensional and therefore diffeomorphic to a circle,
meaning the orbits are closed.

In Darboux coordinates, we can write a particle’s trajectory in phase space as

14



(z',p;) as above, and arrive at Hamilton’s equations as usual.

Theorem 1.3 (Hamilton’s Equations). For a Hamiltonian system with H = K+V,

the equations of motion % (xi, pi) = Xy ((z,p;)) simplify to the following.

OH . oH
“op VT T on

j;'i

(1.15)

Proof. Simply compute {zf, H} = g—g —0,and {p;, H} = —gfi.

Now we will describe symmetries of Hamiltonian systems. Let G be a connected
Lie group and let A : G x M — M be a smooth Lie group action preserving
the Hamiltonian H the symplectic form w. If we write Ay : M — M for the
action of some group element ¢, then for each ¢ € G, A$w|q = w|, for all ¢ € M.
For brevity we write Ag(q) = ¢ - q. For a compact, simply connected Lie group
G, any group element ¢ can be written as the Riemannian exponential of some
Lie algebra element £ € g = Lie(G). This means that the action Ay(g) can be
written as exp(t£) - ¢. The induced action on T*M is called the cotangent lift of
A, and is given by /L;g(q,p) = (¢-q,¢~ 1 -p). So the action in general is given by
(¢,p) w (exp(t€) - q,exp(—t§) - p). We can also write the action Aegpey on T°M
parametrized by t as a flow operator associated to some vector field X¢ € X(T*M),
so that exp(t§) - (¢,p) = expyp)(tX¢). We call this vector field the infinitesimal
generator of ¢.

Suppose that for all ¢ € G we have Xpyoa, = Xpy. Then the functions H

and H o Ay determine the same Hamiltonian system. This means that for such a
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Lie group, each solution to Hamilton’s equations determines a family of solutions
induced by the action of A. This family of solutions forms what is known as an
invariant set for the Hamiltonian system.

To characterize the invariant subsets, we can construct a function p : T*M — g*
called the momentum map for A, which has the property that for each § € g, if X,

is the infinitesimal generator associated to £ then,
d{p(z,p), &) = Xe a1 Q| for all (x,p) € T*M (1.16)

So if &1,...,& are a complete set of generators for g, we can find p by solving
the system of ODEs determined by d(u(z,p),&;) for i = 1,..., k. Note here that if
w = Q is the standard symplectic form, then we have d(u, ) = XeidX = —d(XeaN).
So we have (u,&) = X¢a A This provides a straightforward way of computing the

moment map.

Definition 1.12 (Momentum Map). Let p : T*M — g* be a differentiable func-
tion satisfying (1.16). Suppose that p is G-equivariant. That is, for all ¢ € G,

ad™(Ag) il (zp) = BlAy(z,p)- Then p is said to be a momentum map for the action A.

The image of the momentum map is an element of the dual of the Lie algebra.
The quantities (u, ) are to be interpreted as the ‘conserved’ quantities of the system,
as it can be shown that i—’: = 0 where % is defined with respect to the Hamiltonian

flow determined by H. The level sets of i therefore determine some invariant sets

of the Hamiltonian system.
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1.3 Complex Geometry

Complex geometry concerns manifolds with a so-called complex structure. This
is a special kind of linear map related to the manifold which allows one to use
complex coordinates z : U € M — C" rather than real coordinates z : V C M —
R?". For a self-contained definition, one can begin with a topological space which
is locally homeomorphic to C", and perform the usual construction for manifolds
except with the condition that the transition functions are holomorphic. Instead of
a smooth structure, the resulting structure is called a complex structure. Much of
this material is discussed in textbooks on complex geometry or related subjects [22,

20, 21].

Definition 1.13 (Complex Manifold). Let M be a Hausdorff and second-countable
topological space. Suppose there exists n € N so that M is locally homeomorphic to
C". Each local homeomorphism ¢y : U — C" is called a chart. Let C' be an open
cover of M with the property that for each U € C, U 2 C", and let U and V be
elements of this cover. If for each pair of charts, ¢y, py : M — C™, the transition
function ¢y o cp(/l : C" — C"™ is holomorphic, we say the collection @ of charts is
a complex atlas (or holomorphic atlas) for M, and we say M is an n-dimensional

complex manifold when endowed with this structure.

We can define the tangent bundle of a complex manifold in a similar way. We
will begin by constructing the real tangent bundle. Let {z!,...,2"} be coordi-

nates for M in a patch U. For each i = 1,...,n we write z; = 2’ + iy’. Given
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the real coordinates {x!',y!,... 2", y"}, we can define the tangent bundle of the

underlying 2n-dimensional real manifold. A basis for each fibre is then given by

(01,0,

1y - -+, Ogn, Oyn }, which extend to coordinate vector fields locally. Given these,

we can define complex vector fields corresponding to the holomorphic and antiholo-

morphic derivative operators 0,: and Oz:.

Definition 1.14 (Complexified Tangent Bundle). We define the complex tangent

bundle by T°M = TM ® C.

Definition 1.15 (Wirtinger Derivatives). Let M be an n-dimensional complex man-
ifold and let {=!,%!,..., 2", y"} be real coordinates on U C M. Define the following

sections of TCM|y:

o 1[0 0 o 1[0 .0
- = — - — —_— = = - ), —— 1.1
92 2 (830’ Z8y1> S = <axz “ayz) (L.17)

Together, the smooth vector fields {0,1,051,...,0:n,0sn} form a coordinate frame

for TCM|y;. These are called the Wirtinger derivatives.

In the coordinate chart U defined above, we can convert our 2n real coordinates
{2%,y'} into n complex coordinates z* defined so that ' = J(z'+7%) and y' = & (2*—
z'). This allows us to generalize many formulas from real differential geometry.
When viewed as a real vector bundle, the complexified tangent bundle has a natural
bundle endomorphism J called a complex structure, which has the property that

JOy; = 0y, and JOy, = —0,,. In complex coordinates, we then have J0,, = i0,, and

JOs, = —ids,.
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Definition 1.16 (Holomorphic/Antiholomorphic Tangent Bundle). Let M be an n-
dimensional complex manifold with complex structure J. The holomorphic tangent
bundle of M is defined to be the +i eigenbundle of .J, and is denoted by T(H9) M7,
Similarly, the antiholomorphic tangent bundle is defined as the —i eigenbundle of

J, and is denoted TV M.

Definition 1.17 (Degree of Complex Differential Form). Let M be a complex

manifold. A degree (p, q) differential form is a section of APTLO* A A AGTOD* 7 f

The direct sum decomposition of TC€M also allows to decompose the exterior
derivative into a component acting on holomorphic forms and a component acting

on antiholomorphic forms.

Definition 1.18 (Dolbeault Operators). Let d denote the exterior derivative on
A*TC*M. For a differential form specified in local coordinates by w = wr;dz! Adz”,
this is given by dw = %42dz" Adz! Adz” + 942dzF Ad2! Adz, with T and J being
multi-indices denoting the holomorphic and antiholomorphic components of w. The
holomorphic Dolbealt operator 0 is then defined in coordinates by

~ Owyy

0w = = dzF Ad2! A dz, (1.18)

and the antiholomorphic Dolbeault operator d by

Ow = a‘*f,j dz% A de! A dz? (1.19)
0z

The exterior derivative then satisfies the identity d = 9 + 0.
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Recall that for a complex vector space, the corresponding notion of a positive
definite inner product is a sesquilinear product. This motivates the following defi-

nition.

Definition 1.19 (Hermitian Metric). Let M be an n-dimensional complex manifold.
A Hermitian metric on M is a section h of TC*M ® TC*M satisfying the following

properties.

1. For all v,w € TS M, we have h(v,w) = h(w,v)

2. For all v # 0 € TSM we have h(v,v) >0

A complex manifold M with a Hermitian metric is often called a Hermitian
manifold. It is the complex generalization of the notion of a Riemannian manifold.

Some remarkable properties of Hermitian metrics are as follows.

Theorem 1.4. Let M be a complex manifold with Hermitian metric h. The bi-
linear form defined by g = 1(h + h) = Reh defines a Riemannian metric on TM.
Additionally, the bilinear form w = %(h —h) = Imh is a skew-symmetric degree

(1,1) differential form, and is referred to as the fundamental form of M.

A particularly well-behaved subclass of Hermitian manifolds are the Kéahler man-

ifolds, defined by the following rule.

Definition 1.20 (Kéhler Manifold). Let M be a Hermitian manifold with metric
h. Then M is called Kahler if dw = 0, where w is the fundamental form associated

with h.
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Definition 1.21 (Hermitian Laplace-Beltrami Operators). Let M be a Hermitian
manifold with metric h. Recall that the exterior derivative on TC*M decomposes
into d = 9 + 0, where 0,0 are the holomorphic and antiholomorphic Dolbeault
operators. We similarly define the codifferentials 9* = — x 9% and 9" = — %O,
where x is the Hodge star operator associated to h. With these, we can define the

holomorphic and antiholomorphic Laplace-Beltrami operators,
AP =90* + %9, A?=00"+0D (1.20)

Theorem 1.5. If M is a Kahler manifold, the holomorphic and antiholomorphic
Laplace-Beltrami operators defined by a Hermitian metric h agree, and are related
to the Riemannian Laplace-Beltrami operator defined by ¢ = Re(h) according to
the formula [23],

A9 =2A? = 2A? (1.21)

Proof. Expand 0 and 0 in terms of real coordinates and then simplify. See the
lecture notes by Moroianu [23].

This fact is what allows us to generalize the Kepler problem to Kahler manifolds
in complex coordinates, as the Green’s function of the Hermitian Laplace-Beltrami
operator will agree with the Riemannian one.

Consider a Hermitian metric on TCM. Recall that we can construct a Rieman-
nian metric on TM from the Hermitian metric on TCM. Since the Hamiltonian

is real, the existence of this Riemannian metric allows us to relate the complex
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Hamiltonian dynamics on M to the underlying real dynamics.

Theorem 1.6. Let M be a complex manifold with Hermitian metric h and corre-
sponding Riemannian metric ¢ = Re(h). Consider a system of N point particles
with masses {m1,...,my}, with trajectories {z1(t),...,zn(t) | t € RT}. The ki-

netic energy function is given by,

1 1
K= Lip. ) = hY(p,. p..). 1.22
Zz:; 2mig (pxlapzl) ; om; (pzlapzl) ( )

Additionally, in order to define Hamiltonian mechanics on Ké&hler manifolds
we need to know the expression for the standard symplectic form in complex co-
ordinates. Recall that the standard symplectic form is given by 1 = d\, where
A=>""  2'dp,:. For a Kihler manifold there are 2n real coordinates (z?, y'), so we

can write

n

A= Z(ﬂl’idpzi + yidpyi)
i=1

LQmy iy =i i i
=1 Y (G +2)d(pas +pzi) = (1 = 2) d(pas — p2r))
i=1
I —i
=3 Z(z dpszi +Z'dp,:)
i=1

So the standard symplectic form is

n

1 i =1
Q= ;(dz Adpyi 4+ dz' Adp,i) (1.23)

Note that the symplectic form 2 and the fundamental form w both define symplectic

structures, but are otherwise unrelated. When considering the base space M as the
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configuration space, not the phase space, it is more natural to use {2 when defining
Hamiltonian systems, since the fundamental form is not assumed to be related to
the dynamics. Using this as our definition for the symplectic form, we arrive at the

following versions of Hamilton’s equations.

Theorem 1.7. Let M be a complex manifold and let H be a Hamiltonian function

on M. Then Hamilton’s equations take the following form,

s =998 Pui = o1 (1.24)
: oz

When studying symmetries it is also essential to compute the equation for the
momentum map in complex coordinates. Suppose that G is a connected Lie group
acting on M. Then suppose that { € Lie(G), and let X¢ be given in real coordinates
by

Xe = X{0,i + Y0

i — X{0,  — Y00, (1.25)

Y

Then in complex coordinates we have

(1.26)

i
z

1 . 1. . | Lovi i
Xe = S (Xe+ V()0 + 5(XE = )0 — 5 (XE+YDDy,, = 5 (Xe =)0,

Using this formula we can easily find expressions for momentum maps on complex
manifolds given the required expression in real coordinates. An example we will be

interested in is the complex projective space.

Definition 1.22 (Complex Projective Space). Consider the collection of lines through

the origin in C". That is, the set CP" ! = {[Az, A € C] : z € C"}. This set is called
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the complex projective space, and has the structure of a complex manifold. A use-
ful representation of this manifold is as a quotient of C"\{0} by the equivalence

relation z ~w <= I\ € Cs.t. 2 = Aw.

Since a line in C" is entirely determined by a single nonzero complex vector
(Zo, ..., %), we often denote the line using so-called homogenous coordinates, Z =
[Zo : ... : Zy], where we use colons rather than commas to indicate that only the
ratios between the components matter. To see why this is true, observe that if Z;
is nonzero, then we can define A = A\/Z;, and then [Az, A € C] and [Az, A € C] are
equal as sets.

An atlas for CP" can be constructed as follows. Observe that if one of Z; is
nonzero, we can choose a fixed representative of the line [Zp : ...: Z; : ... : Z,] by
dividing through by Z;, giving us the homogenous representation [Zy/Z; : ... : 1:

.+ Zn/Z;]. The non-fixed coordinates are denoted z; = Z;/Z;,5 = 0,...,i — 1,
2j = Zj41/Zi,j =1i,...,n— 1, and are referred to as affine coordinates. Let C; be
the (closed) subset of CP" consisting of lines W = [Wy : ... : W,] with W; = 0.
Then the coordinates (zo,...,2n,—1) define a complex chart CP"\C; = C". This
procedure therefore gives us an atlas for CP" consisting of n charts. Not only is

CP"™ a complex manifold, it is also Kahler.

Definition 1.23 (Fubini-Study Metric). The Hermitian metric on CP", given as the

quotient metric of the standard inner product on C"*!, is called the Fubini-Study
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metric, and takes the following form in affine coordinates,

. ((1 +[2%)di; — Zizj

dz' @ dz7 1.27
0L+ 2P > # @47, (1.27)

where 6;; = 1 if i = j and 0 otherwise.

1.4 The Kepler Problem

The Kepler problem is the classic problem of predicting the motion of idealized
massive objects obeying a form of the Newtonian law of universal attraction. In

M = R3, this law takes the form,

AID = Arkp, lim ®(x) =0, (1.28)

lIx[|—o00
where p is the mass density of the system of particles, k is a constant!, and ® is the
potential energy function. Here A is the usual Laplacian operator. This determines
the equations of motion via the Hamiltonian H = K + ®. Since we are taking the
particles to be points, the above equation will contain so-called delta functions on
the right hand side. We should therefore write this in weak form, which allows for

p to be interpreted as a distribution.
Vo e WH(R?), / (V®-Vu+ pv)dV =0 (1.29)
M
Here, W12(R3) is a Sobolev space, defined as the following subset of L?(R3).

WHARY) = {f € L*(R?) = |[fI° + [V fI* < oo} (1.30)

"We avoid the use of the constant G, since we also use G to denote the Green’s function
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This equation can then be solved using the method of Green’s functions. For each
y in M, we solve the above partial differential equation for an idealized point mass
located at y. The mass density is interpreted as a distribution, and can be thought of
as dy, where dy € (L?(R?))* is the Dirac delta distribution defined by dy[f] = f(y).

This gives us the following integral equation,
Vy € R3 v € WH2(R3), / VxG(x,y) - Vxv(x)dV = 47 (1.31)
RS

We can solve this using a straightforward application of Fourier transforms, resulting
in

1

G(x,y) = Tinx—y| (1.32)

The solution G(x,y) is called the Green’s function for the partial differential equa-
tion, and has the property that [ps G(x,y)p(y)dV = ®(x) is a solution to (1.29).
If p is smooth, then ® is a strong solution to (2.2). More importantly, it defines the
potential energy of a particle in the vicinity of a point mass. It is useful to note
that the Green’s function for the Poisson equation is symmetric: G(z,y) = G(y, x).
We can easily generalize this to a system of many particles by adding together the

potential energies.

Definition 1.24 (Kepler Potential in R™). The potential energy of a system of par-

ticles, each located at positions x1,...,xn and with masses mq, ..., my, interacting
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via a Kepler potential is given by the following function.

N
V(xl,...,xN) = kZZmZmJG(xl,xj) (1.33)

i=1 j<i

With k£ € R a constant as above.

The total Hamiltonian for such a system is

N N
1
H(z,p) = ZTmiHPiHQ+kzzmiij(wi,fcj)~ (1.34)
i=1 i=1 j<i

This gives rise to Hamilton’s equations, which are

1

1

. 0
pi = —mikij%jG(l‘i,wj). (1.36)
i

This abstract formulation lets us generalize the Kepler problem to arbitrary
Riemannian and Hermitian manifolds by replacing the ordinary Laplacian with the
Laplace-Beltrami Operator.

There are various different versions of the Kepler problem. The simplest is
the restricted two-body problem, in which we study the motion of a point particle
around a fixed mass. We will ignore collisions, since the potential is often singular at
the location of the fixed mass. This reduces the configuration space of the problem
to just M \ {p}. There is a choice we must therefore make when calculating the
dynamics on a manifold. Do we compute the Green’s function for the Laplace-
Beltrami operator on M, or on M \ {p}? They are not the same manifold. In what

follows we assume that the dynamics are defined using the Laplace-Beltrami operator
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on M, which gives us what is sometimes called the intrinsic Kepler problem. It has
been shown that when M is a compact surface the Green’s function for M \ {p} is
related to the Green’s function on M by a straightforward expression [6]. However,

the dynamics on the two manifolds may not match each other completely.

Definition 1.25 (Restricted Two-Body Kepler Problem). Consider a point particle
of mass m located at a position z € R3, orbiting a fixed particle of mass mg located
at a position y € R3. The dynamics of this problem are determined by the following
Hamiltonian.

1
H= %pQ + mmokG(z,y) (1.37)

A major problem is to determine which manifolds yield Green’s function po-
tentials whose orbits are closed. If the Green’s function G(z,y) satisfies G(z,y) =
V(d(z,y)) for some V', with d(x,y) the Riemannian distance function [24], we call G
a central potential around the point x. In the restricted two-body case, a change of
variables to r = d(z,y) is often possible. Central potentials for which the solutions

to Hamilton’s equations are closed are called closing potentials.

Definition 1.26 (Closing Potential). Consider a Hamiltonian system of the form
H = K(z,p) + V(z), with z € M and p € T, M. The function V is called a closing

potential if all bound solutions to Hamilton’s equation are closed and periodic.

When M is a compact rank-one symmetric space, a Fuclidean half-space, or any
Riemannian 3-manifold, all closing potentials have been classified [1, 4, 2, 5, 7]. On

these manifolds, any closing potential either takes the form V(d(z,y)) = kG(x,y)
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or V(d(x,y)) = kG(x,y)~2. The former is referred to as a Kepler potential, while
the latter is referred to as an oscillator potential (as it reduces to the potential
of the simple harmonic oscillator in the case M = R"). It is known that such a
closing potential results in a maximally superintegrable system. That is, a system
which is not only integrable in the Louville sense, but which has a maximal number
of additional conserved quantities that determine the solutions completely. For
instance, the restricted two-body Kepler problem in R? has a Hamiltonian of the
form

1 2 2 2
H = %(p$+py+pz) -

e
where we have taken the fixed mass to be located at the origin. This Hamilto-
nian yields four ordinary conserved quantities: the Hamiltonian itself and the an-
gular momenta associated with the infinitesimal generators of the rotation group
SO(3). Since we are working in R®, the angular momenta can be computed as
the components of L = r x p where we have associated T, R? with R, and where
P = (Pz, Py, p-). However, this problem acquires an additional three conserved quan-
tities, which form the so-called Laplace-Runge-Lenz vector A = p x L — mTkr. This
conserved quantity does not arise due to symmetries coming from the isometry group
of R3. Instead, it is a result of a so-called hidden symmetry. A hidden symmetry
does not necessarily arise due to the action of a group G on the configuration space.

One interpretation of hidden symmetries is in terms of Killing tensors. If we

consider the infinitesimal generators associated to each of the ordinary conserved
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quantities, most of them arise as generators of the isometry group of the configu-
ration space, and so they are Killing vectors for the metric g. We then widen our
view to include higher order Killing tensors. That is, tensor fields K € T (M)
satisfying [K,g]s = 0 where [-,]g is the Schouten bracket [24]. Using these we
can sometimes find additional conserved quantities. Typically we study rank-two
Killing tensors, whose associated conserved quantities are quadratic polynomials in
the momenta p of the form K|, (p, p)+W (z) for some function W [25, 26]. Similarly,
if we instead consider the oscillator potential V (r) = kr? we find that there is an
additional set of conserved quantities generated by a Killing tensor called the Frad-
kin tensor. This leads to an equivalent of the Laplace-Runge-Lenz vector for the
harmonic oscillator system. Hidden conserved quantities can also be found using the
Hamilton-Jacobi formalism. Let H(x,p), with (x,p) € T*M, be the Hamiltonian
of some system. The Hamilton-Jacobi equation is a partial differential equation of
the form H(x, %) = E, where S(z) is an unknown function to be solved for. The
solution S then allows one to recover the momenta p as functions of time, and via
Hamilton’s equations the positions as well. The condition which S must satisfy in
order for this method to yield solutions to Hamilton’s equations is given by Jacobi’s
theorem [17]. If the partial differential equation is separable, we may take the ansatz
S(z,p) = Si(z') +...S,(z"), and the resulting system of equations is of the form
fi(z, %) =A,..., fnlz, %) = A\, where each function fi,..., f, is conserved, as

we can see from the fact that the separation parameters Aq,..., A, are constant by
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definition [27].

2 Integrability of the Kepler Problem

2.1 The Intrinsic Kepler Problem on Complex Projective Space

Definition 2.1 (Riemannian Laplace-Beltrami Operator). Let M be a Rieman-
nian manifold of dimension n with metric g. The Laplace-Beltrami operator AY is

equivalently defined by the following formulas,

1. AYf = div(gradf)
2. AIf = (dd* + d*d)f
Here the codifferential d* : Q*(M) — Q°(M) is defined by d*[gr(5s) = (—1)* xdx for

each k € {0,...,n}. In local coordinates these formulas are written as follows.

a0f = ——; (Vialg"9;) (2.1)

VIl

Definition 2.2 (Poisson Equation). Let M be a Riemannian or Kéhler manifold

with Riemannian metric g. The Poisson equation on M is,
AIf = Arkp (2.2)

Where p and f are interpreted in the sense of distributions.

The solution to a general Poisson equation can usually found using the method of
Greens’ functions, provided p is well behaved. Typically we take p to be of compact

support. The Green’s function for such a problem is a function G : M? — R so that
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G(z,y) solves the partial differential equation

A, G(x,y) = Arkd(y — x) (2.3)

Theorem 2.1. Let G be the Green’s function for the general Poisson equation (2.2).

Then,

fa) = /M 4k p(y) Gz, ) AV () (2.4)
is a solution to (2.2).

However, if we are working on a compact manifold there is no boundary data
to specify a unique Green’s function. The boundary conditions are then replaced
by some constraint designed to remove the extra degrees of freedom from the prob-
lem. A common constraint for the Poisson equation on a compact domain with no

boundary is the Gauss constraint.

Definition 2.3 (Gauss Constraint). Let M be a compact Riemannian manifold.
The Gauss constraint is the following contraint on the solution to the Poisson equa-
tion,
/ fdVy =0 (2.5)
M
With the Gauss constraint, we can completely determine all weak solutions to
the Poisson equation in terms of a Green’s function.
We extend a theorem of Szabo on the existence of radially symmetric harmonic

functions in order to investigate the existence of radially symmetric potential energy
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functions.

Theorem 2.2. Let M be a simply connected manifold with Riemannian metric g
and associated Laplace-Beltrami operator AY9. Then the Green’s function G is radi-
ally symmetric if and only if M is isometric to either a compact rank-one symmetric

space, R™, or the half-space H" for some n.

Proof. We begin by considering the solution to (2.2) in a Riemannian normal neigh-
bourhood U of . Let r(y) = dy(x,y) be the radial distance function defined in
the normal neighbourhood, and suppose G is radially symmetric. Then there exists

f € C*(R.,R) so that G(x,y) = f(r(y)) and so that f satisfies the equation
_ _y-l
A for(y) ==V + 0, (2.6)

Recall that when applied to a composition of functions, the Laplacian yields the
formula A9(¢p 0 1p) = —(¢" 0 9)||V||> 4 (¢ 0 1)A%p. Due to the definition of the
Riemannian distance function, we can immediately see that |[Vr||* = 1. Similarly,
it is known from Riemannian geometry that A%r = —Tr(V?*r) = — Tr(VN), with
N being the normal vector to dU. Recalling that —V N is the shape operator,
we recognize this as an expression for the mean curvature H of OU. We have
AY9r = H. Considering Riemannian polar coordinates r,0 at x, we arrive at the

following equation for f.

F') + f () H(r,0) =V =6, (2.7)
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This equation is only well defined if f”(r) is independent of 6, which happens if and
only if H is radially symmetric. But it is known that a manifold M has radially
symmetric mean curvature if and only if it is locally harmonic [28], which means M
is a compact rank-one spherically symmetric space.

Because we are interested in compact rank-one spherically symmetric Kahler

manifolds, the obvious place to start is CP2.

2.1.1 The Green’s Function Potential on Complex Projective Space

The complex projective plane admits a number of useful symmetries. Particu-
larly, the isometry group of CP? with the usual Fubini-Study metric is the special
unitary group SU(3). The point particle dynamics on this manifold can then be
simplified using Hamiltonian reduction. The Hamiltonian reductions of (CP?)? and
(CP?)3 with respect to this action have been studied extensively [11, 12], as well as
the implications for point particle and point vortex dynamics.

In this section we will be interested in the restricted two-body problem on CP?
as a toy example of a complex Hamiltonian system. The first step is to derive
the related Green’s function. To do this we can exploit the symmetries of CP?.
Recall that the injectivity radius inj(M) of a manifold is defined as the largest value
of d(z,y) so that z and y are connected by a minimizing geodesic. A Blaschke

manifold is defined as follows.

Definition 2.4 (Blaschke Manifold). Let M be a closed Riemannian manifold.
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Then M is said to be Blaschke if diameter(M) = inj(M).

One also needs the volume density function in order to calculate the Green’s

function. This is defined by,

we(y) = y/det bl -1, (2.8)

Definition 2.5 (Locally Harmonic Manifold). Let M be a Riemannian manifold
and let w,(y) be the volume density on M. We say M is locally harmonic at z if
for all £ > 0 there exists a function €2 : [0,e) — R so that w,(y) = Qx(d(z,y)) for

all y € B.(x). If this property holds at all =, M is called locally harmonic.

Theorem 2.3. [29, Theorem 2.17] Let M be an n-dimensional locally harmonic
Blaschke manifold. The Green’s function for the Laplacian on M is given by
G(z,y) = o(d(x,y)), where

- [0 4 (1) at
Vol(M) v(r) ’

¢'(r) =
and v(r) = Vol(S"1)r*~1Q(r).
For CP?, the distance function is given by the great circle distance,

— 7ﬁ
Z W WsZ
d(z,w) = arccos | {/ W , (2.10)

where Z and W are any homogenous coordinate representatives of z and w. The

volume density function is determined by Q(r) = 8sin3rcosr [29]. We therefore
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calculate the Green’s function on CP? by solving (2.9), yielding

— /B
1 1 Z WO WsZ
G S In(1- 2.11
(zw) = 37 ZaW W, 2 n( AEGE ) (2.11)
1= =zpmwr

The restricted two-body problem has one particle fixed. We can choose this point
arbitrarily, so we will take it to be W = [1: 0 : 0]. Then the total Hamiltonian for

a single particle at position Z = [1 : 2! : 2?] is,

1 _ _
H = 2m1(|2’2 n 1)2 ((1 + |21‘2)‘pzl’2 + (1 + ‘22|2)|p22|2 + 2122]732]751 + zzzlpzlng)
k:mlmg 1 )
— [ —= +In(1 2.12
Ar2 <|z|2 +In(1+[27%) (2.12)

The Green’s function is known to give rise to Bertrand systems in the three-
dimensional case [2]. Therefore it is the natural potential energy function to choose
when beginning to study integrable systems on a general manifold.

To investigate the integrability of this system, it is useful to understand the
symmetries of the Hamiltonian. Using a large enough symmetry group, we hope to

construct a reduced space called the symplectic reduction.

2.1.2 Special Unitary Group Symmetry

Let C1 = {[0: Zy: Z3] : Zy,Z3 € C}U[1 :0:0]. There is an SU(2) action
on TC*(CP?\C}) which leaves this Hamiltonian invariant. It is induced by the

following action of SU(2) on CP2. Let U € SU(2), with matrix representation given
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U] = ;o leP+BP =1
The formula for the SU(2) action on CP? is,
U-[21: 2% Z3) = [2' : a2® — BZ3 : B2 + aZ3)] (2.13)

We can see that this is independent of 2!, which means there is a single fixed point at
[1:0:0]. Luckily, in the aforementioned restricted two-body problem the Green’s
function has a singularity at |(z!,22)| = 0, meaning the group action is free on the
entire domain of H, which is all we need to define dynamics. If we lift this to an
action on TC*(CP?\(C}), the induced action on a covector p is from the cotangent
lift of U, which pulls back p by U~! = U'. So in affine coordinates the total action
is given by,

U-((z',2%), (pr.p2)) = ([UN(=", 22), [U) (1, p2)) (2.14)

To compute the momentum map of this action, the quickest way is to define su(2)

as being generated by the imaginary unit quaternions. That is,
su(2) ={ai+Bj+vk:a,8,7 €R, ijk=—1,i* = j> = k*> = —1}. (2.15)

The fundamental representation of H on C? then provides us the following matrices.

[Z] = ) []] = ) [k] = (2‘16)
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In real coordinates, the first infinitesimal generator is,

X 9 ﬂﬂi_ 9 0 n 9 _ 9 n 9
Ty M ows T oy Pows PMop,,  Pops, 2op, | Y2 0p.,

This calculation simplifies a bit in complex coordinates. In these coordinates, the

associated infinitesimal generators are (up to an irrelevant normalization factor)

X; =Im (228z1 + 210, + P220p, + P 8192)
X;=1Im (22821 - Zlazz —|—p228pz1 - p218p22)

X =Im (z18Z1 — 22822 —p218pzl —|—pz26pz2) (2.17)

Finally, we compute the momentum map associated with the SU(2) action by com-

puting X¢ A
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Theorem 2.4 (Momentum map for SU(2) on T* CP?). The map u : TC*(CP*\Cy) —

su*(2) defined by

Im(2%p;1 + 2'ps2)

1
p(zt, 2% pa,pee) = 5 Im(22%p1 — 2'p.) (2.18)

Im(zlpa — 22p.2)

is a momentum map for the action (2.13).

Proof. We compute for example,

1
Xiah = (2%0.0 + 2'0,2 + D20y, + P10y, (2.19)

1 . .
7204 — 700 — Pz20p, —P510p, ) 3 Z(zldpgi +Z'dp.i) (2.20)

i=1
| ~1 1 2
= E(z P +Z P2 — 2 P2 — 2°ps2) (2.21)
1 2 1
= §Im(z Ps1 + 2 Ds2) (2.22)

The rest are similar. The inverse image of each group orbit, ! (0122, po))s isan
invariant set for the Hamiltonian system. Unfortunately, progress in understanding
the equations of the level sets algebraically is difficult. In the future it could be useful

to bound the maximum value of |z| attained by the orbit using these equations, given

some initial values for the momenta p,1,p,2.

2.1.3 Torus Group Symmetry

The T2 torus action on CP? has a well known momentum map, whose image

in g* is known as the Delzant polytope of CP2. However, we are interested in an
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action induced on the cotangent bundle. This is an action on an 8 real-dimensional
manifold, so the momentum map doesn’t completely reduce the system. The action

on CP? is given by
0,9) - [21: 221 Z3] = [z} : €022 : £ 73] (2.23)

This induces an action on TC*(CP?*\C}) via the cotangent lift. The generators of
this action are just diag(i,0,—i,0) and diag(0, 4,0, —i), which give us the infinitesi-

mal generators,

0 0
— 1 _
Xp =1Im (z 571 Pyt 8p1>

F

0 0
X, =1Im <Z23,22 - p228p1) (2.24)

Theorem 2.5 (Momentum map for T2 on T* CP?). A momentum map for the

action induced on TC*(CP?\C1) by (2.23) is given by,

Im(zlpzl)

1
M(zla Z27pz1>pz2) = § (225)
Im('zszQ)

Notice that the SU(2) action considered in the previous section coincides with
this action if and only if § = —¢, since elements of SU(2) must have unit determi-
nant. This means their combined actions reduce to an action of SU(2) x St = U(2)

on phase space.
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Theorem 2.6 (Momentum map for U(2) on T* CP?). A momentum map for the

action of U(2) on TC*(CP?\() is given by,

Im(2%p;1 + 2'ps2)

2 1

1 [Im(2%ps1 — 2'ps2)

M(Zlaz2apz17p22) = 5 ’ ’ (226)
Im(zlpa — 22p.2)

Im(2'p,1 + 2%p.2) |
Proof. The Lie algebra u(2) is generated by the imaginary quaternions as well as i 1.
The infinitesimal generator associated with ¢ 1 is exactly the sum of the vector fields
generated by the two generators of T2. Therefore, the component of the momentum
map associated with that generator is the sum of the two components of the T2
momentum map.

Since U(2) is the stabilizer of [1 : 0 : 0] in SU(3), which is the isometry group
of CP?, we can see that all of the usual symmetries have been exhausted. Thus it
may be possible to show that no more integrals of motion exist. Numerical evidence

suggests that some orbits are not constrained to a two-dimensional real submanifold

of CP?, so it is likely that this is the case.

2.1.4 Numerical Solutions

Numerical solutions to the system of equations are given on the following pages.
The numerical solutions were calculated using the implicit partitioned Runge-Kutta

method with Gauss coefficients provided by Mathematica 13.0 [30], which is the
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recommended method for some non-separable Hamiltonian systems. Indeed, we

found that the energy did not drift significantly in the numerical solutions.

Figure 1: Particle trajectory in CP?, given the initial conditions 2! = 1,22 = 1,p,1 =
i,p,2 =0 for 0 <t < 40.
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Figure 2: Particle trajectory in CP?, given the initial conditions 2! = 1,22 = 1,p,1 =
i,p,2 =1 for 0 <t < 40.
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Figure 3: Particle trajectory in CP?, given the initial conditions z' = 0,22 = 1 +
i,p,1 =1 +4,p,2 =0 for 0 <t <40.
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Figure 4: Energy drift for a numerical solution to the CP? system, given the initial
conditions 2! = 2,22 = 0,p,1 = 0,p,2 = 0.01i for 0 < ¢ < 40.

2.2 Kepler Problem on Surfaces of Revolution in Minkowski Space
2.2.1 Background

The Kepler problem on surfaces of revolution in R? given the usual Riemannian
metric is well studied [8, 6, 9, 31, 7]. The problem has also been introduced to the
pseudo-Riemannian case and a characterization of Bertrand surfaces of revolution in
R?! with a time-like axis of revolution is known [15]. However, many computations
which have been performed in the Riemannian case have yet to be extended to the

pseudo-Riemannian case. The setting is defined as follows.
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Definition 2.6 (Lorentz-Minkowski Space). The Lorentz-Minkowski Space R*! is

the vector space R® = {(z,y,t)} equipped with the metric
n = da? + dy? — dt?

Definition 2.7 (Space-like/Time-like/Null Submanifolds of R*1). A pseudo-Riemannian
submanifold of R?! is a submanifold M of R? so that the Minkowski metric 7 re-
stricts to a pseudo-Riemannian metric on TM C T'R3. A null submanifold of R?! is
a submanifold of M so that 7 restricts to a degenerate bilinear form on TM. Some

types of submanifold are as follows.

1. Time-like if for all v € T, M, n(v,v) < 0 unless v =0
2. Space-like if for all v € T, M, n(v,v) > 0 unless v = 0

3. Null if there exists some non-vanishing vector field v € X(M) so that n(v,v) =

0 forallpe M

To construct rotational surfaces in Minkowski space we construct the orbit of
the image of a differentiable curve v : I — R?! under a subgroup of the isometry
group,

SO(2,1) = {A € M3y3(R) : A’A =1,det A = 1}. (2.27)

Here A! is the metric-dual operator defined by the equation
n(Ax,y) = n(x, A'y) vx,y € T,R>".

The isometry group has three important one-parameter subgroups, a one param-

eter group of rotations in the z — y plane, S*, the group of hyperbolic translations,
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SO(1,1), and a group of null rotations. The surfaces generated by the hyperbolic
translations are called rotational surfaces, to emphasize that they are not the same
kind of surface as a usual surface of revolution. We will focus on surfaces generated
by the S' action. The axis of rotation can be taken to be a null, space-like, or

time-like one-dimensional submanifold of R%!.

Definition 2.8 (Surfaces of Revolution with a Space-like/Time-like/Null Axis of
Revolution). We begin with a planar curve (a(s),b(s)) in either the z —y or y — ¢
plane and consider the orbit of the curve under the action of a subgroup of the
isometry group. Any rotational surfaces can be parametrized by either s € (a,b)
and @ € S! in the time-like case, or § € R in the space-like or null cases. This results

in one of the following surfaces. [14]
1. Surfaces of revolution with a space-like axis can be written in the form
(z,y,t) = (a(s),b(s) sinh 0, b(s) cosh 0) (2.28)
2. Surfaces of revolution with a time-like axis be written in the form
(x,y,t) = (a(s) cos B, a(s)sinb,b(s)) (2.29)

3. Surfaces of revolution with a null axis can be written in the form

(z,y,t) = | —0(a(s) = b(s)),a(s) — —(a(s) — b(s)), b(s) — —-(als) — b(s))
2
(2.30)

Where we take the two functions a(s), b(s) to satisfy a’(s)? — ¥'(s)2 > 0 as in
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[14].
Theorem 2.7. The metric on a pseudo-Riemannian surface of revolution is,
1. for a surface with a space-like axis:
nly = (d'(s)? = b/ (5)%)ds® + a(s)*d6? (2.31)
2. for a surface with a time-like axis:

nla = (a'(s5)? — b/ (s)?)ds® — b(s)*d6> (2.32)

3. for a surface with a null axis:
Ny = (a'(s)2 — b’(s)Q)ds2 + (a(s) — b(s))2d92 (2.33)

Proof. The space-like and time-like cases are straightforward. For the null case,

we have

2.2.2 Surfaces with a Time-Like Axis

From here on any surface of revolution with a time-like axis will be referred to

as Stimelike- The Lagrangian of a particle on Sijmelike 1S the same as the case of a
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Riemannian manifold, just with a different metric signature. It is,
L=-m ((a'(s)2 ¥ ()28 — b(s)292) —V(s). (2.34)

From this we derive the equations of motion in Lagrangian form. Beginning with

the Euler-Lagrange equation %‘g—g %, we get

LoV _

(a'(5)% = V' (5)2)5 + (a(s)d'(s) — b(s)b(s))5% + b(s)0% + S s = 0 (2.35)
% (mb(s)Qé) =0 (2.36)

We immediately get two conserved quantities H and pg = mb(s)26 which are in
involution (i.e. {H,pg} = 0). Since the system is two-dimensional, the presence of
two conserved quantities means the system is Louville integrable. It is also useful
to mention a particular change of coordinates which sometimes simplifies the above
metric. Observe that a’(s)? — b'(s)? > 0 wherever the metric is well defined, since
we assume the signature is invariant. Let us take u(s) = [ /a’(s)? — /(s)2ds. Set

fug)? = b(u='(up))?. Then the metric is of the form,
nla = du® — f(u)?de? (2.37)

Zagryadskii 7, 15] finds that in order for two closing potentials (Kepler-like and
oscillator-like) to exist on such a surface, there should exist coordinates where the

metric is of the form

. 12 1
m|ym = diag ((32 — c) (2.38)

However, if one only requires the existence of a single closing potential, then it was
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found that one can use a more general metric of the form,

p? 1
=di . 2.39
2 las 18 <(s2 —c—ts72)27 g2 —c—t3_2> (2.39)

Different values for ¢, u,t € R result in different possible potential energy functions.
This metric can be put into the form (2.37) with an appropriate change of variables.
Let us first justify why this choice of metric indeed results in Bertrand surfaces.
We begin with the Lagrangian on an arbitrary surface, using the simplified metric
(2.37).

L= %m (u2 — f(u)292> —V(u) (2.40)

The conserved momentum is pg = mf (u)29 So the effective potential is,

L spp — V(u) (2.41)

Ver(u) = “omf(u)?

Therefore if we ignore 6 as a dynamical variable this system is effectively the same
as a one-dimensional system on R with potential Vig(u), so the proof used in the
classical case applies. Santoprete [3] showed that in the Riemannian case where we

have the metric du? 4+ f(u)2d6?, the function f must satisfy (2.42) below.
BE=5(=f"F + (F)NB = 5f"(F)f+ 4 = 3" F 2+ A(f) =0 (242)

In the pseudo-Riemannian case, the metric is therefore the same except with f — if.
= B =5(=f A (F))B =SS (FVF + A7 = 3f7F 2+ 4(F) =0 (243)

For the case where the constant ¢ = 0, the metric (2.39) can be written in the form
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(2.37) where we have,

u= —% arctanh (2) + D, (2.44)
fop () = écosh <C26(u + K)) . (2.45)

For the case where t # 0, a tractable expression for f(u) can not be obtained.
Luckily, the coordinates (s, 6) lead to a more analytically tractable orbit equation

as we will show in a following section.

2.2.3 Numerical Solutions

It is useful when performing analytic calculations to perform numerical experi-
ments to guide one’s intuition. Numerical methods for time-independent Hamilto-
nian systems are generally required to conserve energy to some degree. That is, the
total energy H of the system should not drift too much as the system is evolved
numerically. This property is satisfied by a certain class of numerical methods called
symplectic methods.

Suppose we have a dynamical system defined by some system of ordinary dif-
ferential equations on a manifold M. The fundamental solution to the system is
then a flow operator ®; on M which we would like to approximate numerically.
A numerical method for calculating ®; is a discrete dynamical system, i.e. a map
w5 : M — M, which takes a point p € M and approximates the output of ®4(p) for
some d € R. Recursively applying s to an initial point pg results in a sequence of

points p,,n € N which approximate an orbit of ®;. For a Hamiltonian system, we
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would like the sequence of points p,, to lie close to a level curve of the Hamiltonian
H, and ideally to level sets of any other conserved quantities. The method ;s is
said to be a symplectic method if ps preserves the symplectic form. That is, if
P3wlap = Wlps(gp)- 1t is a well known feature of symplectic methods that when H is
a separable Hamiltonian, |H (qy, pn) — H(qo,po)| is bounded by some AE and often
quasi-periodic in n. If the value of AF is small enough, the method will result in
accurate solutions to Hamilton’s equations.

In general, symplectic methods are a robust way to bound how much a method
violates conservation of energy. Unfortunately, non-separable Hamiltonian systems
are not well behaved even when solved using ordinary symplectic methods, such
as the Stormer-Verlet methods. Some efforts have been made to make the usual
methods perform better when solving non-separable systems, such as partitioned
Runge-Kutta methods. We found the partitioned Runge-Kutta method to be suf-
ficient in simulating the non-superintegrable CP? Kepler problem (2.12). However,
in this case the specialized methods such as the methods of Pihajoki [32] and Tao
[33] are required to achieve sufficient numerical stability.

The method of Pihajoki extends an earlier algorithm for solving Hamiltonian
systems called the auxillary velocity algorithm to the case of non-separable Hamil-
tonians. This extended method lifts a non-separable Hamiltonian system from 7™ M
(with coordinates (g, p) to (T*M)? (with coordinates (g, p, G, p)) by defining the ex-

tended Hamiltonian H(q,p,q,p) = H(q,p) + H(d,p). We label H = H(q,}) and
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Hy; = H(q,p). Hamilton’s equations then read

. OH, , OH, ~ OH, . OH,
1=, P 9 i="55 P 94 (2.46)

The solution to Hamilton’s equations is abstractly given by the flow map ®; =
exp(tX g). The idea of Pihajoki’s method is then to approximate ®; with an al-
ternating composition of flow maps derived from H; and Hy. For this we need the

Baker-Campbell-Hausdorff formula,
52 3
exp(0A)exp(dB) = exp| 6(A+ B) + E[A’ B]+0(6°) ), (2.47)
from which Pihajoki derives the formula
o o 3
exp(0Xj) = exp §XH1 exp(0 X pr,) exp §XH1 + O(6°). (2.48)

This is an example of a type of leapfrog method called a splitting method [34].

Expanding the exponential maps to first order in § then yields the following three-
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step method.

6 OH.
e 2 (Gns Pn)
- - (53H1 5
An+1/2 = 2 8~ (anpn)
5 6 0H>

ﬁn+1/2 =DPn — 2 8 (Qnapn)

5(9[-[1 -
Pnt1/2 = Pn — 2 a~ (Qn7pn)

OH,
Gnt1 = qn +0—— a5 (Qn+1/27pn+1/2)

OH;
Gn+1 = Gn + 587p(Qn+1/27pn+1/2)

0H, _
Pn+1 = Pn — 0—— 9 (qn+1/27pn+1/2)
q
- - OHs ,
Pn+1 = Pn — 5?(Qn+1/2apn+1/2)
q
0 OHo
Int+1 = Gnt1/2 T 5 p 2 (1 Pot1)
- 0 OHq
In+1 = ny1j2 1 5 5 —=(@n+1, Pnt1)
- N 0 OHo
Pn+1 = Pnt1/2 — 9 9§ —= (Gn+1,Pnt1)
0 OH,
Pn+1 = Pni1/2 — B dq ——(@n+1, Pnt1) (2.49)

This kind of method is called a leapfrog method due to the intermediate steps
Int1/2:Pny1/2- 1f an exact expression for the partial derivatives is known, this
method is very computationally efficient.

One can show that the numerical solution is an exact solution of the related
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Hamiltonian systems defined by,

Hyp = Hy + Hy — 552(2{{H27H1},H1} — {{H1,Hy}, Ho}) + O(6°) (250

Hypy = Hy + Hy — 271452(2{{1511, Ho}, Ho) — {{Ho, H0}, H1}) + O(6%),  (2.51)

where ¢ > 0 is the time-step. By subtracting H from each of these related Hamil-
tonians, we see that this algorithm conserves energy to order O(62). The author
demonstrated comparable performance to partitioned Runge-Kutta methods. Un-
fortunately, this method has the problem that the two resulting solutions can diverge
from one another over a large enough range of time. An improved method was de-
veloped by Tao, which adds an additional term to the extended Hamiltonian given
by

_ E =2 A2
He =5 (ll—al* + o —817) (2.52)

This term introduces what Tao refers to as phase space mixing. The modified

method is then given by the following extended Hamiltonian,

The numerical method is then defined by discretizing the following exponential map,

5 ) 5 5
exp(5XH) = exp(QXH1> exp<2XH2> exp(0Xp,.) exp<2XH2> exp<2XH1)+O(52).
(2.54)

This gives us a five-step method. The only difference between this map and the one
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defined by Pihajoki is the central term, whose discretization is given by

q— %(q +q) + cos(26w) (¢ — ) + sin(26w)(p — P)
P 5+ D) — sin20w) (g — @) + cos(20)(p — )
1

G 5(q+q) — cos(20w)(q — q) — sin(20w)(p — p)

=N

p = 5(p+ D)+ sin(20w)(q — §) — cos(26w)(p — )

[\

Numerical results demonstrate that for appropriate values of w, the difference be-
tween the two solutions is quasi-periodic for small time scales. The above method
will be denoted by gog, as the error is second order in d. A higher order method
can be constructed by recursively computing gof; = gof/EQ o gofl_f%) 5©° goggz, with
v = 1/(2 — 2%1). This results in a general f-step algorithm of higher order. For
integrable systems (such as the one under study), the general method has an error
bound of order O(Téw) for t < T ~ O(min(6 “w™",/w)). The algorithm de-
scribed was implemented in Python 3 [35] using the just-in-time compiler package
provided by Numba [36]. The main time-stepper function was based on the function
provided in the supplementary materials of the preprint ‘Nonseparable Symplectic
Neural Networks’ by Xiong et al. [37]. The results of numerical simulations imply
that the system does indeed have closed orbits. Furthermore, the orbits are very

close to epicycloids in shape.
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Figure 10: Orbits of the Hamiltonian system on Sgimelike With = 1/5,2/5,3/5,4/5
and m = 1,¢c = 10,t = 0.1,A = 1,B = 0,8 = =2, so = \/¢/3, $0 = 0, Oy =
0.25. This plot demonstrates how the number of lobes is only determined by the
denominator of y in reduced form.
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Figure 11: Orbits of the Hamiltonian system on Siimelike With m = 1,u = 1,¢ =
10,t = 0.1, A = —1,B = 0,8 = 1, so = v/¢/3, $o = 0. This plot demonstrates
how orbits with ¢ # 0 do not close when § = 1. Additionally, the system exhibits
numerical instabilities for some initial conditions.
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Figure 12: Orbits of the Hamiltonian system on Stimelike With = 1/5,1/4,1/3 and
m=1,c=10,t =0.1,A=1,B=0,8= -2, s =+/¢/3, =0, 0o = 0.25, created
using an ordinary Runge Kutta method. This plot demonstrates how ordinary
methods fail to conserve energy and are generally unstable.
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2.2.4 Exact Expressions for the Orbit

Let us write down the Lagrangian corresponding to the metric in terms of s.

=1 e 2 1 L ) v (2.55)
—a™ (52—c—t/52)28 s2—c—t/s? s .

From this we derive the Euler-Lagrange equations.

d . d
(-2 ) -
S

dt —c—t/s? dt
2 204/ 3 2 4
0 L 2p5(t/s° +s8) o pgttst) 10V
- A 2.56
ot (s2—c—t/s?)3 2 m Js 0 (2:56)

(s2—c—t/s?)?

Equivalently, we can write the system in Hamiltonian form as,

1 —2 2 t 2 2 2 t 2
HZZ’)’n('LL (S —C—S2> p5+ S _6_572 Py +V(S)7 (257)

where Hamilton’s equations become,

(2.58)

We can also write the equation for s in a form which decouples the $ and p, equations,

since H and py are constants of motion and depend only on initial conditions.

1 £ t
2 2 2 [ 2
2 <s c 32> (QmH Dp (s c 52> 2mV (s)) (2.59)
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From here, if we assume that s and 6 are periodic we can apply the inverse function

-1 L : .
theorem to get %% = %. This gives us the orbit equation,

((ﬁ)?:;(%ﬂ(%—v)_(s?_ﬁ;)), (2.60)

We also solve the equations of motion numerically using the explicit non-separable
symplectic integrator introduced by Tao [33], which extends the work of Pihajoki
[32]. A more detailed description of this method can be found in the next section,
along with plots of the numerical solutions. The numerical data suggests that these
orbits are epitrochoids, which are a generalization of the well known epicycloid. A

large class of epitrochoids can be written as polar curves of the form,
r=a+ bcos(Q2( — o)) (2.61)
We begin our investigation by noting that this polar curve satisfies the ODE,

2
<32> = Q20 — (r —a)?). (2.62)

We can show that this equation matches the orbit equation (2.60) exactly in the
case f = 1,t = 0, while in the case § = —2 we find that the orbit equation is solved

by the square root of (2.61).

Theorem 2.8. Given a pseudo-Riemannian surface of revolution with time-like
axis in R?! with the metric (2.39) and u € Q, if £ = 0 then both the Kepler and
oscillator potentials admit closed and bounded orbits. In the Kepler case, these

orbits are epitrochoids transformed by a square root function. In the oscillator case,
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the orbits are simple epitrochoids. If ¢ £ 0 then only the Kepler potential admits

closed and bounded orbits.

Proof. Let us begin with the more complicated case: for § = —2 we can rear-

range the orbit equation as follows.

ds\*> 1 (t A (2H-B 1
L) =S (—-5+ %Jrﬁ s2— —st). (2.63)
dé p? \m  p; D m m
2
We then substitute y = s2. Then, j—g = 23%, 0] i <%> = 52 (%)2. After complet-

ing the square, this reduces the orbit equation to the equation of an epitrochoid,

dy\*_ 1 mH=B) c\*  mA 1 /(mH-B)
ag) ~ apt \\" P 2 rp 4 v; '

(2.64)
With
H-B
Dby 2
A 1 /2m(H — B 2
b= ”g_t_(”“zuc), (2.66)
Py 4 Dy
1
_ 2.
o (2.67)

From this we see that for u = % € Q with ¢,p coprime, the number of lobes in the

orbit is 2¢. In the case 8 = 1 we get

ds\* 1 (2m(H - B) m?A? < mA)2
=) == te— —(s-"22) ). 2.68
<d9> w < Pj 2p; Pj (258)
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So the orbital parameters are

a=-12 2.69
o (2.69)

2m(H — B) m?2A?
= e B (2.70)

0 0
1

Q=—. 2.71
. (2.71)

This completes the proof. Additionally, we can see that in order for the orbits to
close we require p € Q, as found by Zagryadskii. One sees that for p = % € Q with

q, p coprime, the number of lobes is q.

Theorem 2.9. For § =1, t = 0, the orbital period of a periodic orbit is given by,

T mmn (log(Qn—k;) —log(2n+k2_)

2(a? — c)ppRA ki

log(2n — k) — log(2n + ki
LBl = k) +Og("+ 2)> (2.72)
ky
with constants k:li, k:ét, A, n and ¢ defined below.
Proof. The period of a bound orbit is given by,
2 4o
o 0
Substituting our known expression for 0 in terms of s(0), this becomes,
21
m dé
T=—°+ 2.74
po(a? — c) /0 (a+bcos(Ql —6p)))? — ¢ (2.74)
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We make the following substitutions to simplify the integral:

b2
U:ﬂa

2ab
C_ CL2—C’

u = cos(2(0 — bp)).

This transforms the integral into the following form,

T_ m /1 du
- 2ppQ(a? —¢) Sy (qu + Cu+ 1)V1 — w2’

for which an analytic expression is known [38]. The indefinite integral is

T % (log (V1= w2ky — uky +29) /ky

2(a? — ¢)
—log (V1 — wki +uky +2n) [k
+1og<ﬂkf +uky + 277) Jkt
—1og (V1= w?ki - uki +20) /KT ),

with A = /(2 — 4 and

kE = /412 + 2C(A + ¢) + 4n + 21,

kf =C+A.
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Substituting in the bounds gives,

T =

mmn log(277 — kQ_) — log(2?7 + kQ_)
2(a? — ¢)peQ2A ky

log(2n — k:;) — log(2n + k;))
- +
ky
Which is what we wanted to show.
Theorem 2.10. For 8 = —2, t € R, the period of an orbit is given by,
- 20" + 05\ (A —2(b
r_-m F log + 2+ < ( +a)+c>>
2py 20" — 43 ) \A' =2(a—b) +c
_ 20A" + £ A'+2(b+a)—c
—031 2 2.81
3 Og((sz/—e;> (A/+2(a—b)—c (2.81)

with constants Ef,féc, Zét, A’ defined below.

Proof. Following the same procedure as above, except without the need to define
new parameters 1 and ¢, we find that the integral becomes,

—m [! du

T = .
2pg J_1 (bu+a—c—t/(a+bu)V1—u2

The indefinite integral is known [38],

T =2 (6 10g (V22 EE V1= 2 + Gu+ 2
2pog
—(3 log (\/§A’£1— V19— +lu+ 2bA’>

+05 log(—2bu — 2a + A’ + ¢) — 45 log(2bu + 2a + A’ — ¢)) ,
3 3
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with A’ = V2 + 4t and

(F =2 + ac — a® —t) + (c — 2a) A,

F = (20— c)A' + A,

A +¢
2(a® +alcE A + b2 —t) —cAl — 2’

T =
The result is then,
— 20"+ 05\ (A -2
T:m<£§"log(<b +€i>< (b—l—a)—l—c))
2pg 2bA" — (3 A" —2(a—b)+c

s (A AL\ (A 42(b+a)
3% \\aoar— o, )\ & 2a—b)—¢)) )

As required.

2.2.5 Laplace-Runge-Lenz Vector

In the case of a Riemannian or pseudo-Riemannian surface of constant curvature
it is known that the Kepler problem admits two additional conserved quantities
which form the components of the Laplace-Runge-Lenz vector [25].

As we have shown, the Kepler problem on a pseudo-Riemannian surface of rev-
olution with metric (2.39) admits closed bounded orbits. This implies the existence
of one additional conserved quantity.

The components of this conserved quantity are typically assumed to be quadratic

in the momenta, and have the general form

I =K®q)papy + W(q) (2.82)
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For such a quantity to be conserved, it is sufficient that K, is any Killing tensor,
while W must satisfy some partial differential equation in the coordinates [25].
The conserved quantity associated with the Killing tensor K = %mg is simply the
Hamiltonian itself, while any other pair of conserved quantities of the above form is
known as a Laplace-Runge-Lenz vector.

One approach to generating such conserved quantities is to find a local coordi-
nate frame of Killing vectors for the metric, and then in these coordinates the Killing
tensor is constant. However, the metric (2.39) admits only one Killing vector dy.

An alternative approach would be to study the Hamilton-Jacobi equation for
this system. As described in the introduction, the Hamilton-Jacobi equation is a
partial differential equation whose solution allows one to recover the solutions to
Hamilton’s equations by taking appropriate partial derivatives. Conserved quanti-
ties can be constructed by performing a separation of variables on the Hamilton-
Jacobi equation, each constant of separation being a conserved quantity. In the case
of the Kepler problem on R? it is known that the Laplace-Runge-Lenz vector is a
result of the separability of the Hamilton-Jacobi equation in cylindrical parabolic
coordinates, while the remaining conserved quantities arise by separation in Carte-
sian and spherical coordinates. Unfortunately this approach requires a hypothesis
as to which coordinate system to use, and is intractable for the current problem. If
one were to compute a valence two Killing tensor directly, then such a coordinate

system could be computed. In any case, we must compute the components of K by
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hand.

We therefore assume the form (2.82) holds, and directly compute the Poisson
bracket {H,I}. By collecting like powers of the momenta, one can define a system
of partial differential equations whose solution yields I. This approach has been
used to compute a Laplace-Runge-Lenz vector for constant-curvature Riemannian
surfaces of revolution [10]. We will attempt this approach for ¢ = 0, = 1, which
is the most tractable version of the problem. Consider a conserved quantity of the
form

I = K%(s,0)p; + K" (s,0)p; + 2K*° (s, 0)pspo + W (s, 0) (2.83)

Then we require that {H,W} = 0, and that
{K*5(5,0)p2 + K% (s,0)p3 + 2K°%(s,0)pspe, H} = 0 (2.84)

Recall that Poisson bracket is defined by (1.13),

{fg}zzﬁag_afag:gag_af@+afag af dg
’ — Oqt Op*  Optdq  Os Ops OpsDs 00 Opg  Opg OO

)

Let us write H = (u=2h(s)?p? + h(s)p3)/2m + V(s), with h(s) = s* —c —t/s*. We
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get,

aKSS
0s

9
{K*p2, h(s)pg} = —2K*°h/(s)pspg + 2

{K°p2, h(s)’ps} =2 —

Ss

oV
{K*p3, V(s)} = —267Kssps
aKOB
{K"pj, h(s)*p3} = 2= —h(s)*pspj
OK" 5

{K%ps, h(s)p} = 2-—— 90 h(s)pp

{K”p5,V(s)} =0

o Ks@

{K*pspy, h(s)?p2} = 2——h(s)*pips — 2K h(s)I (s)p2po

0s
K89 h 21 _Kseh/ 3 28K59h 2
{ Pspo, (8)p9} - (8)])9 + o0 (5)psp6

ov

{K*%ppg, V(s)} = _ngepe
(W (s,0), n(s)82) = 200 h(s)?
(17 (5.6), h(s)p3} = 2%%( o

Collecting like terms, we get the following equations,

KSS
9 - h(s)? — 2K (s (5) = 0

aKGQ EN
50 h(s) — K*Rh'(s) =0
DK OK*"
2 2 _ s0 / _
50 h(s) + 2 o h(s)® —2K*"h(s)h'(s) =0,
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h(s)?p3 — 4K**h(s)h'(s)p2

K
Wh(s)l?epz

(2.85)



as well as some equations for V' and W

oW oW v

ov
24 2mp’ —— K = —— 2m—K* = 2.
s h(s)” +2mpu P 0, 50 h(s)+ m 0 (2.86)
We rearrange the first four equations as,
aKGO _ h/(S) Ks@
00 h(s)
oK% o 1 OK*0  , H(s)
55~ M a0 THET e
0K _ h’(s)ng_ s 1 OK®®
ds  h(s) H h(s) o0
0K*3 R (s)
=2 K* 2.
0s h(s) (2.87)

So K*3(s,0) = C1(0)h(s)?. If B = 1 then we must have the following consistency

condition from (2.86),

s 1 (0K HW(s)
~HC1(0) = h<s>< 95 h(s)Kg)

Meanwhile, the last equation of (2.85) requires that

s6 ! s
J2C(0)h(s)® + 2h(s)? (82(8 _ ’;L (<8)> K5‘9> —0

So we must have C](0) = —C1(0), or C{(0) = 0. Therefore in this case we can
set K% = 0 without loss of generality, since any terms in the conserved quantity
of the form h(s)?p? can be absorbed into the Hamiltonian, which only requires a
corresponding modification of K% and W which would be reflected by removing

K% from the above equations.
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Now let us solve the system of equations completely. In the simplest case we
have t = 0 and 3 = 1, so V(s) = As+ B, and h(s) = s*> — c. From the first equation
of (2.85) we have K*¥ = K1(0)(s?> — ¢). Cross differentiating the second and third

equations of (2.85) then gives us

D*K*0 1, )< 2s  OK* 2
2
S

062 :_QTLZ(S — e —c Os s

Which reduces to the simple form

* K0 1
o - 2t

So,
2 K// 9 _ 1 K 2
(s” — ) Ky ( )__? 1(s” = ¢).
This is solved by,

K1(0) = Eycos(8/p) + Ezsin(6/p).

Plugging this into the second equation of (2.85) gives,

K"
= 25K 2.88
80 S\, ( )
which is solved by,
K% = 2us(Eysin(0/p) — Eycos(0/p)) + Ks(s). (2.89)
Here K/(s) vanishes since ‘95 = 2 QBK . Since K3 is a constant we can ignore
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it as py is known to be conserved. Finally we solve for W. We have,

({2971/;/ _ _822m_AC ((32 —¢)(Bycos(0/u) + By sin(@/u))) , %72/ =0, (2.90)

S0,

W(0) = —2mAu(E2cos(0/un) — Eqsin(0/p)). (2.91)

All in all we have found two conserved quantities corresponding to the choices Fy =
0, FEs # 0 and Ey = 0, ;1 # 0. These are the components of the Laplace-Runge-Lenz

vector of our system.

I = (s> —¢) cos<z>pspg + (usps — mApu) sin(Z), (2.92)

0
Iy=(s®>—¢ sin<
2 = ( ) .

>psp9 — (uspi — mAw) cos (Z) (2.93)

This is quite similar to the form of the Laplace-Runge-Lenz vector components
for the Riemannian case [10], which were computed in a coordinate system where
the metric is of the form du? 4+ f(u)d§? while our metric is instead of the form
p2h(s)"2ds? + h(s)~'d#%. Observe that if we square these two quantities and add
them, we find

IT + I3 = 4(s® — ¢)pips + (2spf + 2mA)*p?,

which reduces to,
I? + 12 = 8mu?(H — B)pg + 4u’cpy + 4m? A%p. (2.94)

So we can see that there are three independent conserved quantities for the system.
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This provides direct proof that the system (2.56) is superintegrable in the f = 1
case.
Now let us attempt to solve the case when 8 = —2. In this case, ¢ does not

necessarily have to be zero. Equations (2.86) become,

aW 2 2 1 ss aW . 1 O
s h(s)* = —4mAu S3K , 20 h(s) = 4mAS3K . (2.95)

This results in the following consistency condition

2 58
7 0K 1 0
— = K%, 2.
2h(s)%s3 00 h(s)s4 (2:96)

From the first equation of (2.85) we again get
K*%(s,0) = C1(0)h(s)>.

So K*0 = —Lsu?h(s)C}(0). We then get,

00
282(9 + @25 (5)CL(0) = 0 (2.97)
Which means that,
K% (s 9)——1 2sh'(s)C1(0) + K 2.98
0) = —5u7shi(s)C1(0) + K(s) (2.98)

The additional factor K (s) is then required to be of the form Kh(s). So this term

can also be absorbed into W. Substituting in h(s) = s> — ¢ — t/s? then yields the
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following remaining equations,

Ci(0) = —/701(9),

oW  4Amp*C ()

0s 53 ’
oW 2Ap*mC1(0)
= (2.99)

So we have C1(0) = F cos(20/p) + Fasin(20/u), and W (s, 0) = —2Ap?ms=2C4(0).
Putting this together, we find that there are two quadratic conserved quantities of

the form

- ) t\* (20 t
L=|s—c— — | cos ps + ps - = sin PsPo
s [
2 2
— u?s <5 + g) cos< 9>p9 — 243 m— cos <0> (2.100)
s It [
2
f2:<52ct2> sin<29>p§,us (s ct> cos( )pspg
5 [
— u’s <S + 2) sin<29>p9 —2Ap mi 51n< ) (2.101)
5 1 u

Due to the factors of 1/s2, the expression relating I1, I, H and py is intractable. In

VA

conclusion, we have the following main result.

Theorem 2.11. The intrinsic Kepler/oscillator Hamiltonian system defined by sys-
tem (2.58) admits 3 independent conserved quantities, making it superintegrable.
Furthermore, the additional conserved quantity is determined by a generalized

Laplace-Runge-Lenz vector (I, I5) € C™°(T*M,R?). In the case where § = 1 the
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components are given by (2.93),

I = (s —¢) cos(i)pspg + (usps — mApu) sin(i),

L=(s—0) Sin<z>psp0 — (usp} — mAp) (Z)

while in the case § = —2, the components are given by (2.101),

2
~ t 20 t 26
I = <32—c—2> COS<>p§+2M5 (32_6_2> sin<>psp9
s 0 § K
t 20 1 20
o (8 + 3> COS<>p§ - 2A,u2m—2 COS()
s I 8 H
2
) t 20 t 20
I = (52 —c— 2) sin<)p§ — 2ps (82 e 2) COS<>psp9
s 0 § &
t 260 1 20
— 1?s <s + 3> sin()Pg - QAMQmﬁ sin(>.
s 7 s H

3 Conclusion

The Bertrand problem involves finding potential energy functions whose cor-
responding Hamiltonian systems yield closed orbits. This has been well studied
on Riemannian model spaces and surfaces of revolution. Extending these results
to Riemannian homogenous spaces as well as complex manifolds would result in a
much larger class of manifolds being understood. Additionally, a classification on
pseudo-Riemannian spaces is known but major calculations are not stated clearly
in the literature. We have provided an explicit solution to the orbit equation for
any Bertrand pseudo-Riemannian surface of revolution. Additionally, we provide

explicit expressions for the orbital period and the Laplace-Runge-Lenz vector for
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the system. An expression relating the components of the Laplace-Runge-Lenz vec-
tor to the Hamiltonian and angular momentum was calculated in the case where the
potential energy is of the form V = As 4+ B. However, an equivalent expression for
the case where V = As™2 4+ B has not been computed, and further work is required
to construct such an expression. In the future, it would be useful to work back-
wards from our expression for the Laplace-Runge-Lenz vector in order to construct
a coordinate system on this surface which separates the Hamilton-Jacobi equation.
It should also be investigated whether there exist analogues of Kepler’s second and

third laws for this system.
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Appendix I: Python Code

The following is a snippet of python code including the definition of the Hamil-

tonian system as well as the symplectic integrator constructed by Tao [33].

import numpy as np

from numba import jit , njit

@njit # Use just—in—time compiler for numerics
def Equation(q,p,params):

2”00

Computes derivatives of q and p using

Hamilton ’s equations (written out explicitly)

Inputs:
q : Array<float , 2>
p : Array<float ,h2>

params : Tuple<float ,7>

outputs

gdot, pdot : Tuple<Array<float ,2>>

2”00

mu,c,a,A,B, beta ,m=params
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theta = q[1]

p_theta = p[1]

sdot = p_s(1/(memusmu) )+ (s#s—c—a/(s#s))x(s*s—c—a/(sks))

p_sdot = (2/(memusmu))*(s+a/(s#sks))*(sks—c—a/(s5ks))*p_skp_s +\
(1/m)*(s+a/(s*s*s))*p_thetaxp_theta + Axbetasnp.abs(s)*x(beta—1)

thetadot = (1/m)*(s*s c a/(s#s))*p_theta

return np.array ([p-sdot ,0.0]), np.array ([sdot,thetadot])

@njit
def Nonsep_SymlInt_2step(q, p, x, y, dt, n_steps ,params, w):

200

Compute n_steps steps of Tao’s second order method.

Inputs:
q : Array<float>
p : Array<float>
x : Array<float>
y : Array<float>
dt : float
———— The parameter delta in the thesis
n_steps : int
params : Tuple<float>

w : float
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Outputs:

NN

——— The parameter omega in Tao (2016)

qan,

for

pn? xn)

yn : Tuple<Array<float>>

dt / n_steps

i_step in range(int(n_steps)):

x1, pl

ql
pl
x1
y1
ql

pl

ql, yl

Equation(q, y, params)

p— x1 « h %= 0.5

x + pl « h x 0.5

Equation(x, p, params)

g+ yl = h % 0.5

y —ql = h % 0.5

0.5 * (q — x)

0.5  (p —v)

np.cos(2 * w x h) x ql + np.sin(2 * w * h) * pl
—np.sin(2 * w x h) * ql + np.cos(2 = w * h) % pl
0.5 % (q + x)

0.5 = (p +vy)

ql + x1

pl + y1

ql — x1

pl — yl

Equation(x, p, params)

92



q+ yl = h % 0.5

Q
|

y =y —ql « h % 0.5
x1l, pl = Equation(qn, yn, params)

X =x + pl x h % 0.5

return q, p, X, ¥y

Qjit
def Nonsep_SymlInt_4step(q,p,x,y,dt,n_steps ,params,w):

2”90

Fourth order four—step method.

NN

gamma = 1/(2-2xx(1/(5)))

ql,pl,x1,yl = Nonsep_SymlInt_2step(q,p,x,y,dt+*gamma, n_steps ,params ,w)

q2,p2,x2,y2 = Nonsep_SymlInt_2step(ql,pl,x1l,yl,
dt*(1—2*gamma) ,n_steps , params ,w)
return Nonsep_SymInt_2step(q2,p2,x2,y2,

dtxgamma, n_steps , params ,w)

@jit
def Nonsep_SymlInt_6step(q,p,x,y,dt,n_steps ,params,w):

209

Sixth order six—step method.
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200

gamma

1/(2=2xx(1/(7)))
ql,pl,x1,yl = Nonsep_SymlInt_4step(q,p,x,y,dt*gamma, n_steps ,params)

q2,p2,x2,y2

Nonsep_SymlInt_4step (ql,pl,x1,yl,
dt*(1—2%gamma) ,n_steps , params,w)
return Nonsep_SymlInt_4step(q2,p2,x2,y2,

dt *xgamma, n_steps , params ,w)

def Iterate_Solver (q0,p0,tmin,tmax,dt,n_steps ,params,w):

20

Generates a full numerical solution.

Inputs:
q0 : Array<float>
p0 : Array<float>
tmin : float
tmaz : float
dt : float
n_steps : int
params : Tuple<float>

w : float

Outputs:

s_out : Array<float>
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——— s wvalues of solution
p_s_out : Array<float>

——— p_s wvalues of solution
theta_out : Array<float>
——— theta values of solution
hamiltonian_err : List<float>
——— energy drift

t_vals : List<float>

—— t wvalues for each datapoint

20

t = tmin

d = q0

P = p0

X =q

y =P

data = [[*xq0,*p0]]
hamiltonian_err = [0]
t_vals = [tmin]

while t<=tmax:
print (? [{} -%]\r” . format (round (100*t /tmax,4)) ,end="")
q,p,%X,y = Nonsep_SymlInt_6step(q,p,x,y,dt,n_steps ,params ,W)

data.append ([q[0] ,q[1],p[0].,p[1]])

hamiltonian_err.append(np.abs(q[0] —x[0])**2 \

+np.abs(p[0] —y[0])**2)
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t 4= dt

t_vals.append(t)
print(’\n’)
s_out = np.array ([d[0] for d in data])
theta_out = np.array ([d[1] for d in data])

p_s_out =np.array ([d[2] for d in data])

return s_out, p_s_out, theta_out, hamiltonian_err, t_vals

96



	The Kepler Problem on Complex and Pseudo-Riemannian Manifolds
	Recommended Citation

	Abstract
	Acknowledgements
	Contents
	List of Tables
	List of Figures and Illustrations
	Introduction
	Conventions
	Hamiltonian Mechanics of Point Particles
	Complex Geometry
	The Kepler Problem

	Integrability of the Kepler Problem
	The Intrinsic Kepler Problem on Complex Projective Space
	The Green's Function Potential on Complex Projective Space
	Special Unitary Group Symmetry
	Torus Group Symmetry
	Numerical Solutions

	Kepler Problem on Surfaces of Revolution in Minkowski Space
	Background
	Surfaces with a Time-Like Axis
	Numerical Solutions
	Exact Expressions for the Orbit
	Laplace-Runge-Lenz Vector


	Conclusion
	List of Definitions
	References
	Appendix I: Python Code

