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Abstract

This thesis explores the unique properties of the classical Kepler problem, including
Bertrand’s theorem [Ber73], the connection between Kepler and harmonic oscillator poten-
tials [Boh11], and the existence of an additional conserved quantity — the Laplace-Runge-
Lenz (LRL) vector. The role of symmetries in this context is explored. Then a comprehen-
sive proof of Moser’s construction [Mos70], establishing the correspondence between non-
constant geodesics on an n-dimensional sphere and Kepler orbits with negative energies in
n-dimensions, is presented. This construction demonstrates that the Kepler problem has a
larger symmetry group compared to an arbitrary central potential. The relativistic correc-
tions to two-body problems, which generically induce perihelion precession, are then inves-
tigated. Notably, a specific relativistic system involving an extremal test particle near an
oppositely charged extremal Einstein-Maxwell-dilaton black hole does not exhibit perihelion
precession [Nee+23]. However, this phenomenon is limited to a specific value of the dilaton
coupling constant, specifically a = v/3. A generalized theorem based on this construction is
established, followed by an examination of cases where a # /3. It was shown that away from
a = /3, the test-particle orbits correspond to the orbits of a perturbed Kepler problem.
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Chapter 1

Introduction

The Kepler problem, which involves the motion of two nonrelativistic bodies in a gravitational
field, is one of the most thoroughly investigated problems of classical mechanics. In this classical
scenario, it is well-known that the orbits are conic sections. However, there are also less known
facts about this problem which we will examine in this thesis. For example, Bertrand’s Theorem
[Ber73] states that the Kepler 1/r potential and the harmonic oscillator r2 potential are the only
ones whose bounded orbits are closed. In fact, in two dimensions, these two potentials can be
regarded as describing the same problem — this connection goes via Bohlin transformations
[Boh11]. The Kepler potential also has an additional conserved quantity — the Laplace-Runge-
Lenz (LRL) vector — which other central potentials do not have. It encodes information about
the eccentricity and orientation of the orbits. Noether’s Theorem then suggests that the Ke-
pler potential should have an additional symmetry as compared to generic central potentials
whose symmetry group is SO(3) — the group of rotations in three dimensions. However, this
additional symmetry is not obvious from just looking at the potential. For this reason, it is
often referred to as a hidden symmetry. There is a fascinating connection between the Kepler
orbits with negative energy and a higher-dimensional geometric model [Mos70], which unveils
this hidden symmetry. Namely, this construction reduces the negative energy Kepler orbits in
n-dimensions to the free motion (geodesic motion) on an n-dimensional sphere. Hence it fol-
lows that the symmetry group for negative energy orbits — the set of operations which carry
negative energy solutions to the problem to other such solutions — of the n-dimensional Kepler
problem is SO(n + 1), the group of rotations in (n + 1)-dimensional space. In particular, in
three dimensions this symmetry group is SO(4), which is larger than the symmetry group of a
generic central potential.

After closely examining the classical Kepler problem we will analyze the relativistic correc-
tions to two specific two-body problems. We will show that those induce perihelion precession.
Remarkably, a recent paper [Nee+23| shows that there are relativistic systems whose bounded
orbits nevertheless are elliptical and hence the perihelion doesn’t process. Concretely, it was
shown that, for a specific value of a coupling constant (a = \/g), the orbits of an extremal test
particle in the background of oppositely charged extremal Einstein-Maxwell-dilaton black hole
correspond to classical Kepler orbits. The research objective of this thesis is to investigate what
happens when a # /3.

This thesis is structured as follows. In chapter 2 and chapter 3, we will study the distinct
properties of the Kepler potential. We will see that some of them are consequences of the large
symmetry group of the Kepler problem. We will display this symmetry in chapter 5 where, fol-
lowing [Mos70], we provide a comprehensive proof that nonconstant geodesics on S™ corresponds
to Kepler orbits with negative energies. However, this construction uses significant mathemat-
ical machinery such as differential and symplectic geometry — we will introduce the necessary
prerequisites in chapter 4. After displaying the remarkable properties of the classical Kepler
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problem, we will give a physical intermezzo on relativistic corrections in chapter 6. These will
serve as a prelude to the final chapter in which we present a result from [Nee+23]. In the last
section, we attempt to extend the existing result.

This is a Physics-Mathematics double bachelor thesis. Purposefully, the topic of this thesis
lies at the intersection of these two subjects. Nevertheless, one can regard chapters 2, 3, 6 and
7 to belong to the physics part of the thesis while chapters 2, 3, 4, 5 and 7 to belong to the
mathematics part.




Chapter 2

The Classical Kepler Problem and
Its Conserved Quantities

In this chapter, we will give a Newtonian treatment of the Kepler Problem in three dimensions,
i.e. the problem of finding the trajectories of two gravitationally interacting bodies. More
mathematically, we want to solve

. Gmima
miX) = ————— = (X1 — X2)

1 — x|

. Gmima
MmaXy = —————=(Xg — X1)

[[x1 — x|

for x1(t),x2(t) € R3. Up to a point our argument works for any force generated by a central
potential V(||x; — x2||) — a potential that only depends on the separation of particles. We
will make this explicit by first treating this more general case and only when necessary we will
specify that V = —&™m2  Qur treatment is based on the ones given in [Ton13], [Ser23b] and

o Ixi—x2[[*
[Bae08].

2.1 Two Body Problem in a Central Potential

The general two-body problem in a shared central potential is to find the trajectories
x1(t),x2(t) € R? obeying

. OV(lIx1 —xal])
mx) = — 8X1

.. oV (l|lx; —x
moXg = _(||81X2 2”)

We can simplify this problem by decomposing the motion into the motion of the centre of mass
and the motion of a particle in a stationary potential. First, the center of mass is given by

1
XCoM = M(mlxl + moXa),

where M = mj + mo is the total mass. To recover the x1,xs from xXc,n we need another
quantity that is independent of xcops. A reasonable choice is x := x; — xo. Let’s also define

r:= ||x||. Now, the center of mass is stationary as
. 1 ; ; 1 [ov(r) oV(r)
*CoM ]\4(m1X1 maX) M ( x4 * %2 ’

while the separation vector x satisfies

=% — Xy = _L@V(r) I LGV(T) __ma2tm OV(T).
my Ox1  ma 0% mims  OX
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Both equations follow from

oV(r) _oV(r) or _dV(r)xi—xp _ 9V (r)dr _ dV(r)

oxy or 0x3 or r or ox  Ox
and

oV (r) _ oV (r) or _ WV(r)xe—x1 _ 9V(r)

Ox9 or 0xo or T ox

By solving the two equations

j.(C’oM =0
mimsg . oV (r)
_— X = —
m1 + me ox ’
we can solve the original problem since
mo mi
X1 = XCcoM t MX and X2 = XCoM — MX.

The solution to Xcons = 0 is straightforward to find, no ”twists” or ”turns” needed. Thus, we
effectively reduced our six-dimensional problem to a three-dimensional one — finding x. A key
observation at this point is that Mxc,s is the total momentum of our system. What allowed us
to reduce the complexity of our problem is precisely the conservation of momentum. This ele-
mentary result already shows why it is important to study conserved quantities of a given system.

Moving forward, let us examine

_oV(r) . OV(r).

ux = T o (2.1)

where we introduced the reduced mass p = mimsa/(mi + mg) and the unit vector X = x/r.
The above equation tells us that we can forget the definition of x and treat it as the position
of a particle of mass ¢ moving in a central potential. This is still a non-trivial equation but
fortunately, conservation laws again come to our rescue. Namely, the angular momentum L =
UX X X is conserved since

oV (r)
or

x=0.

L=p%xXX+ux X%X=—ux x
% % v 0

By the properties of cross product, both x and x are perpendicular to L &« x x x. Constancy of
L then implies that x and x lie in a plane perpendicular to L. Picking a coordinate system with
z-axis along L allows us to treat x as a two-dimensional vector in the xy-plane. In particular,
we can represent it in polar coordinates as

7 Ccos 6
X = |rsinf
0

Differentiation rules together with equation (2.1) give us that r and 6 obey

(7 cos(0) — 270sin(0) — rd sin(0) — r6? cos()) = 8‘;{’“) cos(0)
: " . v (r) (2.2)
(7 sin(6) + 270 cos(6) + 76 cos(0) — rf*sin(f)) = — B sin(6)
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Multiplying the first equation by sin() and the second by cos(f) gives

(7 cos() sin(6) — 270 sin?(0) — rfsin(0) — rf%sin(f) cos(9)) = — a‘gir) cos(#) sin(0)
11(7 sin(0) cos(0) + 270 cos?(0) 4 10 cos®(0) — r6? sin(#) cos(h)) = — Ogir) sin(6) cos(#).

Subtracting the first from the second yields
) . 1d )
0 = 2ui0 4 pb = = — (ur’0).
pit + p = — = (ur°0)

The conserved quantity £ := ur29 is nothing but the magnitude of angular momentum

r cos(6) 7 cos(#) — rsin(0) [0
L=puxxx%x=pu|rsin(@) | x |isin(d) +rfcos(d) | = ur?d |0
0 0 1

Multiplying the first equation in (2.2) by cos(#) and the second by sin(f) and adding the results
gives
. oV (r)
i — urf? = ———~2. 2.3

pit — pr B (2.3)
A moment of reflection reveals that to go from a 3D to a 2D problem we only used the direction
of L. This suggests that we can squeeze more out of the conservation of angular momentum.
Indeed, substituting 6 = ¢/ur? into equation (2.3) gives

e ave) o Iz
o= w3 or o <V(T) + 2ur2)

Therefore conservation of the magnitude of L further reduces our problem to the motion of a
one-dimensional particle in the effective potential

52
2ur?’

Ver(r) ==V (r) +

2.2 The Kepler Problem

To make further progress, we specialize to the Kepler potential

_HE
T

Vi(r)=
with k& = G(m1 + mg). Therefore our problem is to find solutions to
2 k

M27,3 r2’

Let us pursue the generally good idea to first identify the stationary solutions. Using the ansatz

Fstat = 0 and £ = 1r2,,,0sat gives us that

€2 . k2,u4
T'stat = ﬁ stat = B

is the only stationary solution. This is clearly a circle traversed with constant speed. Another
simple solution of interest is when ¢ = 0 which in 3D Cartesian coordinates corresponds to x
and x being parallel. Qualitatively, we see that this is a collision orbit with the angle 6 being
constant and r rapidly decreasing to 0.
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To tackle the general case with ¢ # 0, we use the remarkable fact that in the case of the
inverse square law, there exists another conserved vector quantity. It is the Laplace-Runge-Lenz
(LRL) vector defined by

2
k
A=uxxL-HF"%
bS]

To check that it is conserved we take its time derivative

2y 2k
Pl%+ 2 |x)*x
<< (x-%)

A = %% x (x X X) 4+ px x L —
We can simplify this expression by using the vector identity a x (b x ¢) = (c-a)b — (b-a)c and
that L is conserved. This yields

. 2 2 . Y
A = 12 %)% — (% X)% — Wh oy WREX-X) k(xgx)

Finally, using the equation of motion (2.1) we get

- kp? . kp? .k kpt(x-%)
A=-— (x-X)x + (x-xX)x——X%X+—F—x=0
I* I* Il I*

thus A is conserved. Before we leverage the conservation of A to solve the Kepler problem, we
will compute the norm of A. It is

) k2ﬂ4 2]{#3 '
IAJ* = 2]l > L* + 5 [Ix]|* — x- (x x L)
x| x|
2k
= 12((k x L) x %) - L+ k2 — : ’u”L-(xxX)
X
2ku?
:/112HX||2£2+I€2,U/4_7M€2
1]
12
X k
= 20> MHQH _ FH k2
Il
= 2ul’E + K*pt,

where F is the total energy of our particle. Accidentally, we can deduce from the conservation of
A and L and the above expression that the total energy F is also a conserved quantity — albeit
not independent of A and L. Moreover, all of the components of A and L are not independent
either since

A L=pxxL)-L-—
Thus A lies in the plane orthogonal to L and we have 5 independent conserved quantities.

Now recall that when we transformed to polar coordinates we didn’t specify the direction
of the x-axis. We can use this freedom to postulate that A points in the positive z-direction.
With this choice, we have that

A -x=|A|rcos(d) and A -x=m(xxL)-x—ku?|x].
Combining the two equations and permuting the triple product yields

|A || cos(8) = £2 — kp*r.
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Therefore r as a function 6 is

s
r(0) = (2.4)
% cos(f) + 1

which we recognize as an equation for a conic section with eccentricity

_ Al

e= ok (2.5)

Note that when we specified the z-axis we implicitly assumed that A # 0. However, we see that
the solution 7(0) is still valid in this case and reduces to the previously found circular stationary
solution so all is well. It is possible to find an explicit time parametrization of all solutions
but we will not pursue this. We already derived Kepler’s first law — the shapes of orbits
— from Newtonian mechanics. Finally, we can use our results (2.4), (2.5) to give a physical
interpretation of the LRL vector. Namely, observe that the perihelion of the orbit occurs when
0@ = 0. Since in the chosen coordinates # measures the angle from the LRL vector, the LRL
vector points towards the perihelion. Moreover, its magnitude determines the eccentricity of the
orbit. Therefore, the conservation of the LRL vector means that the perihelion does not precess
and the eccentricity of the orbit remains constant. A pictorial representation of these facts can
be seen in Figure 2.1.

px; XL

vy

\ 4

u2kx, A

Figure 2.1: The vectors ux, L, and A at three positions in an elliptical orbit. The Laplace-
Runge-Lenz vector A always points in the direction of z-axis with a magnitude ku?e where e is
the eccentricity of the orbit. The image was adapted from [GSP14].

Let’s reflect on what we did in the previous paragraphs. We started with a two-body problem
for an arbitrary central potential. We then used the conservation of angular momentum to show
that the motion is constrained to a plane and can be regarded as the motion of a one-dimensional
particle in an effective potential. At this point, we specified the potential to be the gravitational
one which enjoys an additional conserved quantity — the LRL vector. The conservation of the
LRL vector allowed us to quickly derive the shape of the orbits. In the next section, we will see
that the Kepler potential is the only one for which an LRL-type vector is conserved.
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2.3 Another Look at the Laplace-Runge-Lenz Vector

Recall that we defined the LRL vector by

2
A=uxxL-HCx
T

We can rewrite this expression and make it more amendable to a generalization. Namely, observe
that

A =pux x L+ puV(r)x.

This definition can immediately be applied to any central potential V(r). Let us check for which
potentials this LRL-type vector is conserved. Supposing that A = 0 for all trajectories, we get
oV (r) (x-x) oV (r)x oV (r) (x-x)

0=pxk x L+ pux x L+ pV(r)x+p 5 X = 5 ;XL—}—MV(T))'(—FM 5 "

where we used that for central potentials, L is conserved. Using the definition of L and cross
product properties, we further get

0= _Magir):: X (X X %) + pV (r)% + uaxgir) (X:‘)x
= PO (s (030 + v (g n 2 B
I

Since this must hold for trajectories and in particular for all initial conditions, we must have
that

oV (r) oV (r) 1
V pu— 0 i p— —*V .
"or +V(r) or r (r)
The unique solution to this differential equation is V (r) = —% for any k € R. Therefore we see

that Kepler potential is the unique central potential for which the LRL-type vector is conserved!
The fact that Kepler potential has this additional conserved quantity is closely related to the
fact that its symmetry group is SO(4) — rotations in 4D — as opposed to the smaller symmetry
group SO(3) —rotations in 3D—of a generic central potential. In the next section, we will show
how conservation laws can be derived from symmetries. This will prepare the stage for our
analysis of the symmetry group of the Kepler problem that will explain its additional conserved
quantity.

2.4 Symmetries and Conservation Laws of Central Potentials

It was a great achievement of 20th-century physics to bring to light the intimate connection be-
tween symmetries and conservation laws. This was accomplished with the celebrated Noether’s
theorem which (roughly) states that for any continuous symmetry of the Lagrangian of a sys-
tem, there is a corresponding quantity conserved in time. In what follows we will give arguments
based on Newtonian mechanics to display this general phenomenon in a few special cases.

First, we need to clarify what we mean by a symmetry of a physical system. To do this, let us
first examine what statements like ”circles have rotational symmetry” mean and then generalize
this notion. We say that a circle has rotational symmetry because if I show you a circle and ask
you to close your eyes, then after opening your eyes you cannot tell if I rotated the circle or kept
it fixed. Thus a symmetry of an object is a transformation that keeps all of its essential features

10
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intact. Analogously, imagine that you are closed in an elevator in deep space. If I move the
elevator to some other location while you are asleep then after you wake up you cannot tell if it
was moved. In other words, the outcomes of all the experiments you can do in your elevator will
be the same regardless of whether I move the elevator or not. Since the evolution of physical
systems and hence outcomes of experiments are described by differential equations, we say that
a transformation of a physical system is its symmetry if it carries solutions to the underlying
equations to other solutions. With this definition, we will examine a specific class of symmetries
— the Newtonian continuous symmetries.

Consider a general Newtonian system of n-particles moving in an arbitrary shared potential
V(x1,...,X,). The equations of motion are then

g = _8V(X(;,X.i..,xn) (2.6)

for i = 1,..,n, where x; € R? indicates the position of i-th particle. By a family of Newtonian
continuous symmetries of such a system, we mean a family of symmetries T}, : R® — R? indexed
by o € R such that for all x; € R® and a € R the following properties are satisfied

2. V(Ta(x1)y oy Ta(xn)) = V(X1 ...y Xn).

In this section, we will abbreviate Newtonian continuous symmetries to symmetries. We will
also say that a system is invariant under some transformations if those transformations are
symmetries of this system. Equipped with this definition let us examine some examples of the
connection between symmetries and conservation laws.

Translation symmetry Fix v € R? and suppose T, (x;) = x; + av is a symmetry. It follows
that

V(X1 Xn) = V(X1 + v, ..., Xy + V)

for all x; € R? and a € R. Taking the partial derivative with respect to o of both sides and
evaluating at 0 gives

0
P aZOV(xl +av,.. X, +av)= N QZOV(XM wyXp) =0
and so
0 B " OV (X1, X)) O(x + V) B " OV (X1, .y Xn)
0= B0 aZOV(xl +av,. .., x, +av)= ; O, 50 T v ; o, :

The above computation shows that the component of the total momentum along v is conserved
since

d d & o " OV (x1, ..., Xn
&(V.P):V.(ﬂ;pizv.;pi:_‘,.;(X(;Xix):(l

Note that if a system has translation symmetry along three linearly independent axes then the
total momentum P is conserved.

11
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Rotational symmetry For the second example, suppose that Ty(x;) = R(0)x; is a symmetry
where

cos(f) —sin(f) 0
R(0) := |sin(f) cos(d) O
0 0 1

is rotation around z-axis by angle . We follow the same strategy as before. First we observe
that

V(x1, ..., Xn) = V(R(0)x1, ..., R(0)x,,)
implies that

0 0
2 GZOV(R(Q)XL s R(O)xp) = 2 OZOV(Xl, w0y Xp) = 0.

Applying the chain rule to compute the partial derivative then gives

o) " OV (%1, ..., X,) OR(0)x;
0= g, VEOXL, . R(E)x) ; T |, (2.7)
The coordinate representation of aRé%)x" g—p 18
OR(0)x; CQS(Q) —sin(@) O [zi P cos(f)xi1 — s%n(@):cig —Ti2
—_— == sin(f) cos(d) 0| |ze| = = cos(f) o +sin(0)zi | = | za
00 oy 90— 0 0 1 |2 00 |g_o 0 0

Applying this to equation (2.7) yields

" OV (xy, ..., Tp,t) OV (1, .oy Ty t)\
Z <x11 8357;2 T 8.%1 =0

i=1
This equation implies that the z component of the total angular momentum is conserved as

n n n
%(L ‘2) = izmi(zili‘w — Tiod1) = Zmi(l’uﬁfm — Tioii1) = — Z (%15;; - Jfﬂ(.ii) = 0.
i=1 =1 =1
For a rotation around an arbitrary axis n we can first orient our coordinate system so that n
points in the positive z-axis and then use the above argument to conclude that L-n is conserved.
Similarly to momentum, if a system is rotationally invariant for three linearly independent ro-
tation axes we can conclude that the total angular momentum L is conserved.

After these general considerations let us apply them to our initial problem of finding the
trajectories of two particles in a shared potential V'(||x; — x2||). In this case, Newton’s equa-
tions are invariant under both translation by a constant vector and rotations by a fixed angle.
Thus, these transformations are symmetries in the general sense. Moreover, the separation vec-
tor x; — xo is invariant under all space translations, therefore our system enjoys conservation
of total momentum. Finally, because V only depends on the length of the separation vector
it is invariant under rotations about any axis. Therefore the total angular momentum of our
two-body system is conserved. More generally, the same argument shows that in a n-particle
system whose shared potential only depends on the separation of particles the total momentum
and total angular momentum are conserved.

In this section, we investigated a particular class of symmetries — those that preserve the
potential energy — and their connection with conservation laws. The conservation of the LRL
vector for the Kepler potential suggests that this system has more symmetry than a generic
central potential. However, it is not a symmetry of the kind we investigated in this section. For
this reason, this symmetry of the Kepler problem is often referred to as a hidden symmetry. In
chapter 5, we will show a particularly elegant approach that brings it to light.

12
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Exploring the Distinctive Attributes
of the Kepler Potential

This chapter will display some of the features that make the Kepler potential unique. Namely,
we will discuss Bertrand’s, Bohlin’s and Henon’s Theorems. This will motivate our study in the
subsequent chapter that shows that the symmetry group of the Kepler potential is larger than
that of an arbitrary central potential which will explain the existence of an additional conserved
quantity — the LRL vector. This larger symmetry group also explain the degeneracy of energy
levels of hydrogen which we also hint at.

3.1 Bertrand’s and Henon’s Theorems

It was already Newton who showed in his seminal Principia [New87] that there are two central
power-law potentials with the property that all their bounded orbits are closed. These are the
familiar 1/r Kepler potential and the 72 harmonic oscillator potential. It was not until 1873 that
Joseph Bertrand proved what we now call Bertrand’s Theorem [Ber73| which states that these
are the only central power-law potentials with this property. The strategy used by Bertrand to
prove this statement was first to note that any central potential admits a circular orbit. Namely,
when the centripetal force exactly matches the central force. He then proceeded by analyzing
the perturbations of these solutions and derived the necessary and sufficient conditions for the
perturbed solutions to also close. This is the main idea of the proof. A rigorous proof does
not bring much more physical insight so we refer the interested reader to see [LMS23] for more
details. The significance of Bertrand’s Theorem is that it implies that the Kepler potential is
unique in that it is the simplest reasonable gravitational potential. It is the simplest because
it is a power-law potential. It is the only reasonable among those because Bertrand’s Theorem
gives us that only it and the r? potential have all their bounded orbits close, but the r? potential
does not decay at infinity leaving us with 1/r Kepler potential.

Another consequence of Bertrand’s Theorem is that for Kepler and harmonic potentials, the
perihelion of orbits does not precess. There are results that quantify the amount of precession for
arbitrary power-law central potentials. For example, a special case of Henon’s Theorem [Hén77]
— proved only in 1977 — relates the change in the perihelion angle, the change in the period
at constant energy to angular momentum, energy and the exponent of the potential. While we
will not concern ourselves with the details of this theorem — see [DJ22] for an exposition —
we want to observe that Henon’s Theorem is a relatively recent result which makes Bertrand’s
Theorem more quantitative. Both Bertrand’s and Henon’s Theorem hint at the fact that there
is some connection between Kepler and harmonic potentials. In the next section, we will see
that in a sense the harmonic oscillator orbits are square roots of Kepler orbits.

13
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3.2 Bohlin Transformations and Dual Forces

It is a great surprise that the motion of a body in a gravitational field is closely related to the
motion of a bob on a spring. It was Newton who first noticed the duality between those two
forces. He also observed that similar relationships hold for other pairs of power-law forces. The
duality between Kepler and harmonic potential was later rediscovered by Bohlin [Boh11], while
Arnold in [Arn90] generalized the proof to other power-laws which were then called dual forces.
Our exposition of these ideas is based on [HJ00; Sag12].

We have shown in chapter 2 that for any central potential, the angular momentum is con-
served. Consequently, we can restrict the motion to a plane. The "trick” in the aforementioned
theorems is to interpret planar motion as happening in the complex plane. Let us see this trick
in action by first displaying (and defining) the duality between the harmonic oscillator and Ke-
pler potentials — the generalization will then follow readily. To avoid case distinction in the
theorem, we use the convention that in the collision orbits in the Kepler problem the moving
body bounces off the singularity at the origin. Thus the collision trajectory is a half-line. With
this convention, we have the following theorem:

Theorem. (Bohlin Theorem) Suppose w : I — C follows Hooke’s law, i.e.

d%w k

ez = m"
Then the transformed trajectory z(7) = w(t(7))? follows the inverse square law

d?z 4F, =z

drz2 = m |2
with E,, = 2|w’(0)]2 + £|w(0)[? and the parameters ¢, 7 being implicitly related by

dr(t)

T = ().

Before diving into a proof let us give the motivation behind the specified parametrization of
w(t)?. This reparametrization is necessary because while merely squaring an orbit of a harmonic
oscillator does give a trajectory of the right shape, we also need to ensure that angular momentum
is conserved. Since the motion is planar we only need to look at the z-component of L. Writing
a complex number z € C as z = = + iy, we have that z = (2 + 2)/2 and y = (2 — z)/2i. This
allows us to write

L, = m(zy — yi) = %((2 YRG5 - (2—2)(E+3) = % (32 — 25).
Therefore imposing the conservation of L, for both w(t) and z(7), and applying the chain rule

gives us

const. = (%wiw%—)) = (%w—w%—?) — dl 1 (%w—w%—’)'
(d—ii — z%) (2w%w2 — 2w2wg—f) dt 2ww (%’w — w%—?)

Therefore %  ||w]|?>. The converse also holds, i.e. % = k|w|? ensures that angular momentum
is conserved. In the theorem, k& = 1 was chosen. Now, the proof of the theorem boils down to
applying the chain rule.

14
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Proof.

d2z dt d /dz dt
R <dth>
1 d /dw? 1
~ wodt <dtlw(t(7)>!2>
14 duw(t(r)) 1
_unDdt<2w(t(T)) dat w(tm)w(t(r)))

R i
wwdt \ w(t(r))

2 d2w(t(r)) 2 dw(t(r)) dw(t(r))

ww?  dt? wwd  dt dt
2k 2 dw(t(r)) dw(t(r))
 omw? wod dt dt

___4 (mdwdew kuw
 omjw|2 \2w? dt dt 2w

_ A @@2+E,w‘2
o o omw|®\ 2 | dt 2 '

The term in parentheses is just the energy of the harmonic oscillator and hence is a constant
and equal to its initial value. Therefore we conclude that

d?z 4F, =z

a2 m 2P

O]

Moreover, it can be shown that with our convention for singular orbits, all solutions to Kepler
problem can be reached from harmonic oscillator solutions in this way. So there is a one-to-one
correspondence of solutions to these problems. Now, the Kepler problem is nonlinear so it is
much harder to solve than the harmonic oscillator. Thus one can use this theorem together with
the properties of w — w? map to give a simple proof that the orbits of the Kepler problem are
conic sections. Details of these computations can be found in [Sagl2; HJ00].

We have shown in chapter 2 that the Kepler problem has an additional conserved quantity
— the LRL vector. The duality between Kepler and the harmonic oscillator suggests there
exists a dual conserved quantity for the harmonic oscillator. This is indeed true, the classical
harmonic oscillator has an additional conserved quantity known as the Fradkin-Jauch-Hill (FJH)
tensor. One can derive the LRL vector by starting from FJH tensor and transforming it using
the w + w? map — for details see [Sag12]. Finally, as we already mentioned, Bohlin’s theorem
holds for more general pairs of dual forces.

Theorem. (Arnold) Suppose w : I — C solves

d?w w
de2 _C|w|1fa'

Then the transformed trajectory z(7) = w(t(7))? solves
2 o
drz |z|1=4"

where a, A and (3 satisfy

a+3
2 )

(a+3)(A+3)=4 and =
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while the parameters ¢, 7 being implicitly related by

dr(t)

— 2(6-1)
T = (P,

The strategy of the proof is the same as in the particular case. In the next section, we will
collect all the threads and argue about the importance and depth of the Kepler problem.

3.3 The Significance of the Kepler Potential: A Summary

In chapter 2, we have shown that the Kepler potential has an additional conserved quantity
that allows us to quickly derive the shape of orbits. We followed this by giving a brief overview
of the relation between conserved quantities and symmetries. This relation suggests that the
conservation of the LRL vector is a consequence of an additional symmetry of Kepler potential®.
In chapter 5 we will show that the Kepler potential does indeed have additional symmetries.
In this chapter, we have shown that apart from the conservation of the LRL vector, the Kepler
potential has other remarkable properties. Bertrand’s and Henon’s Theorems show that it is the
only reasonable power-law gravitational potential. These theorems also show that it is closely
related to the harmonic oscillator potential. This connection is explained by Bohlin’s Theorem.

All these results show that there is something deep and special about the Kepler potential
and its close cousin harmonic oscillator potential. To support this statement, let us quote a
remark from [Kot11]:

"The two major theories of theoretical physics, general relativity and quantum field theory, are
based, respectively, on geometrization of the 1/r% gravity law (which appears in the weak field
limit of GR) and quantization of a collection of harmonic oscillators described by Hooke’s law.”

This insightful observation gives us further motivation for studying the symmetries and different
perturbations of the Kepler problem. We will concern ourselves with this in the subsequent
chapters.

'In fact, the same manifests itself in quantum mechanics. Namely, after resolving some ordering issues one
can promote the LRL vector to an operator and show that it commutes with Hamiltonian. One can use this fact
to explain the ”accidental” additional degeneracy of the hydrogen atom spectrum — for details see [Jon98]
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Mathematical Preliminaries

In this chapter, we give a brief overview — mostly without proofs — of the mathematical tools
used in the subsequent chapters. In the first section, we introduce manifolds and how to do
calculus on them. The main references for this section are [Ser23a; TulO]. However, for our
purpose, a mere manifold is too little. We need to add additional structure to it. In the sec-
ond section, we will introduce metrics and connections. Metrics allow us to talk about lengths
and angles of vectors, while a connection is needed to define geodesics. These two independent
concepts interplay nicely to give rise to a unique connection on a manifold with a metric —
the Riemannian (or Levi-Civita) connection. This section is based on [Tul7]. The subsequent
section introduces a selection of tools from symplectic geometry which is a study of manifolds
with a special two-form. Metrics or connections are not needed in this setting. For more de-
tails, the reader is referred to [Sil01; Ser23b]. In the final section, we will show that symplectic
geometry is a particularly elegant framework for doing classical mechanics, as shown in [Ser23b].

Let us indicate what all these tools are going to be used for. In the next chapter, we will show
that the non-constant geodesics on S™ equipped with the Riemannian connection are in one-to-
one correspondence with solutions of negative energy to the Kepler problem on a particularly
simple symplectic manifold 7% R™. By doing so we will show that the symmetry group of negative
energy n-dimensional Kepler orbits is the group of rotations in n + 1 dimensions.

4.1 Analysis on Manifolds

In this section, we will introduce the concept and properties of manifolds, tangent vectors,
tangent spaces, vector fields and differential forms. We will provide the reader with rigorous
definitions of those. However, we will present them in an informal manner that, hopefully,
highlights the intuition behind these objects. For more details (and proofs) the reader is referred
to [Ser23a; Tul0].

4.1.1 Smooth Manifolds and Tangent Vectors

Let us start with the notion of a topological manifold which is a special kind of topological
space. Topological manifolds allow us to restrict the untamed category of topological space
to something more well-behaved which has some of the nice properties that the space which
surrounds us has — or at least, the properties that we assume the space around us has. The
first of those properties is Hausdorffness. The formal definition is that a topological space X
is Hausdorff if for any distinct points p,q € X there exists open neighbourhoods of p and q
which are disjoint. What this intuitively means is that no matter how closely you zoom in,
you can always distinguish between two points of your space!. The second property is that
topological manifolds look just like Euclidean space if you zoom in close enough — thus the

!This conforms to our classical intuition. However, quantum-mechanically this claim is rather dubious.
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Earth is a topological manifold because, from a human perspective, it looks flat. More formally,
a topological space X is locally Euclidean of dimension n if for any point p € X there exists i)
an open neighbourhood U of p and ii) a homeomorphism ¢ : U — V where V' C R" is open. The
pair (U, ¢) is called a chart about p. The final property that is (usually) required of topological
manifolds is second-countability. A topological space X is called second-countable if it admits
a countable basis for its topology. This is a rather technical condition which guarantees the
existence of a partition of unity which is a tool that allows us to piece together locally defined
objects into a global one. Thus we define topological manifolds as follows.

Definition 4.1. A topological manifold of dimension n is a Hausdorff, second-countable
topological space which is locally Euclidean of dimension n.

Since topological manifolds look locally like Euclidean spaces, one might hope that this
already allows us to define differentiability on manifolds. However, to make this definition
consistent we must postulate further requirements. This results in the notion of a smooth
manifold.

Definition 4.2. A smooth manifold is a topological manifold equipped with a maximal atlas.

Where an atlas for a locally FEuclidean topological space X is a compatible collection of
charts {(Uq, ¢o)} such that {Uy} cover X. An atlas is called maximal if it contains all charts
that are compatible with all its charts. While a collection of charts {(U,, ¢q)} on a locally
Euclidean topological space X is compatible if for any « and

$a 05"+ $5(Ua NUp) = ¢a(Ua N Up)

is smooth as a function of Euclidean spaces. Intuitively, what this all means is that a smooth
manifold is a space with a physical atlas full of charts (maps). This atlas has the property that
if you draw a smooth path on one page of the atlas and this page overlaps with another page,
then your path will also be smooth when drawn on the other page.

Example. The prototype of a smooth manifold is R™ equipped with a maximal atlas? containing
the chart (R",idgn).

In what follows, we will only concern ourselves with smooth manifolds and call them simply
manifolds. Moreover, spaces denoted by M, N, P or S are always going to be manifolds. With
this let us formalize the notion of smoothness.

Definition 4.3. Let M and N be manifolds and f : M — R",g : R™ - Nh: M — N
functions. Then we say that

1. fis smooth if fo ¢! is smooth for any chart ¢ on M
2. g is smooth if ¢ o g is smooth for any chart ¢ on N
3. his smooth if 1) o g o ¢~ ! is smooth for any charts 1, ¢ on N and M, respectively.
4. h is a diffeomorphism if h is smooth and it has a smooth inverse.
The space of all smooth functions f : M — R on a manifold M is denoted by C*°(M).

This definition has all the nice properties that one would expect of smooth maps, such as
that smooth maps are closed under composition. Now, the above definition enables us to talk
about smooth curves ¢ : I = (a,b) — M on a smooth manifold. However, it is not immediately
clear how a tangent vector to a curve could be generalized to this setting. The key insight comes

2In fact, one can show that this maximal atlas is unique.
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from closely examining the Euclidean case. Namely, if v : (a,b) — R" is a smooth curve and
f :R™ — R is smooth real-valued function, we have that

S Fel) =7/ (0)- (V) = (' (5)- D).

Thus the tangent vector 7/(¢) can be thought of as a directional derivative acting on functions.
Using this analogy we can define tangent vectors on smooth manifolds.

Definition 4.4. For any smooth curve ¢ : (a,b) — M we define its tangent vector ¢(t) at
c(t) € M to be a derivative operator defined by

d(foc)

d(t)f = 20

t
for any smooth function f : M — R. We denote by T),M the vector space of all tangent vectors
at pe M.

One might worry that the space T),M of all directional derivatives at a point p of an arbitrary
manifold is intractable. Fortunately, we have the following result.

Theorem 4.1. Let M be an n-dimensional manifold and ¢ : U — V a chart around p € M.
For i =1, ...,n, define the tangent vectors 0;|, at p by

d(foo!
al‘pf = (87') .
v ¢(p)
Then {0;|,} forms a basis for T,M. Consequently, the dimension of T, M coincides with the
dimension of M. Denoting the components of ¢ by (z?, ..., 2™), we will sometimes use 821' = 0.

Having defined tangent vectors, let us proceed and define the derivative of a map
F : M — N. Recall, from multivariable analysis that the (total) derivative of a map f :
R™ — R"™ is represented by its Jacobian matrix. Thus at each point x € R™, the derivative
of f is just a matrix, i.e. a linear map on vectors. This suggests to define the derivative of
F: M — N at a point p € M to be some linear map on tangent vectors to curves through p.
In other words, given a tangent vector ¢/(t) on M we want to use F' to define a tangent vector
on N. Since tangent vectors on IV originate from curves on N, a natural choice is to consider
the curve F' o ¢ and its tangent vectors. These considerations give a clear motivation for the
following definition.

Definition 4.5. The differential dF), of a smooth map F' : M — N at p € M is the linear
map

dF, : TyM — Ty N,
defined by
(AF,X,) (1) = (F 0 ¢) (0)h = X, (h o F)
for h € C*°(N) and ¢/(0) = X, € T,M with ¢(t) : I = (a,b) — M a curve.

Smooth manifolds give rise to such a rigid structure that this somewhat unusual but natural
definition still enjoys the usual properties of derivatives such as the chain rule. Moreover, when
we consider R™, R™ as manifolds our definition coincides with the familiar Jacobian matrix.

Theorem 4.2. The differential satisfies the chain rule, i.e.
d(GoF), = dGp(p) o dFyp,
where F': M — N,G : N — P are smooth.

Theorem 4.3. By making the canonical identification of 7), R” with R", the coordinate repre-
sentation of the differential of a smooth map F': R™ — R" coincides with its Jacobian matrix.
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4.1.2 Submanifolds

The goal of this section is to develop theory that will allow us to quickly identify subsets P of
R"™ as manifolds and determine the smoothness of maps f: P — R" g : R® — P by looking at

the corresponding extensions f :RP —» R", g : R" — RP. The notion that we are looking for is
that of a regular submanifold.

Definition 4.6. Let N be an n-dimensional manifold and P C M. We say that P is a regular
submanifold of dimension £ (or codimension n — k) if for every p € P there exists a chart
(U, ) on M around p such that

UNP=¢"'{zecop) |z =.. =z"=0}).

Such a chart is called an adapted chart relative to P and we denote by ¢p := 7 o ¢|p the
restriction of ¢ to P NU composed with the Euclidean projection to the first k coordinates.

Theorem 4.4. Equipping a regular submanifold P of dimension k& with the subspace topology
and atlas {(U N P, ¢p)} makes it into a manifold of dimension k.

Note that our definition concerns subsets of a general manifold M — not necessarily R".
Informally, a regular submanifold is just a manifold that sits in a larger manifold and has a
nice position there so that its manifold structure is induced by the ambient manifold. These
manifolds sitting inside larger manifolds have the properties that we sought.

Theorem 4.5. Let f : M — N be smooth and P be a regular submanifold of M. Then the
restriction f|p: P — N is smooth.

Theorem 4.6. Let f : M — N be smooth and suppose f(M) C S. If S is a regular submanifold
of N then the induced map f: M — S is smooth.

In particular, if M = R™, N = R" the smoothness of f is easily determined and so the above
theorems give us a shortcut for checking the smoothness of f and fp. To complete the goal
that we set for this section, we only need a way of showing that a subset of R™ is its regular
submanifold. This is achieved with the following definition and the regular level set theorem.

Definition 4.7. Let F': M — N be smooth. We call ¢ € N a regular value of F' if ¢ ¢ F(M)
or for all p € F~1(c) the differential dF), is surjective. If ¢ € N is a regular value we call F~!(c)
a regular level set.

Theorem 4.7. (Regular level set theorem) Let F': M — N be a smooth map and dim M =
m,dim N = n. Then a nonempty regular level set P = g~!(c) is a regular submanifold of M of
codimension n.

With these general tools, we can specialize to M = R", N = R and get the following useful
corollary.

Corollary 4.8. Suppose g : R” — R is smooth and for any p € g~!(c) there exists i € {1,...,n}
such that 24 » # 0. Then P = g~!(c) is a regular submanifold of R” of codimension 1.

O’
Proof. This follows from the regular level set theorem by recalling that the differential of a map
between Euclidean spaces is just its Jacobian matrix, see Theorem 4.3. O

Example. Let us use the above corollary to show that the n-dimensional unit sphere S" is a
regular submanifold of R"*!. To this end, define g : R**' — R by g(z) = ||z||* — 1 and observe
that S™ = ¢~1(0). Thus for any p € S™ we have that g(p) = 0. Moreover since

99

8:& p

= 2p;

99
oxt
corollary is applicable and hence we conclude that S™ is a regular submanifold of R We will
use this fact in chapter 5.

there must exists ¢ € {1,...,n} such that

» # 0, otherwise p = 0 and so p ¢ S™. Thus, our
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4.1.3 Vector Fields

We already saw that to each point p of a manifold M we can attach the vector space T,,M of
tangent vectors. Thus a vector field on a manifold should be a map that assigns to each point
of a manifold a single tangent vector in the corresponding tangent space. To formalize this idea
we introduce the tangent bundle of a manifold.

Definition 4.8. Let M be a manifold, the set

T™ = | | T,M
peEM

together with the map m : TM — M defined by (X,) = p for X, € T, M is called the tangent
bundle of M. The smooth structure on M naturally makes T'M into a manifold so that 7 is
smooth.

Intuitively, T M is just the collection of all tangent spaces of a manifold glued in such a way
that the origins of those vector spaces form our original manifold M. Using T'M the notion of
a vector field is defined as follows.

Definition 4.9. A vector field X on M is a smooth map X : M — T M such that moX = id,.
The space of all vector fields on a manifold is denoted by X(M) and for X € X(M) the vector
at a point p is denoted by X, := X (p).

Now, recall that tangent vectors act on functions as directional derivatives. Thus for X, €
T,M and f : M — R a smooth function, X, f is a number. This suggest that we can act with a
vector field X on a function f to produce another function X f defined by

(Xf)(p) = Xpf.

In fact, we can uniquely specify a vector field by knowing how it acts on all functions. This
property allows us to define a product of two vector fields.

Definition 4.10. A Lie bracket of vector fields X,Y € X(M) is the vector field [X, Y] defined
pointwise by

(X, Y]pf = Xp(Yf) = Y(Xf)
for f € C>(M).

One can check that so-defined [X,Y], is indeed a tangent vector. Sometimes we will also
look at vector fields that are not defined over the whole manifold. Formally, these are defined
as follows.

Definition 4.11. A local vector field V of TM over U is defined as amap V : U — TM
such that m o V = idy, where U C M is open.

Ezxample. The primary example of a local vector field is 9; : U — T'M defined by
9i(p) == Oilp,

where U is the domain of a chart.

We see from this the above example, that dq,...,0, can be used to express vector fields in
local coordinates. This phenomenon is captured in the next definition.

Definition 4.12. A local frame over U for the tangent bundle 7 : TM — M is a set of local
vector fields s1, ..., S, over U such that for all p € U, the set {s1(p), ..., sg(p)} is a basis for T,M.
A global frame is a local frame with U = M.
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Ezample. Thus on a chart domain U a vector field X can be expressed as

Xp=>_ X'(p)dil,

i=1
for some smooth functions X*.

Now, let us go back to the definition of a tangent vector. If we treat ¢ as an independent
variable, what kind of object is ¢/(¢)? It is not a local vector field since in general ¢([a, b]) is not
open in M. This motivates us to give the last definition regarding vector fields.

Definition 4.13. Let c¢: (a,b) — M be a curve. A vector field along c(t) is a map

V. (a, b) — I_I Tc(t)M
te(a,b)

such that V(t) € T,;)M and for any f € C°°M the function V(t)f : (a,b) — R is smooth. The
space of vector fields along a curve c(t) is denoted by I'(T'M |.«))-

With this definition, it is clear that ¢/(¢) is a vector field along ¢(t) since ¢/(t)f = & ’tf(c(t))
is smooth as a derivative of the composition of smooth functions.

4.1.4 Differential Forms

In this section, we introduce the dual objects to tangent vectors, i.e. one-forms. A map that
assigns to each point of a manifold a one-form will be called a differential one-form (often
abbreviated to just a one-form). Despite the close relation between one-forms and vector fields,
it turns out that the former have a much richer algebraic structure. We will see a glimpse of
this. Unfortunately, the rich algebraic properties of differential forms come at the price of an
obscured geometric intuition. As a result, this section will be more abstract than the former
more geometric ones.

First, recall from linear algebra that the dual vector space V* of the vector space V is the
vector space of all the linear maps f : V' — R. It has the same dimension as V' and given a
basis e1, ..., e, for V the linear maps f1, ..., f defined by f7(e;) = 87 form the dual basis for V*.
Carrying out this construction with V' = T}, M gives the following.

Definition 4.14. The cotangent space at a point p € M is defined to be Ty M := (T,M)",
its elements are called one-forms at p. The basis for Ty M dual to 01, ..., Onp is denoted by
1
dz,, ..., dz,.
Thus a one-form at p is a linear map wy, : T,M — R. A k-form is defined as an alternating
linear map which takes k vectors.

Definition 4.15. For k > 1, a k-linear function

wp : TyM x ... x TyM — R

k-times

is called a k-form on M at p if for any vectors vy, ..., v € T, M and permutation of k elements
m € Sk it holds that

Wp(’l)ﬂ.(l), X Uﬂ'(k)) = Sgn(ﬂ-)wp(vla X Uk)?

i.e. wp is alternating. We denote the vector space of all k-forms at p by AP (T, M) and define
AT, M) :=R.

Observe that T7M = AT, »M since any linear map is alternating. Now, it is possible to
define a wedge product A that takes an /-form and a k-form to a k + ¢-form. However, we don’t
need such a generality so we will only define it for £ = k = 1.
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Definition 4.16. Let w,n € T*"M and vi,v2 € T,M. We define the wedge product w A n €
A*(T,M) to be

(w An)(vr,v2) = w(v1)n(v2) — w(vz)n(vy).
It is clear that w An = —n Aw.

In analogy to the tangent bundle, we can piece together all the cotangent spaces and A* (T, M)
spaces to obtain the cotangent bundle T*M and A¥M.

Theorem 4.9. Let M be an n-dimensional manifold and define

AFPM = | | AR(T,M).
peEM

Then M naturally induces a manifold structure on A¥M, making the projection to the base
point 7 : A¥AM — M smooth. We define T*M := A'M and call 7 : T*M — M the cotangent
bundle.

The objects analogous to vector fields are differential k-forms. One can also define objects
analogous to local vector fields and local frames quite easily as well.

Definition 4.17. A differential k-form w on M is a map w : M — A*M such that mow = id ;.
For short we will also say that w is a k-form. The space of k-forms is denoted by Q*(M). Note
that Q°(M) = C>(M), so O-forms are just functions.

Definition 4.18. A local k-form is k-form defined only on open U C M. And a local frame for
A¥M over U is a collection of local k-forms wi, ...,wy over U such that for each p € U the set
{w1(p), ...,wk(p)} is a basis for AKT,M.

Theorem 4.10. Let M be a manifold and (U, ¢) a chart on it. Define the local sections

9 : U — TM,da' : U — T*M by 9;(p) = 8|, and da'(p) = da},. Then {8;} and {dz'} are
frames over U for T'M and T™* M, respectively.

Ezample. Thus any one-form w on M can be expressed on a chart domain U as
n
Wp = Z a;(p)da’
i

for some smooth functions a;.

The algebraic richness of the theory of differential forms comes from the algebraic operations
that can be defined on them, and the way these operations interact. First, we can extend
the wedge product of forms at a point to differential forms by defining it pointwise. Another
operation which allows us to increase the degree of a form is the exterior derivative. We will
only define it for 0- and 1-forms but the construction can be extended to any k-form, see the
references [Tul0; Ser23a] for details.

Definition 4.19. The exterior derivative is the map which takes k-forms to k + 1-forms. For
k =0, it is defined locally by

df = (0 f)da’,
=1

while for k£ = 1 it is defined by

n

d(fda?) :=> (0;f)da’ A da?

i=1

and extended linearly to arbitrary elements of Q'(M).
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Another important operation on k-forms is the pullback by a smooth map. After defining it,
we summarize how pullback, exterior derivative and the wedge product interact with each other.
We will state these properties in full generality but we will only use them for 0,1 or 2-forms.

Definition 4.20. Let F : N — M be smooth and w € Q¥(M). Then the pullback F* :
OFM — QFN of w by F is the k-form on N defined by

(F*w)p(vl, ceey Uk) = wF(p) (devl, ceny de’l)k>
for vq,...,vp € T,N.

Theorem 4.11. The pullback, the wedge product and the exterior derivative satisfy the follow-
ing properties

1. Both F* and d are R-linear

2. doF*=F*od

3. F¥*(wAn) =F*wA F*n

4. d(w An) = (dw) An+ (1) A dn

5. dod=0

6. df(X)=Xffor f € C®(M) and X € X(M).

Both exterior derivative and wedge product can be used to increase the degree of a form.
Given a vector field X, we can define the interior product which allows us to decrease the degree.

Definition 4.21. For k£ > 1. The interior product of a k-form w and a vector field X is a
k — 1-form ¢ xw defined pointwise by

(txw)p(v1, ey V1) = W(Xp, V1, oy V1),

for v1,...,u5—1 € T,M. Note that for k = 1, the interior product is simply the natural pairing
txw = w(X) of vector fields and one forms.

Finally, let us define some important classes of k-forms.
Definition 4.22. Let w € Q¥(M) be a k-form. Then

1. wis closed if dw =0

2. w is exact if w = df for some 6 € Q1 (M).

3. w is non-degenerate if w, # 0 for all p € M.

Note that by the preceding theorem, d? = 0 and so every exact form is closed. The converse
is not true in general and the answer to the question of how badly closed forms fail to be exact
turns out to be an important topological invariant called de Rham cohomology.

4.2 Differential Geometry

In this section, we will define a Riemannian metric and then an affine connection on a manifold
M. The former is necessary to talk about the lengths or angles of tangent vectors, as well as the
lengths of curves. On the other hand, a connection allows us to differentiate vector fields along
some other vector field, and using a connection we can define geodesics which can be interpreted
as "straight” curves on our manifold. We will also see how these two notions interplay.
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4.2.1 Riemannian Metric

Informally, a Riemannian metric on a manifold M is a smooth assignment of an inner product
to each of the tangent spaces T, M. Having an inner product, we can talk about lengths and
angles of tangent vectors. Thus a Riemannian metric adds a geometric structure to our manifold.
Intuitively, it also specifies the ”shape” of a manifold. For example, a sphere is diffeomorphic
to any potato. Therefore, through the lens of manifolds with no further structure, spheres and
potatoes are indistinguishable. However, once we equip a manifold with a metric it fixes its
”shape” in the sense that the metric-preserving diffeomorphisms, i.e. isometries, preserve the
curvature of a manifold. Therefore, in this context, a sphere is no longer the same as an arbitrary
potato — only the special curvature one potatoes! With this motivation, let us give a rigorous
definition of a metric.

Definition 4.23. A Riemannian metric g on a manifold M is a map

g: J{p} x M xT,M - R
peM

such that
1. For each p € M, g,(—,—) is an inner product on T}, M

2. g is smooth in the sense that for all vector fields X,Y € X(M) the map g(X,Y): M — R
defined by

g(X’ Y)(p) = gp(Xp, Yp)
is smooth.
We call a manifold with a Riemannian metric a Riemannian manifold.

Now one might wonder how common are such structures. In other words, can any manifold
be equipped with some Riemannian metric? The answer is affirmative as stated in the following
theorem.

Theorem 4.12. On every manifold, there exists a Riemannian metric.

We know from the previous sections that on a coordinate chart (U, ¢) of M, we have a local
frame 01, ..., O, for T M over U. Thus on a coordinate chart, a metric g on M can be represented
as a matrix of functions [g;;] defined by

Gij (P) = gp(8i|pa 8]‘ |p)~

Around every point of a Riemannian manifold one can find a coordinate chart such that the
metric matrix [g;;] is diagonal. In such a case, the coordinate representation of g is commonly
denoted by

ds* = Zgii(da;i)Q.
i=1

We will encounter this notation when discussing the Schwarzschild solution in chapter 6.

In addition to measuring vector lengths and angles, the metric can be used to induce a
canonical isomorphism between T, M and T;M for each p € M. This isomorphism together
with its inverse are called musical isomorphisms.
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Definition 4.24. Let M be Riemannian manifold and take p € M. Then the map b : T,M —
Ty M defined by

h(X) = X" = gp(X, )
is an isomorphism. Its inverse is denoted by #(w) := w¥.

Finally, as advertised, let us define the length of a curve ¢ : (a,b) — R. The intuition behind
this definition is the same as for the usual calculus definition. Namely, the tangent vector to
a curve is its best linear approximation, adding up (integrating) the lengths of all these linear
pieces gives us the length of the whole curve.

Definition 4.25. Let M be a Riemannian manifold and ¢ : (a,b) — M be a curve. The speed
of ¢(t) at t is defined to be \/gc(t)(c’(t), c(t)) while the length of the curve c is

fe) = / " oo @@

4.2.2 Connections

An affine connection is a structure that enables us to differentiate vector fields along other
vector fields. It directly generalizes the directional derivative on R™ which is a map D : X(R") x
X(R") — X(R"™) defined by

n

Dx(Y)=Dx (zn: Yial-) = (XY,
=1

=1

This definition makes sense because 9;’s form a global canonical frame on R™. However, on
an arbitrary manifold, we do not have such a frame. Hence on the overlap of two ”framed”?
open sets the above definition would be generally inconsistent. Thus to have an operator on a
manifold analogous to D, we need to manually add it. This is what an affine connection is.

Definition 4.26. An affine connection on a tangent bundle 7 : TM — M is a map
V:iX(M)xX(M)— X(M)
such that for XY € X(M) and f € C*°(M)
1. Vis C*°(M)-linear in the first argument

2. While in the second argument V is only R-linear but it satisfies the Leibniz rule, i.e.

Vx(fY) = (X/)Y + fVxY.

One can check, the the D operator on R" satisfies DxY — Dy X = [X,Y]. An arbitrary
affine connection will no longer satisfy this identity and the object in the next definition detects
whenever this identity fails.

Definition 4.27. The torsion of an affine connection is the map 7" : X(M) x X(M) — X(M)
defined as

T(X,Y):=VxY —VyX —[X,Y].

IfT(X,Y)=0for all X,Y € X(M) the affine connection is said to be torsion-free.

3Meaning that there is a frame over them
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We will now see how an affine connection can be used to define ”straight” curves (geodesics)
on a manifold. To this end, first recall that curve v : (a,b) — R" is a straight curve (line) if and
only if

In coordinates, this reads

d oy A~ N~ (D) s
(ﬂv(t)—dtgv&—Z(dtv)&—O.

=1

However, to generalize this definition we run into the same issue as in generalizing the D operator.
Namely, on an arbitrary manifold M there is no canonical global frame and so differentiating
each component function with respect to ¢ is a coordinate-dependent definition. Fortunately,
we don’t need another structure to carry out this generalization. An affine connection uniquely
defines an operator % along a curve ¢(t) which generalizes the % operator on R™.

Definition 4.28. Let M be a manifold with an affine connection V and ¢ : (a,b) — M a curve.
The covariant derivative along c(t) is a map

D
o T M) = D(T M)
satisfying
1. % is R-linear.

2. The Leibniz rule is satisfied, i.e.

D(fV) DV
dt =Vi+s dt

for all f € COO(M), Ve F(TM‘C(t)).

3. f Ve I(T'M|.y) is such that V(1) = ffc(t) for some V € X(M) then

DV ~
H — Vcr(t)V

Theorem 4.13. On a manifold with an affine connection, for each curve, there exists a unique
covariant derivative.

With this technical result, we can now easily generalize the condition of ”straightness” and
define geodesics on an arbitrary manifold M.

Definition 4.29. Let M be manifold with an affine connection. A geodesic ¢ : (a,b) — M is
a smooth curve such that th(t) =0 for all t € (a,b).

Thus to speak about straight curves, we only need an affine connection on our manifold.
A Riemannian metric is not needed for that. However, if one has a manifold with both a
connection and a metric and these two structures are compatible with each other then certain
nice properties hold, such as that geodesics have constant speed. Formally, the compatibility
between a metric and a connection is defined as follows.

Definition 4.30. An affine connection is said to be compatible with the metric if for all
XY, Z € X(M)

Xg(Y,2)=9(VxY,Z)+g(Y,VxZ).
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Theorem 4.14. Let M be a Riemannian manifold with an affine connection compatible with
the metric (—, —) and c: (a,b) — M be a curve. Then for any V,W € I'(T'M, ;) we have that

d DV DW
AES <dt,w> + <V,dt >

In particular, if ¢ is a geodesic then it has constant speed.

Now, in a way, a connection is a coarser notion than a metric. This a consequence of the
following theorem which states that given a metric we can always construct a certain unique
affine connection. On the other hand, given an affine connection, it is in general not possible to
extract from it a unique Riemannian metric. Thus there is only a one-way ” connection” between
those concepts.

Theorem 4.15. Let M be a Riemannian manifold. Then there exists a unique torsion-free
affine connection V on M that is compatible with the metric. Such a connection is called the
Riemannian connection on M. Moreover, the Riemannian connection is characterized by the
Koszul formula

QQ(V)(Y, Z) = Xg(Y, Z) —I—Yg(Z,X) - Zg(X,Y) - g(Xv [Y7 Z]) +9(Yv [ZvX]) —i—g(Z, [X7 Y])

Note that the torsion-free requirement makes Riemannian connections more similar to the
D operator. In fact, the Riemannian connection on a hypersurface in R” and their associated
covariant derivatives along curves can be expressed in terms of the D and % operators.

Theorem 4.16. The Riemannian connection on a regular submanifold M of R"™ of codimension
1 is given by

VxY = (DxY)

tan

where X, Y € X(M), D is the direction derivative on R™ and ()4, denotes the component of a
vector field tangential to M. Moreover, if V() is a vector field along a curve ¢(¢) in M then

DV [dv
d — \dt /),
with % the derivative of components of V' with respect to the canonical frame on R".

4.3 Symplectic Geometry and Hamiltonian Systems

In this section, we give an overview of the elements of symplectic geometry that we will use in
the subsequent section to give a rigorous framework for Hamiltonian mechanics. The central
objects of study of symplectic geometry are symplectic manifolds.

Definition 4.31. A manifold M together with a closed, non-degenerate two-form w is called a
symplectic manifold and w its symplectic form.

Theorem 4.17. A symplectic manifold has an even dimension.

Ezxample. The prototype of a symplectic manifold is 7% R™ with the standard symplectic form
w. To define w, we first define the cotangent coordinates (¢',...,¢", p1, ..., pn) on T*R™. Let us
be slightly more general and define cotangent coordinate on any cotangent bundle T*M. So
suppose (U, ¢', ...,q") is a coordinate chart on M. Then for x € U, any one-form a € T M can
be expressed as

n
a=> pidgls,
=1
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for some numbers p’. The cotangent coordinates of (x, ) € T*U are defined to be (¢', .., ¢n, D1, .., Pn),
and (T*U,q1,...q", p1,..,pn) is a chart on T*M. Now by picking the standard Cartesian coor-
dinates on R", we obtain standard global cotangent coordinates on T* R™. Using these global
coordinates, we define the standard symplectic form w by

n
w = dei A dg'.
i=1
Since this is a global definition, it is readily verified that w is non-degenerate and closed —
making 7% R" into a symplectic manifold.

Note that a symplectic manifold need not have a metric, nor a connection. These notions
are independent. However, similarly to a metric, the symplectic form induces an isomorphism
of tangent and cotangent spaces.

Theorem 4.18. The symplectic form induces an isomorphism between 7}, M and Ty M denoted
by t(wp) and defined by X, — tx,w, with (1x,wp)(Yp) := wp(Xp,Yy). This isomorphism induces
a bijection ¢(w) between X(M) and Q' (M).

The structure-preserving maps for symplectic manifold are symplectomorphism, as defined
below.

Definition 4.32. A symplectomorphism ¢ : M — N between two symplectic manifolds is a
diffeomorphism such that ¢* takes the symplectic form on N to the symplectic form on M.

The following important theorem by Darboux states that every symplectic manifold is locally
symplectomorphic to T*R" with w = Y"1 | dp; A dg".

Theorem 4.19 (Darboux). Let (M,w) be symplectic manifold of dimension 2n. Then around
any point z € M there exist cotangent coordinates (U, q',...,q",p1,...,pn) such that w|y =

Z? dp; N dqi.

Having a symplectic form allows us to associate with each function f on M a vector field
Xy. In other words, each function defines a dynamical system on our manifold. The following
three definitions state what we mean by a Hamiltonian system, a Hamiltonian vector field and
a solution to a Hamiltonian system.

Definition 4.33. A Hamiltonian system is a symplectic manifold M together with a smooth
function H : M — R.

Definition 4.34. A Hamiltonian vector field of a Hamiltonian system (M,w, H) is the
unique vector field Xz on M such that tx,w = —dH.

Definition 4.35. An H-solution of a Hamiltonian system (M, w, H) is a curve ¢ : (a,b) — M
such that ¢/(t) = (X#)e)-

Note that in local coordinates ¢/(t) = (Xg)c) is just an ODE. Thus the existence theorem
for ODEs tells us that for any initial condition ¢(0), (X)) there exists a curve c that is
an H-solution satisfying it. The following theorem states that symplectomorphisms preserve
H-solutions.

Theorem 4.20. Suppose f : M — N is a symplectomorphism between Hamiltonian systems
(M,w,H),(N,n,(f~1)*H). Then c: (a,b) — M is an H-solution if and only if foc: (a,b) — N
is a (f~1)* H-solution.

Using a symplectic form on M we can define an additional ”product” operation of functions
on M, called Poisson bracket. After stating the definition, we will prove a theorem which states
that, remarkably, we can detect if a function f is constant along H-solutions, for some other
function H, by looking at their Poisson bracket. Thus the conserved quantities of a Hamiltonian
system (M,w, H), can be intrinsically characterized using only the symplectic form w.
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Definition 4.36. Suppose (M,w) is a symplectic manifold. The Poisson bracket of two
functions f,g € C*°(M) is defined by

{19} = —w(Xy, Xy).

Theorem 4.21. A function f € C°°(M) is constant along all H-solutions if and only if { f, H} =
0.

Proof. Let ¢(t) be an H-solution. Then

d

X t(f oc) = (t)f = (Xu)ewf = (Xuf)oc(t) = (df (Xn)) o c(t)

= (—tx,w(Xn))oc(t) ={f, H}oclt).

Thus if f is constant along all H-solutions then {f, H}(p) = 0 for all p € M since for every
initial condition there is a local H-solution. Conversely, if {f, H} = 0 then f is constant along
any H-solution. O

We already showed that T* R" can be made into a symplectic manifold. In fact, any cotangent
space can be equipped with a symplectic form. To do so we first introduce a one form 6 on T* M
which is then used to define a symplectic form w on T*M by w := df.

Definition 4.37. Let 7 : T*M — M be the cotangent bundle. Then a tautological one-form
6 € QY(T*M) is defined pointwise by

On6)(Xpg) = E(dT(p6) X (p6))
for Xp.¢) € Tipe)(T*M).

Observe that this definition is completely coordinate-free. In other words, the tautological
one-form is an intrinsic object associated with the cotangent bundle. Moreover, as promised, we
can construct a symplectic form out of it.

Theorem 4.22. Let w: T*M — M be the cotangent bundle, then w := df makes T* M into a
symplectic manifold.

In the case the symplectic form is induced from the tautological form, we have the following
alternative characterization of symplectomorphisms.

Theorem 4.23. Let f : T*M — T*N be a diffeomorphism and «, 8 be the tautological one
forms on T*M and T* N, respectively. Then f is a symplectomorphism if and only if f*8 = a.

Any diffeomorphism f : M — N between two manifolds M and N can be extended to the
so-called cotangent lift fy : T*M — T*N between the respective cotangent spaces. Remarkably,
if the symplectic forms on cotangent bundles are induced from fundamental forms, the cotangent
lift is a symplectomorphism. More precisely, we have the following.

Definition 4.38. Let f : M — N be a diffeomorphism of manifolds and (x, ) € T*M. Define
the cotangent lift f; : T*M — T*N by

felw,a) = (f(z),B),
where 8 € Ty, N satisfies 8 o df, = a.

Theorem 4.24. Let f : M — N be a diffeomorphism and «, 8 the tautological one-forms on
M and N, respectively. Then the cotangent lift f; is a diffeomorphism and satisfies fg‘ b=«

Corollary 4.25. The cotangent lift f; is a symplectomorphism.
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4.4 Hamiltonian Mechanics

With all the abstract tools introduced in the last section, let us examine where all of those def-
initions lead in the case of T* R" equipped with the standard symplectic form w. Throughout,
we will work in the global cotangent coordinates (gq,p) = (¢, ..., ¢, p1, ..., pn) on T* R™.

In this setting, a Hamiltonian system on (7*R", w) is just a function H : T*R"™ — R which
in coordinates can be simply written as H(q,p). Recalling that the standard symplectic form w
is given by w = >"1" | dp; A dq*, we can compute the coordinate representation of a Hamiltonian
vector field Xp. By definition, we have that w(Xpy,—) = tx,w = —dH which in coordinates
reads

n . , - OH  , OH
> dpi(Xu)dq' — dg’ (Xp)dpi = ( dg' — dm)

i=1 =\ o7 Opi
Comparing the coefficients gives us dp;(Xg) = —g? ,d¢'(Xy) = g—g. Therefore the coordinate

representation of X is

7 (4.1)

Now let us give a coordinate characterization of H-solutions. First, suppose c(t) is an H-
solution and let us write its components as c(t) = (¢*(t), ..., ¢"(t), p1(t), ..., pn(t)). Then using
that (Xg)cw) = ¢ (t), we can write (tx,; ) as

(tx@)er) = D pilery(Xatlee) A0 [ery — A0 ey (Xt legey ) dil ey
i=1

= Z Apil e (¢ ()’ |y — da’|er) (¢ (£))dpil o)
=1

n

=D ([ ®)pi) o e(t))dg'leqry — (¢ (D)g") o e(t))dpileqry

=1
= Z((pz' oc) o c(t))dq'| o) — ((¢" 0 ¢) o c(t))dps| o)
=1
< dp;(t) ; dg’(t)
= Aq'ley = =37 |  dpile)-
= A e At

On the other hand,

’

oOH
dq’le() + o

" OH
(txpw)e) = —dHyy = = > o
=1

dpilet)-

c(t) c(t)

Comparing the coefficients of the above equations gives us that along H-solution c¢(t) the fol-
lowing differential equations are satisfied for ¢ = 1,...n

. oOH
pi——aqi
q_apz'.

These equations are known as Hamilton’s equations. Now we will show that conversely if ¢(t) =
(g (1), ..., q"(t),p1(L), ..., pn(t)) is a curve whose coefficients satisfy Hamilton’s equations then
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¢(t) is an H-solution. To this end, Hamilton’s equations give us that

n

oH
—dHyp == g

=1

n

dp; (t i dg'(t
dpiley = ) dt(t ) dq'|e(r) — de' () dpile(r)
c(t) i=1 c(t)

dq' | + il
qc a9
e(t) O op;

= dpiley (¢ (1)dq" |y — dq' oy (¢ (£))dpil ey
=1
But we also have that

—dH (1) = L(Xyw) o) = Z Apil ety (Xt e()) da" | eey — A’ ey (X leqe)) Api e -

i=1

Looking at the coefficients of the above expressions, we see that all the components of ¢/(t) and
(XH)c(t) agree and so we conclude that ¢/(t) = (Xg)cw). Therefore c(t) is an H-solutions and,
consequently, we have the following theorem.

Theorem 4.26. Let (7% R",w, H) be a Hamiltonian system, where w is the standard symplectic
form on T*R". Then a curve c: (a,b) — T*R" is an H-solution if and only if its components
(with respect to the global cotangent coordinates) satisfy Hamilton’s equations.

Finally, let us compute a formula for the Poisson bracket in the cotangent coordinates. Using
equation (4.1), we obtain

{9} = X7 2,) = = 3 (@O0 () — X (X)) = 3 (G520 2120

i=1 i=1
Having translated all of this general theory to 7% R"™ let us see how it relates to classical
mechanics.

Ezample. Suppose our Hamiltonian is given by H(q,p) = ||p||*/2m + U(q) for some smooth
function U(q). Then the components of H-solutions satisfy

. OH

1 :52%' :pi/m
. 8H_8U
M e oy

The first equation tells us that p; is the i-th component of the usual momentum, while the second
equation is just Newton’s second law for a particle moving in a potential U(q). We see that by
taking the Hamiltonian to be the total energy of a system, we can describe its dynamics using
Hamilton’s equation. Therefore projecting H-solutions to the first n coordinates gives us the
physical trajectories of a system whose total energy is H. As a simple corollary of Theorem 4.21,
we have that {H, H} = 0 and so the energy is conserved along trajectories.

We will use the above formalism in the next chapter to show that non-constant geodesics on
S™ correspond to H-solution on T*R"™ with H being the Kepler Hamiltonian, whose properties
and solutions we studied extensively in the previous chapters.
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Kepler Problem as a (Geodesic Flow
on a Sphere

Equipped with the tools from chapter 4, we are now ready to give a detailed account of the
construction from [Mos70]. We will show that the Kepler problem in R™ for negative energies
(closed orbits) corresponds to non-constant geodesics on an n-dimensional sphere S". Showing
this will allow us to conclude that the symmetry group of the negative energy n-dimensional
Kepler orbits is SO(n + 1) — the group of rotations in n + 1 dimensions. This is because the
non-constant geodesics on S™ are great circles and rotating a great circle gives another great
circle. Thus acting with SO(n + 1) on a geodesic produces another geodesic. The equivalence
shown by [Mos70] then implies that SO(n + 1) can also act on negative energy Kepler orbits in
this way and hence is a symmetry group of this problem as well. From this, we will conclude
that the Kepler potential has a larger symmetry group than a generic central potential — SO(n)
— which explains the conservation of the LRL vector.

Let us remark that it can be proven that for the n-dimensional Kepler problem, the symme-
try group of zero-energy orbits is the Euclidean group E(n) while for positive-energy orbits it is
SO(1,n) [Osi77; Bel77]. Both of those groups are larger than SO(n) thus the Kepler problem
has a larger symmetry group than a generic power-law central force problem in all parts of the
phase space. These symmetry properties follow from the fact that the zero-energy orbits corre-
spond to geodesic flow in Euclidean space while positive-energy orbits correspond to geodesics
on a two-sheeted hyperboloid embedded in a Lorentz space [Osi77; Bel77]. It has been shown
that the three constructions — for negative, positive and zero energy — can be unified with a
single one-parameter family of maps and surfaces where the parameter is energy [Bel81].

In this chapter, we will focus on the negative energy case and refer the reader to the liter-
ature for other cases [Osi77; Mil83; Bel77] as well as for the general approach [Bel81]. We will
follow the general structure of Moser’s construction quite closely. However, our account spells
out more details and brings to light some of the technicalities that Moser leaves implicit. Some
of those details can also be found in [GS77; GS90].

5.1 Geodesic Flow as a Restricted Hamiltonian System

In this section, we will first derive the geodesic equation on S". We will then find a Hamiltonian
® : T*R"™"! — R such that the restriction of the corresponding Hamilton’s equations to S™ is
equivalent to the geodesic equation.

Remark. We will number the standard coordinates in R™™! from 0, i.e. (20,...,2") € R*,
while those in R™ from 1, i.e. (y',...,") € R""1. This will simplify some of the expressions
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later on. Moreover, for a curve ¢ : I — R"™! we will denote by ¢/(t) its velocity vector field. The

dot denotes the differentiation of functions with respect to time. Thus the components of ¢/(t)
with respect to the standard frame 9; are Y, ¢'(¢)d;. We will also denote by ¢”(t) the vector
field Y7, ¢'0;.

A problem that we will frequently encounter in what follows is that R™ is too nice. Namely,
using the standard basis e1, ..., e, and standard frames 0y, .., 9y, dz', ..., dz" for T R™ and T* R"
respectively, we have isomorphism between R"™, T}, R", T R" for all p, ¢ € R". To make matters
worse, both the Euclidean metric and the standard symplectic form on 7% R™ induce the same
isomorphism between vectors and covectors. On top of that, we can apply the metric to points,
vectors, covectors, or combinations thereof. This will make keeping track of what lives where
quite cumbersome. Fortunately, if leveraged cautiously this difficulty is also a blessing — we
can seemingly transfer objects between those spaces. To keep things as clear as possible we will
stick to the following rules:

1. We will never implicitly change the identity of a given object

2. We will exploit all the isomorphism, and denote the metric and the associated norm on all
the spaces by the same symbols, i.e. by (—,—) and ||—||.

3. We will never take mixed inner products, for example, of a point with a vector.

4. We will never take inner products of vectors at different points or covectors at different
points.

5. All the isomorphism between points, vectors and covectors will be inner product preserving.

6. In this chapter, we won’t use the Einstein summation convention. Moreover, all compo-
nents will have lower indices.

With these precautions, we are ready to start. First, let us define the notation for the isomor-
phism between points and vectors at this point.

Definition 5.1. Let p = (po, ..., pn) € R™". We will denote by p € T}, R"*! the vector

pi=>Y_ pio;.
i=0
Note that (p,q) = (p; ).

The make a vector into a covector we will use the musical isomorphism with one modification
accounting for the velocity vector field of a curve.

Definition 5.2. Let v = Y7 v;0; € T, R""'. We will denote by v € Ty R™*! the covector

n
p" = Z vidzt.
i=0

Additionally, for a curve ¢ : I — R""! we will denote by ¢(t) the covector field associated to
the velocity vector field ¢/(¢).

With these definitions, we will use the standard embedding of S in R"*! to characterize

T'S™ as a subset of TR™*!. As a side note, recall from chapter 4 that S" is a regular submanifold
of R™1,
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Lemma 5.1. Let f(z) := ||z||* — 1 and consider TS™ to be standardly embedded in TR
Take (§,m) € T'S™. Then the following are true:

L Vf(§) =2

2. <§,77> =0, i.e. £ is orthogonal to T:S"

3. There is an orthogonal decomposition T¢ R"™ = T; S" @ span(¢).

4. For (z,y) € TR™ (2,9) € TS" if and only if ||z|| = 1 and (z,y) = 0.

Proof. 1. This follows immediately since
n —
V) =260 = 2¢.
i=0

2. Due to 1 this claim is equivalent to showing that V f(£) is orthogonal to T¢ S". To this
end, take X¢ = > 7"  X;0; € T S" then there exists a curve ¢(t) € S"” such that ¢(0) = ¢
and /(0) = X¢. Observing that S” = f~1(0), it follows that f(c(¢)) = 0. Differentiating
this equation gives us

0= 5| Flelt) =¢(0)f = Xef =" Xidsf = (Xe, V),
0

1=0

which proves our claim.

3. This follows from the fact that span(§) and T¢S"™ are subspaces of T R™™! which are
orthogonal to each other and their dimensions add up to the dimension of T R

4. Take (z,y) € TR™"!. First suppose (z,y) € TS". Then z € S" so ||z|| = 1 and by 2.
(z,y) = 0. Conversely, suppose ||z|| = 1 and (Z,y) = 0. Then = € S™ and since T, R"™! =
T, S™ @ span(z) orthogonality of  and y implies that y € T, S". Thus (z,y) € T'S".

O

Note that since the musical isomorphism b preserves the inner product — or rather the inner
product on the cotangent space is defined using the musical isomorphism and inner product on
the tangent space — we have exactly the same characterization of the cotangent space.

Corollary 5.1. For (z,y) € T*R™"! it holds that (z,y) € T*S" if and only if ||Jz|| = 1 and
=b
<x ,y> = 0.

Before we derive the geodesic equation on S™, let us collect some identities that we will use
in the proof.

Lemma 5.2. Let £ € S" and ¢: I — S" be a curve. Then
1. {e(t),d () =0
2. (elt), (1) = — 1))
Proof. 1. Since ¢/(t) € Ty S™, Lemma 5.1.2 implies that (¢(t),¢/(t)) = 0.

2. Differentiating the previous identity gives

0= %(E(t% d(t)) = %Z ci(t)ei(t) = Y a(t)é(t) + cit)é(t) = || @) + (et), ¢ (1))
=0 =0
Consequently, (&(t), " (t)) = —||<'(¢)]|*.
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With all these tools, we are ready to derive the geodesic equation on S".

Theorem 5.2. Let S” denote the n-dimensional unit sphere embedded in R"*! and equipped
with the induced metric and the corresponding Riemannian connection. Then ¢ : I — S® ¢ R**!
is a geodesic if and only if

¢ + Hc’(t)H%i(t) =0 forall ¢=0,..,n and tel, (5.1)
where ¢;(t)’s are the component functions of ¢(t) with respect to the standard basis on R™ !,

Proof. Recall that a curve ¢ : I — S" is a geodesic if the covariant derivative along c(t) of its
velocity vector field ¢/(t) vanishes, i.e. if

D{ ()

7 =0 forall tel.

Moreover, we know from Theorem 4.16 that the covariant derivative on S™ of a vector field V()
along some curve is the tangential component of its covariant derivative on R, that is

v _ (dv
da  \dt /),

de(t
( al )> —0 forall tel.
dt tan

Thus ¢(t) is a geodesic if

To proceed, observe that since ¢(t) € S" it follows from Lemma 5.1.1 that ¢(¢) is a unit normal
vector. Thus we can use it to compute the tangential component of dc/(t)/dt. Namely, we get

that
0— (djit))m _ dcc:h(ft) B <dcc/lit)’c(t)>c(t)'

Writing both vectors in the standard frame {0;}, we obtain that

n n

Z CZ - Z éj(t)Cj(t)Ci(t) 81 =0.

i=0 j=0

By linear independence of 9;’s, it follows that c(t) is a geodesic if and only if its component
functions satisfy

&(t) = (" (t),e(t))ei(t) = 0 (5-2)
forall t =0,...,n and t € I. Applying Lemma 5.2.3 yields
Gi(t) + Hc’(t)HQCi(t) =0 forall ¢=0,...,n and tel,

which is the desired form of the geodesic equation. O

As a side note, recall from Theorem 4.14 that ||/(¢)||? is a constant. Thus the derived
geodesic equation (5.1) is a second-order linear equation. Moreover, it only uses the components
of ¢/(t) and ¢(t) thus the above theorem can be equivalently stated in terms of ¢(t) and ¢’(t). We
will use this fact in the next theorem where we express the geodesic equation as the restriction
of Hamilton’s equation.

36



Chapter 5

Theorem 5.3. Let & : T*R""' 5 R be the Hamiltonian defined by
o(&,n) = %H{HQHnHz and ¢ : I — R"™! be a curve. Then ¢(t) is a geodesic on S" if and only if
(c(t), () € T*R™ ! is a solution to Hamilton’s equation corresponding to the Hamiltonian ®
that satisfies ||¢(0)|| =1 and (¢/(0),&(0)) = 0.

Proof. Let us start by computing the Hamilton’s equation corresponding to ®(§,n). They are
given by

: (5.3)
= —22 = |l

- 2
{fz‘ = 57 = &l n;

where 7 = 0, ...,n. Note that n € T¢ R
(=) : Suppose &(t) is a geodesic on S™ thus by Theorem 5.2 it satisfies

&i(t) + H&'(t)Hz&;(t) =0 forall i=0,..,n and tel.

Defining n(t) := £°(t) € T St C T R™! and using the above equation we get that the

components of £(t) and n(t) satisfy
{fi(t) = 7i(t)
nit) = &(t) = € @& ).
Further, observe that [|€(t)]|> = 1 and by Lemma 5.2 (£(t),€'(t)) = 0. Hence we conclude that
(&(t),n(1)) = (c(t), (1)) € T*R™ solves

{f;-os) = [l€) 1 *ns(t)
i) = —llE')]°&)
with [|¢(0)]| = 1 and (£(0),€'(0)) = 0.

(«<): Conversely, suppose (c(t), @ (t)) is a solution to the system (5.3) satisfying ||c(0)]|* = 1
and (¢(0),(0)) = 0. Hence

{c'i(t) = [le(®)|*¢(t) (5.4)

. 2

&Gt) =—=Id® e,
for i = 1,...,n. The first equation implies that ||¢/()[|> = [lc()]|?||¢/(¢)||* while the second can
be rewritten as ¢’(t) = —||¢/(t)||*(t). Using these we get that

(e, ) = [ + (0, ¢"®) = 1O~ @ e = 0.

Since (¢(0),'(0)) = 0 the above implies that (¢(t),c (t)) = 0 for all ¢. From this, it follows that

d o
eI =2(e(t), ¢ () =0

which together with ||c(0)||* = 1 implies that ||c(t)]|* = 1. Now [lc(t)||* = 1, (&(t),d(t)) = 0
together with Lemma 5.1.4 implies that (c¢(t),(t)) € T'S™ so ¢(t) can be viewed as a curve
¢: I — S". Finally, the second equation in (5.4) gives that

Gi(t) + Hc/(t)H2ci(t) =0 forall i=0,...,n and tel,
and so we conclude by Theorem 5.2 that ¢(t) is a geodesic. O

It follows from the above theorem that we can identify geodesics on S™ with ®-solutions
which start on 7% S™ € T* R""!. The next step in the construction is to apply the cotangent lift
of the stereographic projection to solutions of this Hamiltonian system and obtain an equivalent
description in terms of a Hamiltonian system on 7% R". In the next section, we will define the
stereographic projection, and prove some of its properties that are necessary to compute its
cotangent lift which we will do in the subsequent section.
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5.2 Intermezzo on the Stereographic Projection

Let §" = s» —{(1,0,...,0)} denote the n-sphere with its north pole N = (1,0,...0) removed.
An

Note that S is a regular submanifold of R"*!. This follows because we can create adapted
. an X0 . . .

charts relative to S around every p € S by taking the corresponding adapted chart relative to

S™ and intersecting its domain with an open subset of R™*! that contains p but does not contain

N (such subset exists because R"*! is Hausdorff). With this, the stereographic projection

o:S" = R” is defined by

[(EREEER A7) 1 07 "1 0

There is an intuitive geometric interpretation of this definition, as shown in the following lemma.

Lemma 5.3. For any x € Sn, the stereographic projection maps z to u € R™ where (0,u) € R+
is the point of intersection of the line passing through N and x with the hyperplane {xy = 0}.
This geometric construction is depicted in Figure 5.1.

Proof. Well indeed, take xz € S" then a parametrization of the line connecting x and N =
(1,0,...,0) is given by

r(t)=(1—-t)z+t(1,0,..,0) = (1 — t)zo + t, (1 — )@, o, (1 — E)y).

This line intersect the plane {xp = 0} when

1-ao+t =0 o (1—x0)=—29 & t =——0

1—I0'

Note that since x € Sn, we have that xg # 1 so we are not dividing by 0. Now we can obtain the
point of intersection of our line with the plane {xg = 0} by plugging ¢’ into the parametrization
r(t). Before we do that observe that

1t =14 X0 :1—{[:0—1—1‘0: 1 .
1—1’0 1—£L'0 1—170

Using this, we get that the desired intersection point is

Lo o x1 Ln

H(t') = (L= )0+ £, (1— )1, oo (1 — ) = ( - | ) — (0,0(z)),

1—:1:0 1—.73071—.%0,“71—1‘()

as desired. ]

o(P)

Figure 5.1: The geometric representation of the stereographic projection o : S — R2.

Now, in order for the cotangent lift of o to be well-defined, we must first check that o is a
diffeomorphism.
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Lemma 5.4. The stereographic projection o is bijective and

_ lu> =1 2wy 2u
Ul(u):< 5 , 5 e o .
[l + 1 [Jul]” + 1 [Juf |+ 1

(Keep in mind our convention for denoting points in R"™! and R™) Moreover, when S" is
considered as a regular submanifold of R™*! the stereographic projection is a diffeomorphism.

Proof. Let us verify that the given o~! is the inverse of o. Well indeed, take z € S" then

n L — 2z 2%,
(0 oo)(z) = o ( T Ty, ) _ 2 i1 {T=agp ! = 19670
1*1‘7“'71—(13 $22 ) $12 g arey
’ ) \Shiahr t Shphe tl i e ]

Now using that ||z|| = 1, we get

2£Ej

1_1,3 _ _ 21’j(1 - CL’0) _ _ 2$j(1 - l’o) _ 2.Tj(1 - xo) _ acj,
s uwil)Q 11 Y r A (1 —we)? Yijaidai—2wo+1  1-220+1
= .

and

2

2im1 (145;0) YL
S Tz 1 Y

Therefore for any x € S"
(0 too)(z) ==

Conversely, take u € R™ and consider (o o 0~ !)(u). First let us check that o= !(u) € §". Well
indeed,

e Ul 1?2 s A ul* = 2]l + 1+ 4lJul)) =
o 1 = P02 + 25 P+ 1 = Gl T 17 (Ihall* = 2l + 1+ 4l

Moreover, o~ *(u) # (1,0, ...,0) as otherwise the last n coordinates would have to be zero, which
would imply that u is 0 and hence that the first coordinate of o~!(u) is —1. With this out of
the way, let us compute (o oo~ 1)(u)

2uq 2u
2 n
vy T =1 2wy 2up _ [ul>+1 J[ul>+1
goo U) =0 5 , 3 ey 3 = Ty ey 5
wl|+1 ||ul|”+1 ul|”+1 -1 el 1
2 2
ul||”+ u||“+

Therefore we conclude that o o 0™! = idgr and 01 oo = idgn. So o1 is the inverse of o and
as a consequence o is bijective.

Since o is not defined in terms of coordinates on Sn we cannot immediately conclude that it
is smooth. However, o can be extended to a well-defined function on the open set R" 1\ {20 =
1} C R™ ! as such o is smooth as a component-wise rational function. Since S"is a regular
submanifold of R*™\{z% = 1} ' we can conclude by Theorem 4.5 that ¢ is smooth. Finally,
the smoothness of o~ ! follows from Theorem 4.6 since it is induced from a smooth map on
Euclidean spaces and S" is a regular submanifold of R™*!. O

IThis follows from the fact that a regular submanifold of a manifold M is a regular submanifold of any open
set U C M that contains it.

39



Chapter 5

5.3 The Cotangent Lift of the Stereographic Projection

In this section, we will compute the cotangent lift o : T*S" — T*R" in terms of coordinates on
TR™ 1. Recall that the cotangent lift is defined by

ay(&,m) = (a(§),B),

where 8 € T, )N satisfies 8 o dog = 1. Because o is a diffeomorphism, dog is an isomorphism
with inverse d(o™1) (). Therefore 8 =nod(c~ 1), ). Let us compute the components of § with
respect to the basis dz!, ..., dz" for T;(é) R"™. We get

Bi = B(9;) = n(d(0™ )o(e)(9))

so let us first compute d(ail)a(g) (0;) in terms of 8%0, - %, we get

" 0 " 0 " (& oot
d(0™ ) (e () = ngj(d(a_l)a(f)(ai))@ = Z(d(fj o J_l)a(ﬁ)ai)aigj = M
=0 =0 ;

Substituting the formula for o= (z) yields
<||xr|2—1) 0 Z ( 22, )8
o) \Ilz* +1) 0 = 0mi |y \||z||* + 1/ 9

__ M0(©i 0 N5 2 409§ \ 0
(lo(©)I +1)* 9 +]Zl < TNe@IP+1 (lo @I + 1>2> ¢’

0

d(0™ ) p(e)(05) = D

Going back to f;, we write n = > 1" m;d&; € T¢ S* T¢ R™*! and obtain that

= n(d(o™ )y (0; __ 40&)i - 52 _ 4o(§)ia(§);
B =nldle™)ee(@)) (\Ia(§)||2+1)2n0+;(jlla(§)|!2+1 <|ro<5>u2+1>2>”]

Observing that

el = €0 | 1= (&) | _ _ 2
(1 &) -&F " “1-6&  1-&

and using the formula for o (&) gives us

. _ N _ 2
52‘ 452 (1 &) no + Z ( ij 50) ( 452@ (1 60) ) nj
j=1

lo(©)* +1=

1—-¢& 4
=&(1— &)+ (1— &) glzgm
Finally, notice that

En:&nj = <ED;77> = &omos
j=1

and, moreover, by Corollary 5.1 we have <§—b, 77> = 0. Therefore

Bi =& (1 —&o)no + (1 = &o)mi + &&omo = &mo + (1 — &o)ni
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Therefore, the coordinate representation of the cotangent lift o with respect to the standard
coordinates o, ..., &n, 10, ..., Nn on T* R is given by

a3(&,m) == (0(£),9(&,m)),

where

9(&m) = (M1 = &) +&nos -, (1 = &o) + &ano) -

Applying Corollary 4.25 to our case gives us that the cotangent lift o4 is a symplectomorphism.
Thus, oy is a diffeomorphism and in particular it has an inverse. Let us compute it.

Lemma 5.5. The inverse of the cotangent lift oy is given by
oy 'z, y) = (07 (2), f(z,y)),

where in terms of the components with respect to the basis dx!, ..., dz™ of T R™ the function f
is given by

2 2
z||“+1 z||“+1
f(xay) = ((x,y> ) H||2yl - <l‘,y> Ly eeey H||2yn - <£C,y> In) .
Proof. First, observe that Ha_l(:z)H =1 and
2 n 2
1 ]| =1 2; [z]|” +1
o x), J\Z, = _\L + i, — (T, €T;
(67" (2), f(z,9)) ||$H2+1< y) ;\|x|y2+1 5 vi — (z.9) i
|| — 1 ]
) + 1 2] + 1

Consequently, Corollary 5.1 gives us that Jﬁ_l(x,y) € T*S". Since o~ 1(x) # (1,0,...,0) we have

that oy l(ac, y) € T*S" and so oy 1is well-defined. Now direct computation gives us

(0, 0 0)(&m) = oy (0(€), 9(&,m)) = (07 (0 (€)), F(o (&), 9(&,m))

2
=(aw@g@m»WJ”@y*Hmam—w@y@m»%@w>.
Using that (£,7) =0 and ||£]| = 1 we get
n _ 2
(01O, 9(6m) = Y- ({1~ ) + ) = ~6uo + 12y = .

k=1
Moreover, reusing the computation of ||o(€)]|* + 1 from equation (5.5) we obtain

lo(©))1* +1
2

&k
1 ¢o

g (€:m) — (0(6), 9(E.m) 7(€) = ——(mi(1 — &) + Exo) — 110

= Tk-
1-%

Hence, we conclude that

(os P oay)(&m) = (&,m).

Conversely,

(o3 00y ) (,) = 0x(07 (), f(z,y)) = (0(07(2)), 90 (2), f(z,y))) = (z,y)
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since

2 2 "
fk<x,y><1—<a—1>o<x>>+<a—1>k<x>fo<x,y>—(”"C”;lyk—mym) (1—””5”2 1>+ (o)

" +1 ) =" +1
2xy,
=Yk — (2, Y) Tk + (z,y) = yr.
lz*+ 1 [l|® +1
]
Lemma 5.6. With f(z,y) defined as in Lemma 5.5 we have that
z||”+1
Il = LZLE gy,
Proof. Direct computation gives
o ey e [l : lof” +1
1 Gz, )|* = (w,0)” + ) v {wy) —5 || [
i=1
O

Equipped with all these tools let us see how geodesic flow transforms under the cotangent
lift of the stereographic projection.

5.4 Geodesic Flow under the Cotangent Lift of the Stereographic
Projection

To transform the differential equation we pullback our Hamiltonian ¢ on T* R™! first by the
inclusion i : T*S" < T*R"*! and then by oy 1 and get a Hamiltonian F := (oy D**® on TR
given by

F(a,y) = (071 ®)(w,y) = (o (2,9))) = ®(07" (), f(z,9)) = %HU‘I(%)HQIIJ”(HS,y)ll2
Using that ||o~!(z)|| = 1 and an expression for | f(z,y)| from Lemma 5.6 gives

Play) = I

lyll®.

If it was not for the inclusion, we could have used that oy is a symplectomorphism to conclude
that ®-solutions are mapped to F-solutions. However, since we are looking at a restricted
Hamiltonian system we cannot blindly apply this theorem. Fortunately, not all hope is lost —
we can still use that oy is a symplectomorphism. However, this requires some preliminary results
regarding regular submanifolds.

Theorem 5.4. Suppose N is a regular submanifold of M and 6 is the tautological one form on
T*M. Then i*0 = 0 is the tautological one form on T*N where i : T*N — T*M is the inclusion.

Proof. Let (U, ) be an adapted chart relative to N, thus N N U is defined by the vanishing
of the last m — n coordinates so NNU = ¢~ '({xr € R™|2""! = .. = 2™ = 0}). Hence
z!,...,z" are local coordinates on N while z!,...,2™ are local coordinates on M. Moreover,
for any p € N the differentials (dzl),, ..., (dz™), form a basis of Ty N and extending them to
(da')p, ..., (dz™), gives a basis for T* M. Let y;, denote the coefficient function in front of (dz*)

in decomposition of an arbitrary element of Ty M, ie. Y " yr(c )(dz*), = a for any w € ;M.
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Then (z!,...,2™, y',...,ym) is a local chart for T*M while (x!,...,2", y', ...,y") is a local chart
for T*N. In these coordinates, the tautological one-form on T*M is given by

m .
0= Z yida'.
i=1
But then on 7*(U N N)
m ) n )
0 = 07+ ey = O tilr-wnmd (@|7=wnw)) = Y yida’.
i=1 =1
Since we worked with an arbitrary adapted chart, we conclude that ¢*0 is the tautological one

form on the whole T*N. O

Corollary 5.5. Suppose N is a regular submanifold of M and w is the symplectic form on
T*M. Then i*w is the symplectic form on T*N.

Proof. Using that w = df and commutativity of d with pullback we get that
*w =1"df = d(i*0).
Applying Theorem 5.4 then gives that i*w is the symplectic form on T*N. O

With these two tools, we are ready to prove a theorem that generalizes the theorem that
states that symplectomorphisms carry solutions to Hamiltonian systems to solutions to some
other Hamiltonian systems.

Theorem 5.6. Let N be a regular submanifold of M and H a Hamiltonian on T* M. Suppose
f:T*N — T*P is a symplectomorphism and ¢ : I — T*N C T*M a curve. Then c¢(t) is a
solution to the H-system on T*M if and only if f(c(t)) is a solution to the H o f~! system on
T*P. Additionally, all solutions to the H o f~! system on T*P are of this form.

Proof. We will prove the theorem by first showing that for ¢(t) € T*N an H-solution, f(c(t))
is a H o f~'-solution and then that for z(t) a H o f~!-solution, f~!(x(t)) is an H-solution on
T*N. Additionally, we will not work in charts with Hamilton’s equations but rather directly
with the Hamiltonian vector fields.

(=): Suppose c¢(t) € T*M is an H-solution on M. Thus

d
de (&) ) = x
(i) =

where Xy is the unique vector field on T* M satisfying ¢x,w = dH with w the symplectic form

on T*M. Now observe that by the chain rule
>> = dfe(r) (XH ) :
t c(t)

d ) d
=df e (dct (
. () dt
Therefore, if we show that df ) (XH {C(t)) = Xpof ‘f(c(t)) then we can conclude that f o cis

)

c(t)

d(foc) (dt

an H o f~! solution. To this end, let w and 1 be the symplectic forms on M and P, respectively.
By Corollary 5.5, i*w is the symplectic form on N and since f is a symplectomorphism

n= (/") = (o S ) w.
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With this, take Y € T'y(.4))T* P and consider the following

c Y)=n. df. X Y
(Ldfc(t) (XH!c(t))nf( (t))> ¥)=n ® ( I © ( " c(t)) >

= ((1 0 f_l)*w)f(c(t)) (dfc(t) (XH

)7)
c(t)

>> ,d(io f_l)f(c(t))Y) :
c(t)

= We(1) <d(i o F N ety <dfc(t) (XH

Applying the chain rule gives

. . 1 . -1
<Ldfc<t> (Xn \C(t))"f(C(t))) (V) = wer) (dO o0 Pew) (XH c@)) »dicr) © df f(c(t))Y>

. . -1
= We(r) (dw:(t) (XH C(ﬂ) dice) © df f(c(t))Y> '

Now, both Xg|.+) and dff_(i(t))Y belong to Tc*(t)N. Thus di.;) acts on them trivially and so

_ —1 _ —1 _ —1
(Ldfc(t) (XH‘C<t)>77f(C(t))> (V) = wery (XH‘ (t)’dff(C(t))Y> = (10 et) (U 5iyY) = AHoto @k Y ).

where we used the definition of Xp. Finally, applying the chain rule yield

—1 —1
<Ldfc(t> (xn \C<t))77f(c(t))) (V) = dH ey (df 1oy Y) = A (H 0 F70) pen V) = (60X, ) 000y M) (V)

By non-degeneracy of 7 it follows that

df ety (XH

) = ‘XvHof*1
c(t)

Thus we have shown that f(c(t)) is an (H o f~!)-solution.

f(e®)

(<) : Conversely, suppose z(t) is an (H o f~!)-solution. Then (omitting the subscripts)

d
dr | — ) = Xgeor-1.
X <:(1t:> Hof 1

Now the chain rule gives

Cl(f_1 o:L‘)g

=df ' Xpopt.
dt f Hof—1

But from the previous direction we know that df (Xg) = Xpop-1. Therefore another application
of the chain rule gives

_ d _ _
d(f~'o o)y = Ndf (Xm) = d(f " o [)Xu = Xu,
which allows us to conclude that f~!(z(t)) is an H-solution. O
By picking N = Sn, M =R P =R" and oy to be the symplectomorphism, we can apply
the above theorem to the ® and F'= ® o oy ! Hamiltonians and obtain the following.

44



Chapter 5

Corollary 5.7. We have that (z(t), y(t)) is a ®-solution satisfying ||z(0)|| = 1 and (z(0),y(0)) =
0 if and only if oy(x(t),y(t)) is an F-solution. Moreover, all F-solutions are of that form, i.e. oy
induces a bijection

{®-solutions with [|z(0)|| = 1, (x(0),y(0)) = 0} 2, {F-solutions}
(@), y (1) = oy((t), y(1))-

Proof. The only detail that we need to prove is that (z(t),y(t)) € T*S" for all t. This follows
from Theorem 5.3. O

With this corollary and Theorem 5.3 the following corollary is immediate.

Corollary 5.8. Let ¢ : I — S™ be a curve. Then c¢(t) is a geodesic on S" if and only if
oy(c(t), < (t)) is an F-solution.

5.5 Obtaining the Kepler Hamiltonian
In this section, we will show that the Hamiltonian

(lz)* +1)*

2
ST

F(.%',y) -

is equivalent to the Kepler Hamiltonian H when considered on a specific energy surface. In
particular, we will first show that the F-solutions on the energy surface F' = 1/2 correspond
to Kepler orbits on the energy surface H = —1/2. We will then generalize this to other energy
surfaces.

Remark. Note that ¢(t) is a geodesic with unit speed, i.e. ||c/(¢)|| = 1, if and only if it is a
®-solution on the surface

2(c(t), ¢ (1) = 5l P[] =3,

satisfying [|c(0)|| = 1 and (¢/(0), &(0)) = 0. This follows from Theorem 5.3. But then oy (c(t), ¢’(t))
lies on the surface

F(oy(e(t), € (1)) = (il (oy(e(t), € (1)) = @(e(t), ¢ (1)) = 1/2.

Hence geodesics with unit speed correspond to F-solutions on the surface F' = 1/2.

To start transforming F-solutions to H-solutions, we first define an intermediate Hamiltonian
G and show its equivalence to F' on an energy surface. We will then show equivalence of G to
H on an energy surface.

Lemma 5.7. Let G : T*R"™ — R be the Hamiltonian defined by G(z,y) = 1/2F(x,y) —1. Then
(x(t),y(t)) is an F-solution on F' = 1/2 if and only if it is a G-solution on G = 0. Remark: Note
that F' = 1/2 implies that y(t) never vanishes.

Proof. First, observe that G(z,y) = 0 if and only if F'(x,y) = 1/2. Moreover, note that

oG _ 1 oF
Ox  \/2F(z,y) Ox
e 1 OF

dy  \2F(a,y) 9y

45



Chapter 5

Consequently, (x(t),y(t)) solves

o 06
=%
S
Y= o
with G(x(t),y(t)) = 0 if and only if F(z(t),y(t)) = 1/2 and
. 1 oF OF
i = el
J2F(z.1) 6y oy

1 oF oF

T \RFGy) 0 T

In other words, (z(t),y(t)) is a G-solution on G = 0 if and only if it is an F-solution on
F=1/2 O

Lemma 5.8. Let G be defined as in the previous lemma and define the Kepler Hamiltonian
H:T*"R"™ - R by

1, 1
H(q,p) = 5llpll”™ = 7
2 [l
Then (z(s),y(s)) is a G-solution on G = 0 if and only if (¢(t),p(t)) = (y(t),—z(t)) is an H-
solution on H = —1/2, where Z(t) and y(t) are reparametrizations of z(s) and y(s) defined
by

with the parameters implicitly related by

= [ o)ar
0

2
(Ul lI” + Dllyll
2

Proof. First, recall that

G(z,y) = \2F(xz,y) — 1= — 1.

Additionally, observe that the parameters ¢ and s satisfy

dt

3| = Wl

and, assuming that y(s(t)) # 0, the inverse function theorem gives

ds
dt

I 1
T E T O
Moreover, in our case y(s(t)) never vanishes since otherwise H # —1/2 and G # 0. Therefore

we can always use the inverse function theorem as above. Equipped with those facts, let us
proceed to the main proof.

(=) : Suppose (x(s),y(s)) is a G-solution on G = 0 and consider (q(t),p(t)) = (y(t), —Z(t)).
Then we have
dg| _

dt |,

E
sy dt |

oG
 ox

1
(s s NV EEI

dy

dy _d(yos)
dt|,

dt

_dy
ds

t
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Using the expression for G(x,y) we obtain

dg
dt

= sl (s(0) s = ~a(t) = p(t) = b0

thus the first of H-equations is satisfied. Similarly,

t

_ 4z
. dt

_ 4z
t_ ds

ds

e

_ oG 1L lss@)P+1 1
t dy

sy [WEON 2 ly(s(t))]

dp
dt

(5.6)

Now recall that (z(s),y(s)) satisfy G(x(s),y(s)) = 0 for all s thus

2
0= Gla(s(0), y(sn)) = I VWEON

Using y(s(t)) # 0 we obtain

Jss@)P+1 1
2 W@
Using this fact, we get that
o) 1 o) 1
HeWa) =""""mo1 = 2 Tweon - *

and applying it to (5.6)

dp| _ 1 Ly 0H _

3t = TP = TP ™ T 0

Thus (gq(t),p(t)) is an H-solution on H = —1/2.
(<) : Conversely suppose that (q(t), p(t)) = (gy(t), —z(t)) is an H-solution on H = —1/2 and
consider (z(s),y(s)). First, observe that H = —1/2 implies that

eI 1 Jes@)l® 1
2 la(@®)ll 2 ly(s(ENN”

~1/2 = H(q(t),p(t))

for all ¢ and so

(lz(s)I* + Dlly(s)I
2

G(x(s(t), y(s(t)) = —-1=0,

for all t. As s(t) is a bijection, it follows that (z(s),y(s)) lies on G = 0. Moreover, denoting the
inverse of s(t) by t(s), we get

dz d(zosot) d(z o s) dt dp dt| 0oH

arl _ — = === =| == ly(s)]l-
ds | ds g b fygdsl, dblygdsls 00 fgaee)pe))
Differentiating H (p, q¢) with respect to ¢ gives
dz 1 1 1
— | =z aty) = ————my(st(s))ys)| = ——zy(s).
ds |, Jlg(t(s)’ ly(s(t(s))II’ ly(s)II?
Using that G(z(s),y(s)) = 0 we obtain that
dx z($IP+1 1 oG
3l T = B e
5 ls yis Y l(a(s)y(s)
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so the first G-equation is satisfied. Similarly,

d(y o s)
dt

dt
(s) ds

dt

dy dt
(s) ds

ds

_d(yosot)
- ds

_da
., dt

_OH
s Op

ly(s)1]-
(a(t()) p(#(s)))

S S

Differentiating H (p, ¢) with respect to p gives

d oG
DL = lylptr(s) = ~ly)le(s) = 5
s T @) ()
We conclude that (z(s),y(s)) is a G-solution on G = 0. O

Applying Lemma 5.7 and Lemma 5.8 to our initial observation that geodesics with unit
speed correspond to F-solution on F' = 1/2; allows us to conclude that the unit speed geodesics
on S" correspond to Kepler orbits on R™ with H = —1/2. Let us extend this construction to
other negative energies. To this end, suppose ¢(t) is an arbitrary non-constant geodesic on S"
and define A := ||¢/(¢)]] € Rso. Then we can write ¢/(t) = A\é(t) where é(¢) is a unit vector. By
Corollary 5.8, a(c(t),’(t)) is an F-solution lying on the energy surface

_le@Ple®]” _ »
2

F(oy(e(t), (1)) = (e(t), (1)) 5

Defining

2
x|+ 1
K(z,y) :=\/2)\F(x,y) — A2 = )\HH2||y|| — )2,

we have that K (x,y) = 0 if and only if F(x,y) = A\2/2. Moreover, on F(z,y) = A\?/2 we have

oK _ [ ok _or
or  \| 2F(x,y) 0z Oz
oK A2 9F  OF

Oy \|2F(z,y) 0y Oy’

Thus F-solutions of F' = A\?/2 are precisely the K-solutions with K = 0. Now analogously to
Lemma 5.8 we have the following.

Lemma 5.9. With K and H defined above, we have that (z(s),y(s)) is a K-solution on K = 0
if and only if (q(t), p(t)) = (Ag(t), —A~1Z(t)) is an H-solution on H = —ﬁ, where Z(t) and ()
are reparametrizations of z(s) and y(s) defined by

with the parameters implicitly related by

)= [ lyto)lar

Proof. Following the same steps as before we have

dt

ds

ds
= Wly(s)] and

B 1
¢ Mlly(s@)l’

where, again, y(s(t)) never vanishes as otherwise K # 0 or H # —ﬁ.

s
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(=) : Suppose (z(s),y(s)) is a K-solution on K = 0. Then we have

do| _\dg| _dy| ds| _ o !
dt |, dt |, ds s(t) dt |, O (z(s(t)),y(s(t) )\ ly(sEIl”
Using the expression for K (x,y) we obtain
dg 1 1o OH
— | = =A||y(s(t))||=(s(t =-X"Z(t)=p(t) = — ,
at |, ly(s(@)) ]l )))\gny( ol (t) = p(t) 3 oot
thus the first of H-equations is satisfied. Similarly,
dp 1dx 1 Jz(s@)| +1 1
— | ==\ —_— = — y(s(t)).
at |, 3, 0 s PTEE@] R TR TA
(5.7)
Now recall that (z(s),y(s)) satisfy K(z(s),y(s)) =0 for all s thus
z(s(t)]* + 1 s(t
0= K(a(st), () = AL+ IO _
Assuming that y(s(t)) # 0 gives
lp()]* 1 oz (s(@))? 1 1
H(p(t),q(t)) = - =\ - -
P-4 =5 > G 2
Moreover, using K (z,y) = 0 also gives
dp 1 1 1 OH
(1) = Ay (s(0) = () = |
el R2[ly(se))’® Xy (s ()1 lg(®)]” 9 |(4(t) p(t))
thus (¢(t),p(t)) is an H-solution on H = — 5.
) _ —1x ‘ ; — __1
(<=) : Conversely suppose that (q(t), p(t)) = (A\y(t), —A""Z(t)) is an H-solution on H = —515.
Note that H = —ﬁ implies
1 lp(t)]” 1 oz (s(@)))? 1
——=H q t » P t = - = A - )
e~ 00 =55 2 GO
for all ¢ and so
2
1
Koo s = AL LD o
for all s. Moreover, denoting the inverse of s(t) by t(s), we have
dx d(zosot d(zos dt dp dt
R e I R PR & )
s o ls t(s) &9 Is #(s) % Is T 1(a(t(s)).p(1(5)))
Differentiating H (p, q¢) with respect to g gives
dx 1 A2 A2
| = A (t(5)) [y ()| = g y(s(t(s)) ly ()| = y(s).
ds | lg(t())]° ly(s(t(s))1? ly(s)]”
Using that K( (s),y(s)) = 0 we obtain that
do| _ eGP+t Ao 0K
ds | 2 ly(s)ll Y |(a(s)(s))
so the first K-equation is satisfied. Similarly,
dy| _d(yosot)| _d(yos) dt _1dg dt )\237H ly(s)ll
ds |, ds [, At fygds], dt i dsls " 0P lgeenaeen
Differentiating H (p, ¢) with respect to p gives
dy 9 oK
1 | = M ly6)lp(t(s)) = =Ally(s)ll2(s) = -5~
5 ls T @(s)9(s)
We conclude that (z(s),y(s)) is a K-solution on K = 0. O

49



Chapter 5

5.6 Collision Orbits and Extension of the Stereographic Projec-
tion

In the preceding sections, we have proven that any non-constant geodesic ¢(t) on S™ corresponds

in bijective fashion to a Kepler orbit with energy H = —m. The transformations that
achieved this can be summarized as

(c(t), (1) = (o(e(t)): gle(t), (1)) = < ¢

t>Hg<0<t>,cb<t>),_ch(t)H*(,(c(t))). (5.8)

We can see that there is an issue with the current construction. Namely, if ¢(t) is a geodesic
that goes through the north pole (1,0, ...,0) then the first step of our construction doesn’t work
since o(c(t)) is undefined at the north pole.

To analyze this issue, let us first recall that

¢! "

9(&m) = (m1 =€) + &, ooynn(1 =€) +E™no) -

With the help of the geometric interpretation of o from Lemma 5.3, we see that if c(t) is
a geodesic (i.e. great circle) through the north pole N = (1,0,...,0) then the image of ¢(t)
(excluding N) under o is a line in R" that goes through the origin. As ¢(t) approaches N its
image in R" travels to infinity along the given line. While when ¢(t) goes through the south
pole S = (—1,0,...,0) its image goes through the origin 0 € R"™. Moreover, keeping in mind that
I @) = Hc"(t)H is constant, we also have that as c(t) — N the image g(c(t),c(t)) — 0 and
as c(t) — S the image g(c(t),(t)) — 2(t). Applying the second transformation in (5.8) to
(c(t),d (t)) and denoting its image by (q(t), p(t)), we see that

qt) = ld@lglet), ¢ (t)) =
e = —lI¢@1 llo(e t)))H — 00

(
q(t) = lId®)llglc(t), ¢ (1) — 2HC( )€ ()
p(t) =B ole(t) =

c(t) > N = {

ct)y =S = {

But this behaviour of (¢(t),p(t)) corresponds exactly to collision orbits of the Kepler problem!
To see this more clearly, suppose S is the initial position of ¢(t) and we watch it travel to
N (in any direction). Then we get that our (g,p) system starts at rest, i.e. p = 0, and a
distance ||g|| = 2||¢/(t)||* from the origin. As ¢(t) — N the position ¢(t) approaches 0 while the
momentum p(t) diverges in such a way so that H(q,p) = ||p||*/2 — 1/||¢|| remains constant and
equal to

1 1
H(q(O),p(O)) - - Hq(O)H = _QHC/(t)HT

We conclude that the problematic geodesics ¢(t) which go through N correspond to collision
orbits of the Kepler problem with energy H = —m, where the north pole N maps to the
point of the orbit where the particle collides with its centre of attraction causing the momentum

to diverge.

We conclude that there is a bijection between non-constant geodesic on S™ and completed
negative energy Kepler orbits on R”, in which ”completed” means that we include the collision
point in the corresponding collision orbit.
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Chapter 6

Relativistic Corrections: A Prelude
to Relativistic Kepler

This chapter serves as a prelude to the final chapter in which we will present some of the
results from [Nee+23]. One of them is that, for a specific value of a coupling constant, the
orbits of an extremal test particle moving in the background of an oppositely charged extremal
Einstein-Maxwell-dilaton black hole are equivalent to Kepler orbits. Therefore bounded orbits
are elliptical and hence there is no perihelion precession. What makes this result interesting is
that generically, relativistic corrections to two-body problems cause perihelion precession and
bounded orbits do not close on themselves. In this chapter, we will see two examples of this
phenomenon. Along the way, we will also show how to obtain relativistic corrections to classical
systems. The general strategy is to consider a solution of the system in a relativistic theory and
then analyze the limit of this solution for small velocities or ¢ — co.

The first example we will consider is the electrostatic two-body problem, and the second
is the relativistic Kepler problem. In the first problem, we will analyze a charge moving in
a stationary Coulomb potential and look at corrections due to special relativity. For that we
will only need standard classical electrostatics and basic notions from special relativity — for
example, as presented in [Gril7; Zanl2]. To solve the second problem, we will first give an
overview of the necessary elements of General Relativity (GR) — the reference for this section is
[Ton19] — and then consider the Schwarzschild solution in the limit of small velocities. In both
examples, we will see that the relativistic corrections cause the perihelion of orbits to processes.
We will quantify this effect.

6.1 Relativistic Corrections to Electrostatic Two-body Problem

In this section, we will derive and analyze the solution to the (special) relativistic electrostatic
two-body problem in which the first charge is much heavier and fixed at the origin while the
second opposite charge moves in the static Coulomb potential. Classically, the equation of
motion is

with o = ¢%/4meg. This corresponds exactly to what we did in chapter 2 with o = k. Thus the
solutions to this problem are conic sections. In particular, bounded orbits are ellipses and so
there is no perihelion precession. We will see that making this problem consistent with special
relativity induces perihelion precession. Our account is based only on elementary special rela-
tivity. More sophisticated approaches which use the Hamilton-Jacobi equation or action-angle
coordinates are presented in [LL80] and [Thil3], respectively.
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To make the equations of motion consistent with special relativity, we simply replace classical

momentum p = mv with relativistic momentum p = m~yx, where v = —L . Thus we
. . ! T e
want to solve the following equation
— |[ymx| = —=x,
dt [ym] 3
where as usual 7 = ||x||. Similarly to the classical case, the relativistic angular momentum
L = x x (m~yx%) is conserved as
. d . . : k
L=xXx —[ymX]+x x (ymx) = —x X —x =0.

dt r3

Since L is conserved and both x and x are perpendicular to it, the motion is planar. Thus we
can use polar coordinates and write

rcos(6)
x = | rsin(f)
0
In these coordinates, L is
r cos(f) i cos(f) — rsin(6)f 10
L =ymz x & =ym |rsin(d) | x |#sin() + rcos(9)d| = ymr26 |0
0 0 1
Hence L = 0 also implies that
d .
T [m’yr%} =0.
Thus, we can write
myr?0 = (¢

for some constant £. To proceed, we will first write down the total energy solely in terms of
the radial variable . Then we will rewrite it in terms of the Binet variable u(6) = 1/r(6).
Differentiating the resulting energy equation with respect to 6 will give us an ODE for u which
we will then analyze. To this end, recall that the total relativistic energy E is conserved and
given by

E = C\/w2m2||>'(|]2 tm2e2 - 2
r
Using the conservation of angular momentum and
% = #* 4 r262,

we can write the total energy as

: 72
E— C\/72m2(1'"2 +r202) ym2e2 - & = C\/72m2 <7;2 + — 2> +m2e2 - 2
r mey<r r

Note that the « factor still depends on the velocity x — fortunately, as we will see, this factor

cancels out. Now, let us introduce u(f) = 1/r(0). Observe that

v du 4
Y7 _dgi)m'yrz_'ymu d¢’
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where we used conservation of angular momentum and chain rule. Consequently,

. U ¢ du
F=——=—-——.
u? ym d¢
Denoting differentiation with respect to € by «’, the total energy in terms of the Binet variable
reads

202 22
E = ¢y |v?m? <m272 + W) +m2c® — au = e/ 12 (u? + u2) + m2c2 — au

Taking the potential energy to the left side and squaring the result yields
(E + au)? = 22?4+ u?) + m2c.
Expanding the square gives
A0 + (A2 — ®)u? — 2Bau = E? — m2ch.
Finally, by differentiating with respect to 6 and dividing by 2u’ we get

AU + (A2 — oP)u— Ea =0,

2
" «a Ea
“+<1‘cze2>“—cw:0'

For |a| > ¢l the solutions of this equation are unbounded. Concretely, for |a] > ¢/ the solution

1S
a2 Ea 1
u=Acosh <9v e 1t 90) taai-arjen

while for |a| = ¢l it is

and so

E
u=—6?+BH+C,
[0

where A, B,C, 6y are integration constants. On the other hand, for |a| < ¢/ we get bounded
solutions that are given by

/ a? Eo
U:ACOS<9 162£2+90>+C2€2—a2

We can use the freedom to rotate the z-axis to set #y3 = 0 in which case

/ a? Fa
uzAcos(@ 1-— 02€2> + 22 g2

Note that in the non-relativistic limit ¢> — oo this corresponds to familiar conic sections' and
so there is no perihelion precession. But, for finite ¢, after rotating by 27 the orbit doesn’t close.
In fact, u is maximized and hence r minimized (perihelion) first at § = 0 but then not at § = 27
but rather at

2w 2ra’?

In the last step, we applied the binomial approximation and assumed that % <& 1. Therefore,
to first-order?, the perihelion precesses by

7'('042

0~ ——.

202
'Keep in mind that E is the relativistic energy so E/c* — m as ¢ — oo.
*We say that a term has n-th order if it is proportional to (1/¢*)".
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6.2 Relativistic Corrections to Kepler Problem

As already mentioned, before diving into the analysis of the Schwarzschild solution let us give a
brief overview of GR.

6.2.1 A Crash Course in General Relativity

During undergraduate studies, one often hears about the beauty of the theory of General Rel-
ativity (GR). Fortunately, only knowledge of metrics — that we saw in chapter 4 — is needed
to glimpse this beauty. Namely, the first main idea behind GR is encapsulated in the innocuous
statement ” Gravity is geometry”. This means that the metric describing the universe’s geometry
is the gravitational field’s source. In other words, what we perceive as gravitational attraction is
just objects following geodesics — nothing more. Notably, the fact that geodesics are indepen-
dent of the rest mass of a particle corresponds to the well-known (weak) equivalence principle —
inertial mass equals gravitational mass. Now, if that was it GR wouldn’t be also known for its
infamous difficulty. The mathematical difficulty comes from Einstein’s second great insight® that
the metric is a dynamic entity governed by the matter content of the universe. This relationship
is described by the seemingly simple Einstein field equation which states that

871G
G/u/ + Ag;w = CTTy,lla

where G, is the Einstein tensor, T}, is the stress-energy tensor, g,, the metric and A is the
cosmological constant. This an elegant coordinate-free* formula but deriving it takes significant
mathematical machinery — it took Einstein 10 years to translate his physical insights into a
mathematically rigorous framework — and so we won'’t pursue it.

As was already mentioned, another thing that one often hears is that Einstein’s equations
are notoriously difficult to solve. The reason is that the elegant equation that we gave contains,
in fact, 16 different nonlinear, coupled partial differential equations. When all the definitions
are unpacked, the Einstein equation in terms of the metric g,, reads

3 3 3 3 3 3 3 3
% Z Z gaﬁaaa,ugﬁu + % Z Z gaﬁaaazzguﬁ - % Z Z gaﬁaaaﬁg/,w - g Z Z gaﬁa,uaugaﬁ
a=0 =0 a=0 =0 a=0 =0 a=08=0
1 3 3 3 3 1 3 3 3 3
_§ Z Z Z Z gﬁxgapaagp)\augﬁu - 5 Z Z Z Z gﬁkgapaagp)\ayguﬁ‘F
a=0 =0 p=0 A\=0 a=0 =0 p=0 A\=0

3 3 3 3 1 1

3 3 3 3
i D22 979 0ug0r0ugps + 1l > 9" 951910090 — 1l > 9%%05191009,u

a=0 =0 p=0 A=0 a=0 =0 a=0 =0

1 S of 81G
— Z Zg 8B|g|a,ugoa/ + Ag,m/ = TT/U/'
A9l = 0= c

Mind you, this needs to hold for all u,v = 1,2,3,4 and so we have 16 such equations that
are moreover coupled to each other. It goes without saying that there are only a handful of
known solutions to Einstein’s equation. One of them is the Schwarzschild metric which is the
unique asymptotically flat, spherically symmetric vacuum solution (i.e. 7, = 0) — as stated
in Birkhoff’s Theorem [Ton19]. We will give it a closer look in the next subsection.

Finally, once one has a solution to Einstein’s equation one can check how a test particle
moves in such a universe by solving the geodesic equation we already encountered in chapter 5.

3The first one — gravity is geometry — can be implemented in Newtonian mechanics. This is known as the
Newton-Cartan gravity. Thus it is the second insight that makes GR truly different from Newtonian gravity.
4The abstract index notation is used.
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However, for a specific metric, it is easier to derive the geodesic equation using variational
/
calculus rather than first to compute the Riemannian connection® and then solve th(t) = 0.

Without going into mathematical details, we state that the geodesic equation is equivalent to
Euler-Lagrange equations

d /0L oL

L&)

dr \9ir)  Oar

with the Lagrangian L = %guy(fn)i‘“fc” and supplied with the constraint L = —% where the
dot represents differentiation with respect to the proper time 7. This Lagrangian formalism
can also be applied to the example from the previous section. We opted against using it since
— contrary to the present case — we already knew the equations of motion. For details on
Lagrangian mechanics, the reader is referred to [Ser23b; Ton04] while its relation to GR is

shown in [Ton19].

6.2.2 The Schwarzschild Solution and Perihelion Precession

The Schwarzschild metric reads

ds® = —A(r)dt* + A(r)~tdr? + r?(d6? + sin? 0d¢?),

where A(r) :==1— 27%]2\/[ and (r,0, ¢) are the usual spherical coordinates. This metric is most
known for its relation to black holes. We can see that something unusual is happening by ob-
serving that the metric diverges at r = R; = Q%M — this corresponds to the black hole event
horizon. It is possible to analyze the behaviour of spacetime around this apparent singularity
but this is not of interest to us. We will only look at the region where r > R;, where the
Schwarzschild metric correctly describes the curved spacetime created by a star of mass M.
Therefore the relativistic counterpart of the Kepler problem is to find the orbit of a test particle
moving in this spacetime. In other words, we have to solve the geodesic equation. In what
follows, we will first derive this geodesic equation. Then we will check that in the limit ¢ — oo
it coincides with the Kepler problem. Finally, we will use perturbation theory in some small
parameter 3 o< 1/c? to find relativistic corrections to the Kepler problem.

To find the associated geodesic equation we first look at the Lagrangian

1 ! y - iy .
L= ig,w(x)x“x” =3 <gtt02tt + grrTT + goet0 + g¢¢¢¢>

= 2 (AWt + A 42 (00 4 5in2(0)39) ).

Its Euler-Lagrange equations are

L pewns
i (57) ~ 5 = i (A - G =0 62)

% (gg) _ gg _ % (r20) — *sin(0) cos(0)()? = 0 (6.3)
diT (gg) — gi = diT (7"2 sin2(0)<15) = 0. (6.4)

To solve these equations, let us follow a strategy similar to the classical Kepler problem. First,
we can constrain the motion to the plane § = 7/2. We can do this because given any initial

Technically, we would need the Lorentzian connection.
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conditions we can rotate our coordinate system so that 6(0) = 0 and A(0) = 7/2, and then
equation (6.3) is solved by 6 = 0,0 = 7/2. Thus the motion remains planar. With this choice,
equation (6.4) becomes

% (7“%5) =0.

Thus
0:=1r%¢p

is conserved. Note that £ is just the angular momentum (divided by mass) in polar coordinates
(r,¢). Similarly, equation (6.1) gives that

E=cA(r)t

is conserved. To proceed, recall that to get the geodesic equation we also have to impose the
constraint

2
L= % (—A(r)c%f + A(r) 7Y % 4 gbgb) = —%,

where we already used that § = 7/ 2,0 = 0. Using the conserved quantities ¢ and F, we can

rewrite the above as
FE 2 0\ 2
2 2 —1.:2 2
—c* = —A(r)c <c2 (r)> + A(r) "+ <r2) :

Multiplying both sides by 3A(r) gives

1., Alr)* Alr) , E?
TRt T T

(6.5)

But this is just the energy (divided by mass) of a particle moving in the effective potential

AW B A

Ver(r) = == 5+ =

Since this particle is constrained to a plane and moves in a central potential, we can follow the
same strategy as in the previous section and solve for r(¢) by deriving the Binet equation for
this potential. To this end, introduce u(¢) = 1/r and observe that

du ;. duft UQ%
Cde” derz T de’

Substituting this into equation (6.5) and multiplying the result by 2/¢? gives

E? du\? 2 du\ 2 2GM 2
e () o (+) - (B + (-2 (4+2)

We can simplify this equation by differentiating it with respect to ¢ and subsequently dividing
by 2%. Namely, we obtain

d*u GM 3GM
e e

u? = 0. (6.6)
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The non-relativistic limit corresponds to ¢ — oo in which case our equation becomes

dQUQ+U_GM_0
dgz2 "0 T2 T

It is easy to check that a solution to this equation is

uo(@) = G—QM(l + ecos ¢).

l
But recalling that uo(¢) = 1/ro(¢) we see that ug describes a conic section! This is a good sign
since we recover the classical two-body problem by taking the limit ¢ — oo in the relativistic
two-body problem. In contrast to the electrostatic two-body problem, to obtain relativistic
corrections we will have to resort to perturbative methods since equation (6.6) doesn’t have
simple exact solutions®. To this end, we look at solutions

u =~ ug + fuq
with 8 < 1 a dimensionless’ parameter defined by 3 = 3322 5\2/[ I 8 = 0 we recover our non-
relativistic solution ug, thus w is a relativistic correction to our problem. To find it we plug in
our ansatz u ~ ug + fuy into (6.6) and obtain that

— tug — —— — u; — ——(uy + 2Buou uy) = 0.
<d¢2+0 £2>+qu§2+51 GM(0+501+5 1)
The expression in the first parentheses vanishes since wug is the classical solution. Since wu; is
approximation at order 3, we can neglect the terms proportional to 42 and 33. Plugging in the
previously obtained expression for ug we get that u, satisfies

= U= (1+2ecos ¢ + e cos® ) .

This equation is solved by

2 2
up = GE—QM <<1 + €2> + epsin(¢) — % cos(2¢))> ,

which is the sought-after (first-order) relativistic correction to the classical two-body problem.

The e¢sin ¢ term makes u; non-periodic in ¢. Consequently, u is not periodic as well and
hence the orbit no longer closes. We can see this clearly by investigating the perihelion of the
new orbit. Recalling that the perihelion is the point of closest approach, we want to find ¢ such
that 1/r(¢) = u(¢) =~ ug + Su; is maximized. To this end, we set the first derivative of ug+ Suq
to 0 and solve for ¢, this yields

—esin(¢) + (e sin(¢) + e¢ cos ¢ + 632 sin 2¢> =0. (6.7)

We see that ¢ = 0 solves this equation. Moreover, in the limit 8 — 0 the next solution is ¢ = 27
(¢ = 7 correspond to minimum of wug). Therefore for § < 1 the solution to the perturbed
problem should be ¢ = 27 + § for some small angle §. Plugging this ansatz into equation (6.7),

5This new difficulty originates from the fact that in (6.6) a relativistic factor comes in front of an additional
nonlinear u? term while previously relativistic factors only modified the coefficients of the constant and linear
terms.

"Keep in mind that £ is angular momentum per mass.
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expressing sines and cosines as Taylor series around ¢ = 27 and ignoring terms of order 62, 36
or higher, we obtain

2
O~ —ed+f (ea +e(2m +6)(1— 6%/2) + %25) ~ —ed + 2mep.

We conclude that the perihelion precesses by

for each revolution around the centre, as shown in Figure 6.1. Prediction of this orbit precession
explained the anomalous precession of Mercury® and was one of the first experimental pieces of
evidence in favour of General Relativity.

0 = 10007

Figure 6.1: Depiction of perihelion precession

Recall that in the previous section, we obtained that perihelion precession in the electrostatic
two-body problem due to special relativity is

2
ye:;
J ~

02c2°

Forgetting about the coupling constants, we see that the gravitational precession is 6 times
stronger than the electrostatic one. Finally, observe that in the previous section, we obtained
exact orbits and only then used ¢ — oo to calculate the first-order correction to perihelion
precession. Omn the other hand, in this section, we didn’t have exact solutions and worked
perturbatively from the beginning.

81t was known that considering the pull of other planets can explain the precession but the results obtained
in this way were smaller than the experimentally observed precession.
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The Relativistic Kepler Problem

In this final chapter, we will examine the construction given in [Nee+23] and attempt to extend
a particular aspect of it. The main idea presented in [Nee+23] is to generalize the Kepler
Hamiltonian in such a way that on the energy surface, the resulting Hamiltonian is equivalent to
the classical Kepler Hamiltonian. However, the energy surfaces of this generalized Hamiltonian
might decompose the phase space differently than those of the classical Kepler Hamiltonian.
The authors of [Nee+23] have shown that the generalized Kepler Hamiltonian applies to an
extremal test particle in the background of an oppositely charged extremal dilaton-coupled
Einstein-Maxwell black hole. But, this statement only holds for a specific value of the dilaton
coupling constant — a = /3. After giving an overview of this construction, we will prove a
generalization of the key theorem from [Nee+23] and then use it in an attempt to characterize
the behaviour of solutions to this problem away from the special value of the coupling constant.

7.1 Generalizing the Kepler Hamiltonian

Recall that the usual Kepler Hamiltonian on 7% R™ = R" x R™ in terms of the standard cotangent
coordinates is given by

Ipl* 1
Husual(va) = ? - m

The generalization H (g, p) of this Hamiltonian that we will be analyzing is implicitly defined by

_pl® g(H(g,p))
f(H(g,p)) = =5 T (7.1)

for some sufficiently smooth functions f,¢g : R — R. The first thing to observe is that with
f =1idg and g = 1, H(p,q) is the usual Kepler Hamiltonian. The main result presented in
[Nee+23] is that on each regular level set H 1(FE) the flow of H(q,p) is parallel to the usual
Kepler flow with a modified gravitation constant. In particular, the bounded orbits of H(q,p)
close and are elliptical. Let us present a proof of this statement. To this end, define an auxiliary
Hamiltonian

_ el g(H(g,p))
RaP =25 gl

Its Hamiltonian vector field relates to that of H in the following way.

Lemma 7.1. Let f,g : R — R be smooth functions and suppose there exists a Hamiltonian
H : T*R" — R satisfying equation (7.1). Then for any regular value E of H the Hamiltonian
vector fields Xx and Xy are parallel on H~1(E).
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Proof. Well indeed, since (7.1) is satisfied we have that K = f(H). Consequently,

Xy = — f(H) [ == :
K T ! 0q" Op; * Op; 0q"

0K 0 0K O ( OH O 0H 0
oqt dp; ~ Op; Oq'

> = f'(H)Xn.

Therefore, X and Xy are parallel on H~!(E) with the proportionality constant being f'(E).
O

Now fix a regular value E of H. Then K (p, q) restricted to H~!(E) is just the usual Kepler
Hamiltonian but with a different gravitational constant, i.e.

2
K(q,p) _ lell” _ g(E)

H-1(E) 2 gl -

Let us denote the Kepler Hamiltonian with gravitational constant g(E) by ®(¢,p). Thus the
above equation tells us that

K(q,p)lu-1(g) = ®(¢,P)|-1(E)-

However, this is not enough to prove that the Hamiltonian vector fields of K and ® coincide on
H~1(E). For that, we need the following theorem.

Theorem 7.1. Set £ = {E € R | E is a regular value of H} and define J : T*R" x& — R by

2
p. g(E)

Take any E € & then Jg(q,p) := J(q,p, E) is the Kepler Hamiltonian with gravitational constant
g(E). Moreover, the Hamiltonian vector fields X, and Xy are parallel on H~!(E) and hence
Xy is equivalent to the Kepler problem on each of its regular energy surfaces.

Proof. For any F € £, Jg is indeed equal to the Kepler Hamiltonian with gravitational constant
g(E). Moreover,

0Jg 0 0Jg 0O

5T 0 opr | Opr O¢

Now observe that K(q,p) = J(q,p, H(q,p)). The chain rule then gives

XK:—<8J,—|—6J8H>8 <8J+8J8H> 8‘
o¢*  OH 0q; ) Op; Op; OH 0p* ) O0¢*
~0J 0 aJ 9 aJ OH 0 OH 0
~ 0q' Ip; " dpi 9¢° T on <_ dq" Op; - opi 3qi>
oJ
T om

= XJH(q,p) XH'

Restricting to H~1(E) and using Lemma 7.1 we then get

oJ
F(E)Xulg-15) = Xuglu-1m) + 87EXH|H*1(E)-

We conclude that

oJ
Xigla—(py = (f’(E) - aE> Xulg-1(E)-

O]

Thus we have proven that on each energy surface, the flow of H is parallel to the Kepler
flow. In particular, the bounded orbits close and are elliptical.
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7.2 The Einstein-Maxwell-dilaton Two Body Problem

This section will briefly discuss the Einstein-Maxwell-dilaton (EMD) theory. For more details,
the reader is referred to [HW92]. The EMD theory is a theory that combines general relativity,
electromagnetism and the dilaton field, where the dilaton field is just a scalar field. This theory
is mostly of theoretical interest combining integer — 0, 1 and 2 — spin fields. For completeness,
its Lagrangian is

L=1\"g (R —2(9¢)? — e—2a¢F2) ,

where ¢ is the determinant of the metric, R is the Ricci scalar curvature, I is the electromag-
netic field strength, ¢ the dilaton field and a a coupling constant. To derive the corresponding
equations governing g,,, ¢ and F' using variational calculus would take us too far afield. Nev-
ertheless, let us mention that the equation obtained from varying the metric can be seen as
the Einstein field equation that we encountered earlier with the stress-energy tensor 7}, being
dependent on ¢, F' and g,,. For our purposes these equations are not needed, the interested
reader is referred to [HW92]. We are only interested in the fact in the Lagrangian, F' and ¢ are
coupled via the exponential term with the coupling constant a.

Now, there is a particularly interesting class of solutions to the EMD theory known as ex-
tremal black holes. These extremal black holes correspond to the situation where the attractive
gravitational and scalar forces balance the repulsive electromagnetic force. Given such an ex-
tremal solution, we can obtain the equations of motion of an extremal test particle moving in the
background of such a black hole by calculating the Euler-Lagrange equations of an appropriate
Lagrangian L. The only difference compared to what we did when examining the Schwarzschild
solution in chapter 7 is that now L # % 9wt ” since we also need to take into account the scalar
and electromagnetic fields. However, it would be convenient if we could express this problem
within the framework of Hamiltonian mechanics which we already acquainted ourselves with
in chapter 4 and chapter 5. Fortunately, the problem of solving Euler-Lagrangian equations is
equivalent to solving Hamilton’s equations with the Hamiltonian being the Legendre transform
of the Lagrangian [Ser23b]. For computational details on how to derive the desired Hamilto-
nian starting from extremal EMD solutions, we refer the reader to [Nee+23]. The result of this
derivation is that in the test-mass limit (m; < mz), the motion of an extremal test particle of
mass mp moving in the background of extremal EMD black hole with opposite extremal charge
and mass my is described by Hamiltonian

2
H(q,p) — mlU_l \/1 + U2(a271)/(1+a2) Hp”2 + 1 ’
my

where

Ulq) = 1—|—(1—|—a2)%.

In the next section, we will show that for @ = v/3 this Hamiltonian is a particular case of the
generalization introduced in the previous section.

7.3 The Relativistic Kepler Problem

For a = v/3 the Hamiltonian for the orbit of a test particle in the background of an extremal
black hole is given by

2
H(q,p) =mU™! 1—|—U7||pH2 +1
my
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For a = v/3, U(q) = 1+ 4ma/||q|| and U~*(q) = |Iqll/(||lq|| + 4m2). Using these relations, our
Hamiltonian satisfies

1 [ H%(q, 1 _
2z M_QH(q,p) =_|muU™2 2+U”pH + 2 1+U||pH —2H(q,p)
2 m1 2 m1 ml

1 lpll? 1 [ 4ms
= (v ot D H@EGp) | = LUt "2 (g, p).
5 ( o ( VH (q,p) S T+ 4ms (¢,p)
Similarly,
p*  2meH?*(q,p)  p? 2my HpH HpH
_ — — U_ 24U +24/1+U—5
2my mallq|| 2mi mallal m} mi
2 2
p 2my U1 U1 p -1 4dmg
= — — H(q,p) = U — H
ooy~ P Gt ) = g -
We conclude that
my (H?*(q,p P’ 2maH?(q,p
(B0 gy ) < )
2 m 2 llqll
Thus by picking f(z) = %(— —2z) and g(v) = 2maz?, we can conclude from Theorem 7.1

that the flow of H(q,p) with a = v/3 is parallel to the Kepler flow on each energy surface. As a
side note, we are working with units where c = 1, G = 1 so f and g are dimensionally consistent.
We conclude that a test particle moving in this particular extremal EMD background has conic
sections as its orbits.

7.4 Beyond the Existing Results

7.4.1 Generalizing the Generalization of the Kepler Hamiltonian

Before we attempt to analyze what happens in the a # /3 case, let us first generalize the results
from the first section of this chapter. We will use this generalization in our attempts. The
Hamiltonian H (g, p) that we will look at is implicitly defined by

f(H(q,p)) = ®(q,p) + 9(H(q,p))¥(q, D),

for some sufficiently smooth functions f,g : R — R and Hamiltonians ®, . In other words,
we replace the kinetic and potential energy parts in eq. (7.1) by arbitrary Hamiltonians. Now,
define an auxiliary Hamiltonian K as

K(q,p) == ®(q,p) + 9(H(q,p))¥(q,p)-

Then we have that, whenever such implicitly defined H exists, its Hamiltonian vector field X
is parallel to X on each H~!(E). Well indeed, observing that K = f(H) gives us

OH 0 OH 0
= / — _— = /
Xk = f/(H) ( 3 om " o aqi> F(H)XH.

Therefore, Xy and Xy are parallel on H!(E) with the proportionality constant f/(F). This
result is completely analogous to Lemma 7.1. Similarly, we have the following theorem that we
will use in the next section.
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Theorem 7.2. Set £ = {E € R | E is a regular value of H} and define A : T*R" x& — R by

A(g,p, E) = ®(q,p) + g(E)¥(q, p).

Take any E € £ and define Ag(g,p) = A(q,p, E). Then the Hamiltonian vector fields X, , and
Xy are parallel on H~1(FE) and hence H and Ag are equivalent on each H~1(E).

Proof. For any F € &,

OAg 0O OAg 0O
Ap ¢’ Op; T dp; Oq'

Now observe that K(q,p) = A(q,p, H(q,p)). The chain rule then gives

<8A 8A8H>8 (E)A 8A8H>6
Xi =

g’ * OH dq; ) Op; Opi * OH dp' ) dqi
_0NO 0A9 OA( OH O  OH 9
- 0¢°9p;  Op; ¢  OH \ Oq' Op;  Op; O¢

oA
= Xhuiw T o XH-

Restricting to H~1(E) and using our preliminary results, we get

OA
F(E)Xuli-1m) = Xaplu-m) + 55Xl

We conclude that

o0J
Xapla-1(m) = (f'(E) - 6E> Xulg—1(p)-

7.4.2 Attempts at Extending Existing Results

Using Theorem 7.2, we will now examine what happens when a # /3. To do that, we came up
with two general approaches. In the first approach, we will try to find a correspondence between
H(q,p) for any a and some classical system with potential energy dependent on a. In particular,
we will examine the case when the potential energy is a power-law potential with the exponent
related to a. An investigation of other a dependent potentials is left for future research. The
second approach is to leverage the known relation for ¢ = /3 and work perturbatively around
it. Apart from the usual perturbation analysis, we will also try to describe this perturbation
in terms of Moser’s construction — how the geodesics on S™ behave once we move away from

a=+/3.

Power-law potentials: We were led to investigate power-law potentials because Bertrand’s
Theorem states that the 1/r and r? potentials are the only power-law potentials for which
bounded orbits are closed. While the analysis of perihelion precession in extremal EMD two-
body problem from [Nee+23] shows that the perihelion does not precess only for a = V3.
This result hints that in the test-particle limit, we might have the same situation. For this
reason, we attempted to identify the a # v/3 Hamiltonian with an arbitrary power-law potential
Hamiltonian. However, thus far, we haven’t found the required functions f, g that would satisfy
the needed relation from Theorem 7.2. It might be that finding such a relation is impossible.
Our initial attempts at proving such an impossibility theorem failed. Thus, future research is
required to determine if the test-particle Hamiltonian H(q,p) corresponds to an a dependent
power-law potential.
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Taylor expansion around a = v/3: We know that with f(z) = %(%—Zm) and g(z) = Z%xz
the relation
p*_ g(H(q,p)

is satisfied for a = v/3. Let us make a Taylor expansion in a of f(H) + %}ﬁ) around a = /3.
With the help of Mathematica, we get

_ _g(H(g,p) | P

2
miq

V3 (—4m2 <4m2p2 +q (p2 +2m3 (1 +4/1+ M))) + p%(4ma + q)? ln(l + 212

+
4my (4mg + q)?

+ 0O(6?)

2
— _g(fi(qq”’p)) + gy +eld.)+ 0,

where 6 = a — /3 is the expansion parameter. Applying our Theorem 7.2, we get that to first
order in § the Hamiltonian vector fields X and X, , are parallel on H~(E), where

2
p g(E

Hence, away from a = v/3, the extremal EMD Hamiltonian H (g,p) is parallel to the perturbed
Kepler Hamiltonian. Due to the high non-linearity of the perturbation term, we didn’t succeed
when applying the perturbation techniques from chapter 7.

Moser’s construction: In the final attempt, we investigated the flow of Jg (defined in the
previous paragraph) by applying Moser’s construction from the opposite end. In other, words
we pretend that Jg is the Kepler Hamiltonian and see what happens if we run the construction
backwards. First,

2
G(e.0) = Il (et —0) + 5) = (”‘”””2“ + el —z>> Iyl o(5)

Then to linear order in §

2 T 2 2
Py = CHIDP el 20 g

J]* + 1

ool Pey, —a).

Finally

(&, n) = of F = F(oy(&,m) = F(a(§),9(&m))
= Il + 8] oeta(e. m). o ©))

The first part of this Hamiltonian describes geodesic motion on a sphere. Because of the error
term, we are no longer guaranteed the restriction of the vector field X to T*S™ belongs to
TT*S"™. Therefore, the trajectory may leave the surface of the sphere even if it started on it.
Thus away from a = v/3, the motion is no longer geodesic and may even leave the sphere. We
hoped that this new Hamiltonian would correspond to geodesic motion on some other surface.
However, while trying to pursue this idea we run into difficulties stemming from the non-linearity
of the error term and the rigidity of Moser’s construction which is tailored to spheres — not any
other surfaces.
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Conclusion

In conclusion, the research presented in this thesis explored various aspects of the Kepler prob-
lem, providing insights into classical mechanics, symmetries, and their connections to conserved
quantities. The investigation began by examining the well-established properties of the Kepler
problem, demonstrating that its orbits are conic sections, examining Bohlin transformations and
introducing Bertrand’s Theorem, which highlights the uniqueness of the Kepler potential and
the harmonic oscillator potential in having closed bounded orbits.

Furthermore, the thesis delved into the Kepler potential’s hidden symmetry, beyond the
generic central potential’s SO(3) rotational symmetry. This hidden symmetry was revealed by
closely examining a higher-dimensional geometric model due to Moser [Mos70] that establishes
that the nonconstant geodesics on S™ correspond to the orbits of an n-dimensional Kepler prob-
lem with negative energies. As a result, for the n-dimensional Kepler problem the symmetry
group of negative energy orbits is SO(n + 1) as compared to SO(n) for a generic central poten-
tial in n-dimensions. To prove these results, significant mathematical machinery was introduced.
Namely, notions from Differential Geometry such as metrics and connections, as well as tools
from Symplectic Geometry and Hamiltonian Mechanics.

Afterwards, we proceeded to explore the relativistic corrections to two specific two-body
problems, revealing how these corrections induce perihelion precession. It was then noted that,
nevertheless, there are relativistic systems whose bounded orbits remain elliptical, preventing
perihelion precession. Specifically, for the coupling constant a = /3, the orbits of an extremal
test particle in the background of an oppositely charged extremal Einstein-Maxwell-dilaton black
hole correspond to classical Kepler orbits [Nee+23]. Attempts at extending these results beyond
a = /3 led us to a generalization of the key theorem presented in this paper. Using this
result, we have tried to find a correspondence between the test-particle Hamiltonian H (g, p)
for any a and a Hamiltonian of a classical particle moving in a dependent power-low potential.
Thus far, we haven’t established whether such a correspondence exists. This problem as well
as investigations of other a dependent potentials are left for future research. In our second
attempt, we have shown that away from a = /3, on each energy surface H —1(E), the orbits
of the test-particle Hamiltonian are the same as orbits of a perturbed Kepler Hamiltonian.
Finally, applying Moser’s construction to this perturbed Hamiltonian gave us that the motion
is no longer geodesic and might even leave the sphere. Further research — using more powerful
techniques — is needed to extract more information from the highly nonlinear perturbation term
and determine if the perturbed motion corresponds to geodesics on some other surface.
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