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Abstract

The n-body problem models a system of n-point masses that attract each other via some binary interac-
tion. The (n + 1)-body problem assumes that one of the masses is located at the origin of the coordinate
system. For example, an (n 4 1)-body problem is an ideal model for Saturn, seen as the central mass, and
one of its outer rings. A relative equilibrium (RE) is a special solution of the (n 4 1)-body problem where
the non-central bodies rotate rigidly about the centre of mass. In rotating coordinates, these solutions

become equilibria.

In this thesis we study dynamical aspects of planar (4 + 1)-body systems with the outer four of equal

point mass interacting via a modified gravitational “J,” attraction potential of the form:
m;m,; €
V(T):f%(].‘l“ﬁ), 0<e<<l1 (1)
where r denotes the distance between masses m; and m;.

Using the rotational symmetry as well as the symmetry induced by the mass equality, we are able to
describe qualitatively the phase-space of square-shaped dynamics. We further analyze the existence of
square-shaped RE and establish conditions necessary for their stability. We find that the RE appear as a
saddle-node bifurcation. For a unit central mass and equal outer bodies of mass m, we find that these RE

are unstable.
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Chapter 1

Introduction

The n-body problem models a system of n point masses with mutual binary interactions. The (n+1)-body
problem assumes a central mass M located at the origin of the coordinate system with n masses orbiting

it. For example, an (n + 1)-body problem is an ideal model for Saturn and an outer ring.

In the n-body problem, relative equilibria (RE) are special solutions in which the bodies rotate rigidly
about their centre of mass. In rotating coordinates, these solutions become equilibria parametrized by
total angular momentum. In celestial mechanics the RE configurations are known as central configura-
tions. With few exceptions, the number of possible central configurations in classical Newtonian n-body

problems remains an open problem (see | ] and references within, also | D-

In the case of (n + 1)-body problems, if the outer masses are equal then regular n-gons are RE con-
figurations for gravitational attraction. It has been shown that such RE are unstable regardless of the
magnitude of the central mass or the angular velocity if n < 6 | ]. Later work by [ ]
and | ] confirmed that regular n-gon RE with n > 7 are rotationally stable provided

that the central mass is sufficiently large.

In this thesis we study planar (4 4+ 1)-body systems with equal point masses as shown in Figure 1.1.
A mass M is positioned at the centre of a Cartesian system of coordinates around which four point masses

m; are orbiting. We employ a modified gravitational mutual attraction potential of the form:

V(T):—w(1+r%), 0<e<<1 (1.1)

r



Figure 1.1: Caledonian Problem Configuration

where r denotes the distance between masses m; and m;. This augmentation of the Newtonian gravitational

law appears in two physically relevant settings:

1. first, as an approximation of the potential manifested between two symmetric ellipsoidal spheroids in
a “floating position”, that is when their axes of symmetry are parallel to each other, see [Arredondo & al. 2012].
The e-term models the oblateness of the bodies and it is the first term in the expansion in Legendre

polynomials of the mutual potential (with € as the “Jy” coefficient; see [Stiefel & al. 1971));

I

2. second, as a corrective term emerging from relativity theory, see [Schwarzschild 2008], [Stoica 1997]

and [Arredondo & al. 2014] and references within.

For simplicity, we call (1.1) the Je-potential.

A system of four equal point masses in a parallelogram shaped planar configuration orbiting their centre
of mass under gravitational attraction is known as the four-body Caledonian problem and was introduced
by [Roy & al.2000]. The Caledonian problem was investigated by [Steves & al. 2001], [Sz¢éll & al. 2004a],
[Szell & al. 2004b] and [Alvarez-Ramirez & al. 2014].  The restriction of the (4 + 1)-body problem to
parallelogram-shaped configurations is a Caledonian problem with the inclusion of a non-zero central mass
M. The boundedness of the motion of systems in this configuration was studied by [Shoaib 2004] and

[Shoaib & al. 2008] and a criterion regarding the “non-escape” of the system was established.



The rhomboidal (4 + 1)-body problem was studied by [ |. Recently, in the case of
homogeneous forces and for M = 0, existence of rhomboidal RE was investigated by [ | and

by [ | for M # 0.

The same problem using the classical gravitational attraction between binary pairs of bodies and the

Manev potential, i.e. a potential of the form f(r) = —% — .5, for the interactions between the central mass

and the outer bodies was studied by | ]

Regardless of the potential between the points, when all non-central point masses are equal, the sys-
tem admits an invariant dynamical sub-system consisting of motions of square configurations. The latter
is a mechanical system with two degrees of freedom with rotational symmetry. Applying reduction, the
dynamics reduce to one degree of freedom with angular momentum ¢ and total energy h as parameters.
In our work, we fully describe the (homographic) square-shaped solutions in the case of the Jo-potential
interaction. We detect the presence of unattainable regions in the configuration space and show that total
collisions are possible for non-zero angular momenta. This phenomenon is known in celestial mechanics as
the black hole effect (not to be confounded with the relativity black holes) and it is specific to attractive
potentials containing terms —1/r%, a > 2, see | L1 I, [ ] and
[ ]. For small angular momenta, we find that there are no RE. As momentum is
increased, there exists a threshold value, ¢y > 0, marking a saddle-node bifurcation, above which two RE
branches appear. Let us denote the distances from the outer masses to the central mass along these RE

branches as 71 . and 7y ¢, with 71 o < rg..

Within an invariant subset of square-shaped configurations, we show that the RE r; . branch is unstable
since it corresponds to a maximum of the effective potential of the square-shaped motions. We further
prove that the RE r3 . branch is also unstable. Without loosing generality, we set M = 1 and we first
consider the linearization along rg . within the phase-subspace of rhomboidal configurations only. We
obtain that for m > 0.042068394, the RE 73, branch is unstable. For m € [0,0.042068394] we calculate
the linearization along the 73 . branch of the reduced system with 7-degrees of freedom, that is in the full
phase-space. Again, using a Taylor expansion in € of the essential coeflicients, we find that the RE 73,

branch is unstable. Thus we conclude:

1. the RE ry . branch is unstable with respect to perturbations that maintain square-shaped configu-

rations;
2. for m > 0.042068394, the RE r3 . branch is stable with respect to perturbations that maintain square-

3



shaped configurations but unstable with respect to those that break rhomboidal configurations;

3. for [0,0.042068394] the RE rs . branch is stable with respect to perturbations that maintain rhom-
boidal configurations but unstable with respect to perturbations that break these symmetric config-

urations.

The thesis is organized as follows: we start by setting up the general planar (4 4+ 1)-body problem within
the Lagrangian framework. We use the rotational symmetry to reduce the system to 7 degrees of freedom.
Using the Legendre transform, we pass then to the Hamiltonian formulation. Next, we introduce the
mass symmetry and write the equations of motion for solutions of parallelogram-shaped configuration. We
briefly consider linear motions, listing all possible motions. We then focus on motions of square-shaped
configurations. Employing the Jy potential, we analyze the level sets of the effective potential as function
of the angular momentum and energy. Consequently we provide a full qualitative description of the Hills’
regions of motions. We calculate the value of the angular momentum which marks a saddle-node bifur-
cation and the birth of two branches of RE. We deduce that one of these branches is unstable, as it is a
maximum of the effective potential. Chapter 3 investigates aspects of RE. First we prove that given the
pair-wise equal masses, within the rhomboidal configuration solutions, a RE is a square if and only if all
masses are equal. We further consider the stability of the square-shaped RE in the case of J; potential
interactions. As aforementioned, one of the RE branches is unstable. For calculating the stability of the
second branch we pass to polar coordinates. In this way, the linearization operator (matrix) at this RE
takes a particular simple form. We write the characteristic polynomial and using a Taylor expansion in
€ of the essential coefficients, we deduce that if the latter is sufficiently small and m > 0.042068394 the
(second) RE branch is unstable. Further, for m € [0,0.042068394] we calculate the linearization along the
(second) RE branch of the reduced 7-degree of freedom system and deduce that for these values, this RE

is unstable as well.

The Thesis is augmented by five Appendices. The first Appendix contains the Maple Code used for
determining the RE and calculating the existence and stability of the (second) branch of RE. The next

Appendices present the theoretical mathematical-physics background employed in our work.



Chapter 2

Model Construction

2.1 General Configuration

In Cartesian coordinates, a general (4 + 1)-body problem can be modelled as shown in the following

diagram: In Figure 2.4, the central mass M is centered at the origin. Each point mass P; has mass m; for

Ay

RV

T3

Figure 2.1: General Configuration in Cartesian Coordinates

i =1,2,3,4. The distance from the origin to each point mass is r;. For j = 1,2, 3,4, the angle 0; is the

angle formed between the positive x-axis and r;. All configurations in this thesis are planar.



2.2 Equations of Motion

In polar coordinates, the Lagrangian of a general (4 + 1)-body problem is:

4
_ Zm?(r +7“1 )—U(rl,7“2,7“3,7“4,91,92,93,94)

The potential U is defined as follows where f: R — R is a smooth function on its domain:

U(’)"l,7"2,T3,T4,01,92,93,04 Z Mmzf 7n’L Z mm]f zg)

1<i<4 1<i<j<4

In (2.2) d;; is given as:

dij:\/Ti2+TJ2»727‘1'T‘jCOS(9j701‘), 1<i<j <4
We apply the following change of variables:
o1 =01, 2 =0y — b, p3 =03 — b1, P4 =104 — 06

which yields:
L(Th T2,73,T4,¥Y1,¥2, L3, @4)

=T(r1,7r2,73,74, 01, 02,03, 04) — U(1r1,72,73,74, 92, 93, Pa)

my . . ma . . .
= 7(7"% +riol) + 7(7”3 +75(¢1 + 92)?)

ms . . . my . . .
+ 7(7“:% +73(p1 + @3)%) + 7(7“2 +73(p1 + ¢4)°)

—U(r1,r2, 73,74, 92,03, 1)

Furthermore, applying the change of variables given in (2.4) to (2.3) yields:

dlj:\/T%—FTJQ»—QTlTjCOS(ng), j:2,3,4

doj = \/Tg + 7% = 2rarjcos (@ — pa), j=3,4

dsy = \/r§ + 1% — 2r3r4 cos (ps — p3)
We apply the Legendre transform to obtain the Hamiltonian, H = K + U, where:

R T R e e e 2N
K=21 4 + + + £
2m1 2mo  2msg  2my 2myry

2 2 2
ptpz p<P3 p<P4
2mar3  2mgsri  2mgr?

6

(2.3)

(2.4)



Since H is autonomous along any solution, the total energy is conserved, that is H(t) = h where h is
a constant. Furthermore, the system is rotationally symmetric which implies that angular momentum is
conserved. This is an immediate result of ¢; being a cyclic coordinate, that is, it does not appear in the

Hamiltonian. The equation of motion for p,, is:

oU

_ 22— 2.8
01 (28)

pSﬁ =

This implies that along any solution p, (t) = p,, (to) = ¢ where ¢ is a constant. We then substitute p,, = ¢

into the Hamiltonian in order to obtain a reduced Hamiltonian,

H. =K, +U, (2.9)
where U, = U and:
Pt p3 PR PR (6= Py — Py — Pes)?
K, = + + + + 5
2my  2mo  2mg  2my 2myry
2 2 2 (2.10)
n Dy, Doy Dy,

2mor3  2mari  2mar?

The Hamiltonian (2.9) is a 7-degrees of freedom mechanical system with a configuration space given by

(11,72,73,73, P2, 03, 01) € R* x 8 x 8§ x §? and ¢ € R as a parameter.



2.3 Parallelogram-Shaped (Caledonian) Configurations
We consider parallelogram-shaped shaped configurations, as shown in Figure 2.2.

42y

- ,rl

,""'r3

Figure 2.2: Parallelogram-Shaped Configuration

We modify the system in (2.1) by setting m; = m3 and mas = my. The phase space subset defined by:

TL=T3, T2 ="T4, P3=T, P14 =T+ P2
(2.11)

P1=DP3, P2 = D4, pcpz:pghx

is invariant under the flow for any distance dependent mutual potential f(r). Within this invariant subset,

we have that p,, = ¢=2p,, + 2p,,. We then denote:

P2 =9, Py, =Dy, €=¢/2 (2.12)
The parallelogram-shaped motions are given by the reduced Hamiltonian:

2 2 2 2

p p C—D b
Hrcd(rlvr%@aplap%ptp) = mll + m22 + ( mlri) + m;“Q + U(Tlv’erLp) (213)
1 2




where the potential is:

U(ry,ra, ) =2Mmy f(r1) + 2Mma f(r2) + 2mima f (\/7“% + 75 4 2r17 cos (@))

(2.14)
samumay (V7478 — 2riracos()) + mi (2r) + md (212
The equations of motion are:
. aI—Ired 2101
. _2n 2.15
Y= o (2.15)
. aITl-lred 2]32
o _ 22 2.16
2= o = (2.16)
OH, 2(c — 2
b= ed _ (c I;w) i pwg (2.17)
Opy mirs mars
. 8Iq’red 2(0*27@)2 aU(Tl,T’ZaSD)
= — = — 2.18
p1 ory myr} ory (2.18)
OH,ca 2p7,  OU(r1,72,9)
Jy = — = — 2.19
b2 Ory mars Ory (2.19)
. 8I—Ired aU(Tla T2, 90)
- _ - _ 2.20
Py i 9 (2.20)

2.4 Linear Motions

We begin by writing the equations of motion for the pair (¢, p,), denoted as (2.17) and (2.20) respectively:

. 2pp  2(c—py)
= £ — > (2.21)
2Ty miry

f <\/rf + 13 + r173 COS (go))

\/r% + 13+ rira cos (@)

]% = 2m1m2r17‘2<
(2.22)

7 (VT3 = riracos(9))

- — sin ()
Vi + 13 —riracos (p)

If we set the angular momentum c¢ to zero, we deduce that linear configurations, that is, motions with

¢ = 0 and p, = 0, form an invariant subset, assuming that we include the constraint ry # ro (to avoid

collisions). Within this subset, the dynamics are given by a system with two degrees of freedom where:

2

2
PLL P2 Ui(r1,ma) (2.23)

Hicd 1in (11,72, 01,02) =
mq mo



and

Uhn(rl,rg) = 2Mm1f(7"1) + 2Mm2f(r2) + 2m1m2f(7"1 + 7"2)
(2.24)

+2myma f(|ry — ral) +mif(2r1) +m3f(2r2)
In the case of the Jy-potential, i.e. f(r) = —% — .5 < 0, we use the energy integral to conclude that
Hyed 1in(r1,72,p1,p2) = const. = h from which we deduce that Uy, (r1,72) < h. Since the potential is an
attractive force, we deduce that for any h < 0, the system’s motion is bounded, resulting in one of three

scenarios (where the bodies form a central configuration at all times):

e The inner masses (the red masses labelled m;,, in Figure 2.3) collide with the central mass (the yellow

mass labelled M in Figure 2.3).

e The inner masses (the red masses labelled m;,, in Figure 2.3) collide with the outer masses (the blue

masses labelled m,,; in Figure 2.3).

e The system ends in total collision.

In the case where h > 0, the system’s motion will either end in partial or total collision or will be

asymptotically bounded and escape to infinity.

— @ @
m;:

Mout in

Figure 2.3: Linear Configuration
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2.5 (4+ 1)-Square-Shaped Configuration Motions

v

Figure 2.4: Square Configuration

In the case where m; = mo = ms = mygy = m, it can be shown that the subset containing square

configurations described by r1 = r2 = r,pr, = pr, = pr, = §,pp = 5, is invariant. This subset is a

subset of the phase space subset described in (2.11). In this case, the dynamics are given by a system with

one degree of freedom where:
2p? c?
Hied sq(7,pr) = mr T o

+ Usq(r)

and

Usq(r) = AMmf(r) + 4m> f(V/2r) + 2m2 f (2r)
Along any solution (r(t), p.(t)), we have the conservation of energy:

2p2(t) c

m + 2mr2(t)

Hieq sq(r(t) s Pr (t)) =

11

(2.25)

(2.26)

(2.27)



Without loss of generality, we consider ¢ > 0. Given the binary potential function f, a qualitative

description of the square-shaped motions is given by considering the effective potential U.g sq Where:

2

Ueti sq(r5¢) = 5—5 + Usq(7)

2
2”0”‘27“ (2.28)

=55+ AMmf(r) + 4m>f(V2r) + 2m2 f(2r)

The regions of motion are sets that depend on the total energy h and the angular momentum c as param-
eters | |:

{r > 0|Ueft sq(r5¢) < h} (2.29)

Physically, these sets describe the radius r from the outer masses to the central mass M when the energy
h is fixed. The motions consist of rotations about the central mass M, with the radius r varying in time.

We take:
fr)=—-—--= (2.30)

and thus:

Uit oq(r¢) =~ —anim (24 £ ) —am2 (4 € 2( L, © (2.31)
eff sq(13€) = 53 mi -+ m N RN m* | 5+ 5s .

The relative equilibria configurations are found as the roots of dUeg sq(r;¢) = 0. A direct calculation using

Maple (see Appendix A.1) yields the pair:

2+ \/04 —e((51 + 18v/2)mS + (144+/2 + 60) Mm5 + 192M2m*)

rio = 2.32
’ 2m2(4M +m(2v/2 + 1)) (2:32)
where i = 1,2, and the roots are real if ¢ > ¢q,

b = e((51 + 18V2)mS + (144v/2 + 60) Mm® + 192M?*m*) (2.33)

We find that for ¢ < cp, Uesr sq(r; ¢) admits no critical points since we assume, without loss of generality,
that ¢ > 0, that is angular momenta are positive. As c¢ increases to the threshold such that ¢ = ¢y, one

critical point appears. As ¢ increases over the threshold such that ¢ > ¢g, two critical points appear:

T1e < T2e (234)

as determined using (2.32). The two critical points are comprised of a maximum and a minimum respec-

tively as shown in Figure 2.5. These critical points are central configurations corresponding to the fixed

12



momentum c. As dynamical solutions, they are relative (rotating) equilibria (RE) with the four external

bodies in a uniform rotating motion about the centre M.

Proposition 2.5.1. Consider the square (4 + 1)-problem with a Jo-augmented potential. Then angular
momenta ¢ = ¢o marks a saddle-node bifurcation of RE [Cuckenheimer & al.]. The RE of smaller side

length r1 ¢ is unstable.

04 0.3 0.6 0.7

-100

off

=200

=300

— Uyl 13) — Upg(1: ) Uyl 16) — Uyt 1.8)‘

e

Figure 2.5: Uet(r;¢) for M = m = 1,e¢ = 0.01, ¢p = 1.518793902. Fix total energy h < 0. For low momenta
¢ < ¢, all motions are bounded and there are no RE (blue curve). If ¢ = ¢g, all motions are bounded and
there is one RE (green curve). As c is increased above ¢, all motions are bounded with two RE present
(orange & red curves); forbidden regions are present. For high momenta, unbounded motions are possible.

Remark 2.5.1. The stability of the ra.(c) branch is determined by considering the corresponding lineariza-

tion in the larger rhomboidal-shaped configuration’s invariant subset and further in the full phase-space.

Remark 2.5.2. We note that there are motions that end in collision with non-zero angular momentum.
The bodies perform an infinite spin around the central mass and collision is approached asymptotically.
This phenomenon is known in celestial mechanics as the black hole effect and it is specific to attractive
potentials containing terms —1/r* « > 2; see [Delgado & al. 1996], [Pasca ¢ al. 2019], [Stoica 2000] and

[Arredondo & al. 2014).

From a qualitative standpoint, the regions of motion are as follows:

1. If ¢ < ¢, then:

13



(a) for h < 0, we have r € (0, 7pmaz(h, ).

(b) for h > 0, we have r € (0,00).
2. If ¢ > ¢¢ and for ¢ such that Ueg(ry,e;c) <0, then:

(a) for h < Uegi(ra.e, ), we have 7 € (0, 7paz(h, c)].

(b) for Ueg(rae;¢) < h < Ueg(r1,e;¢), the radius r is trapped either in 7 € (0,71 masz(h,c)] or in a
basin r € [Fmin (R, €), 2. max (h, ¢)] depending on the initial position. Radii (1 maz (R, €), Fmin (R, €))

are unattainable.
(c) for h = Ueni(r1e; ), we have 7 € (0, ripqe(h, ¢)] with an unstable RE in rq .
(d) for h > Ueni(r1,¢;¢) < h < 0, the motion is bounded and r € (0, 7pqz(h, ¢)].

(e) for h > 0, the motion is unbounded and r € (0, c0).
3. If ¢ > ¢y and for ¢ such that Uesg(r1,¢;¢) > 0, then:

(a) for h < Ueg(ra., c), we have r € (0, "pmqz(h, ¢)].

(b) for Ueg(ra,e;c) < h < 0, the radius r is trapped either in 7 € (0,71 maz(h, )] or in a basin
7 € [Tmin(h, €), 2 maz (P, ¢)] depending on the initial position. Radii [r1 maa(h, €), 'min(h, )] are

unattainable.

(c) for 0 < h < Ue(r,e;¢), the radius r is trapped either in r € (0,71 maz(h, ¢)] or is unbounded,

that is r € [Fmin(h, ¢),00). Radii [r1 maz (R, €), Pmin (R, ¢)] are unattainable.
(d) for h = Ueai(r1e;¢), we have 7 € (0, rimqqe (R, ¢)] with an unstable RE in rq .

(e) for h > Ueg(ri e; ), the motion is unbounded, that is r € (0,00). No RE are present.

14



Chapter 3

Relative Equilibria and Stability

3.1 Parallelogram Configurations and RE

The RE of parallelogram-shaped configurations are determined by equating (2.15) to (2.20) to zero. For
a fixed angular momentum ¢, solutions of the configuration equations determine the central configuration

(ri(e),r2(c), p(c)). The associated RE solution is:

(11572, P1,P2, Do) = (r1(c),72(c), £(¢), 0,0, py(c)) (3-1)

where
emari(c)

Po(c) = 5 (3.2)

miri(c) +mar3(c)

and (r1(c),r2(c), ¢(c)) are given by the central configuration equations:

5 (m1r? + mar3)? OU

2m17"1 87"1 (rla TQ? (p) (33)
2 2\2
o (mari 4+ maor3)* 0U
_ 4
2m2r2 87"2 (rla 2, SD> (3 )
5‘U(7-1, T2, 90) -0 (35)

dp

The configuration (r1(c),r2(c), p(c)) of the RE is called a central configuration and is given by the central
configuration equations (3.3)-(3.5). We must solve Equations (3.3) to (3.5) in order to find relative equilib-
ria for parallelogram-shaped configurations. However, we restrict the parallelogram-shaped configurations

to rhomboidal or colinear configurations, i.e. ¢ = 7 or 0. This is done to ensure that (3.5) holds true

for any values of the variables r1,ry and parameters mi, mo. Therefore, we must solve (3.6) and (3.7)

15



numerically for (r1, 2., ¢) for each specified ¢ value.

2 2\2
¢ = T mer)” (o ) 4 2m2 f (2r)
2mary (3.6)
2 2 .
+ 2mymaf’ (W% +13 +2mir cos<s0>> e o
V2 + 13+ 2175 cos ()
2 2\2
2 o ML mars)” (o )+ 2m2f (2r)
2m27“2 (3 7)

279 + 271 cos
+2mymy f’ (\/rf + 12 + 2r17r9 cos (np)) ra + 2 cos (p)
/T3 + 13+ 27179 cos ()
For each ¢ value, an equilibrium solution of the form (r1¢, 72, c) needs to be determined using numerical
methods. We completed some work on this problem, however, it is beyond the scope of this thesis. Instead

we study square configurations and provide the necessary and sufficient conditions for the existence of

square RE.
Proposition 3.1.1. Within the rhomboidal configuration solutions, a RE is a square (i.e. r1 = r9 and

© =m/2) if and only if my = ma.

Proof: If m; = mo then it is immediate that there is a square-shaped RE. For the reciprocal, let us denote

r1 = 19 = r. Given that the RE is a square, we have that ¢ = 7/2, and so cos = 0. Also, we have

ou ou
ov - (3.8)
87’1 (97"2
T1=Tr2=T T1=Tr2=T
and so, since ¢ # 0, from the equations of motion,
2 212 2 22
o (marf +mor3)? 0U  (myr{ + mary)® OU
¢ 2m17“1 87“1 2m2r2 87"2 m 2
3.2 Square Configurations and RE
In the case of parallelogram-shaped configuration, we introduce the polar coordinates:
r=Rcos(¢), r2=Rsin(y) R>0, e (0, g) (3.9)
and
Py . . b
pry = prcos () = 22 sin (1), pr. = presin (9) = 22 cos (1) (3.10)
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Square configurations are only possible if m; = mq which implies that ¢ = n/4 and ¢ = 7/2. Applying

the change of coordinates to (2.13) and setting m; = my = m, we obtain:

1 s (c—py)? P2
H , = (pr+2 4 2 11
(B, %, @ DRy Py Do) = — (pR + R2> t o2 ) t @ +U(R, ¢, ) (3.11)

with
U(R,¢,¢) =2Mmf(Rcos (¢)) + 2Mmf(Rsin (1))
+om2f (R\/ 1+ sin (29) cos (w)) +om2f (R\/ 1 sin (29) cos ((p)) (3.12)

+m?f(2R cos () +m? f(2Rsin (1))

Rescaling H — (1/2)H, we obtain:

2

H(R.y LY (. B ol B P
W, 03 PRy Py Do) = m Pr R2 2mR2 cos2 ('(/}) 2mR2 sin2 (w)

+U(RY,9)  (3.13)

with
U(R, ¥, ) = Mmf(Rcos (v)) + Mmf(Rsin (¢))

+m?f (R\/l + sin (2¢)) cos (go)) +m2f (R\/l — sin (2¢) cos (go)) (3.14)

m2

. (";) F(2Reos ) + ("3 F (2Rsin ()

3.3 Stability of Square RE

The stability of a rotationally symmetric Hamiltonian system, modulo rotations, is determined by com-
puting the eigenvalues of the linearization matrix L of the associated reduced Hamiltonian (3.13). The
eigenvalues of L at a RE of a Hamiltonian system come in quadruples A; 2 34 = a£i3. Spectral stability
is obtained if the real part of all of the eigenvalues is zero. A complete discussion of the theory used here

is provided in Appendix C.

Here we determine the stability of square-shaped configuration RE within the parallelogram-shaped in-

variant motions.

The linearization at a RE, (R, 7/4,7/2,0,0,¢/2) is:
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0 0 0 - 0 0
0 0 0 0 mﬁ%g 0
__4c 4
O Tam 000 (3.15)
p 0 0 0 0 0
0 o 00 0 &%
0 0 T 0 0 0
where
3¢ 0%U 3c? V2
= — - — - M " Ro~—= 1] —2 2/IR —9 2//R 2
T TRy oRE| TR mf("z m? " (Ro) = 2m* " (Rov/2)
4c* 0%U 4c? V2 V2
= — - R QR M 4 Rp—= *RgM " Ro~=2
MY T mR3+\[° mf(“z oMmf=| Bo
+V2Rym2f'(V2Ry) — 2R2m2 f" (V2Ry)
__ UL —Rgm?f"(Ro) + Rom*f'(Ro)
= > =
O RE 2
For the potential function f:
1 5
=———-=3 3.16
=15 (3.16)

we obtain the following:

4v/2m?2 (m (% n %) MR+ 126)) +m3(4R2 + 24e) — 3¢ Ry
pP= 3
mRg

24v2m? (m (5 + %) + M(R3 +102)) — 16¢Ro
- 4mR3

g

_ 3m?*(R} + 5e)
B 2R3

The characteristic polynomial is:

(V2RIm?X\? — a)(2v2R"m2\* + BAZ + )

P() = 4mA REP

(3.17)
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where

o =4V2R2m?3 + 8M R2m? 4 24v/2em® 4 2R2m® + 96 Mem? — 3v2Roc? + 6em®

B =—12V2Rim?® — 24M Rim? — 60vV2R3em® — 6Rim® — 240M Rjem? + 8V2RS¢? — 15R5em®

v =144M Rim? + 36 Rgm* + 2160M RZem?® + 27T0R2em* + 7200M e*m?® 4 450e%m*

The (V2R3m?\? — a) term of the characteristic polynomial (3.17) is associated with perturbations that
preserve square configurations. We find (using Maple in Appendix A.3) that for all permitted values of
¢, a is negative and thus (vV2RJm?\? — a) = 0 always has two imaginary solutions. This is in agreement
with the results of Section 2.5, where 73 . is shown to be stable with respect to perturbations that preserve

square configurations. We substitute y for A\? and obtain:

pry) = (V2REm?y — ) (2V2Ri°m?y? + By + ) 318
) = . (315)

We isolate the following piece of (3.18) and obtain:
Qy) = V2R m*y* + By + ) (3.19)

The perturbations associated with Q(y) are those that preserve parallelogram-shaped configurations. We
analyze Q(y) = [Ay? + By + C] where:
A =2V2m*R}° (3.20)

B = —12V2Rjm® — 24M Rlm? — 60v2R5em® — 6Rim® — 240M Riem? 4 8V2R5¢? — 15R5em®  (3.21)
C = 144M R3m? + 36 Rym™ 4 2160M R2em® + 270 R2em™ 4 7200M e*m? + 450&%*m* (3.22)

For stability (within parallelogram-shaped motions), we require the roots y; 2 of Ay? + By + C =0 to be

real and negative; for this to be true the following three conditions must be satisfied:

e BZ_4AC >0
° SZ—B/A<0

e P=C/A>0
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As shown in Section 2.5, when the two branches of RE exist, the smaller RE, denoted r; . in Section 2.5,
corresponding here to Ry ., is an unstable RE. The branch of larger RE, denoted 73 in Section 2.5 and

is given by:

2+ \/04 —e((51 + 18v/2)mS + (144+/2 + 60) Mm5 + 192M2m*)
2m2(4M + m(2v2 + 1))

(3.23)

T2,e =

The RE is multiplied by v/2 to account for the change to polar coordinates. Without loss of generality, we

set M =1 and obtain the larger RE, which we denote as R .:

A+ \/04 —e((51 + 18v/2)mS + (144+/2 + 60) Mm5 + 192M2m*)
2m2(4M + m(2v/2 + 1))

Rye=V2 (3.24)
We consider the discriminant of Q(y), denoted as A and determined using Maple as shown in Appendix
A.2. We factor out R} from the discriminant since Ry > 0 and denote this as A. We then expand A in e

and substitute Ry . for Ry and obtain:

A =Ty(m,c) + Ty(m,c)e + O(e?) (3.25)
with
16¢3(68v/2m? + 272v/2m — 9m? — 8m — 16
To(m, c) = — 10¢ (68V2m? + 272¢/2m — 9m? — 8 — 16) (3.26)
m*(2v/2m + 4 + m)*
Ty(m,c) = 72" (22v2m? — 176v/2m — 15m? 4 20m + 64)(7Tm? — 8m — 16)} (3.27)
’ 2v/2m + 4 + m)* '

For e small enough, the sign of A is the same as the sign of To(m, ¢). We denote:

g(m) = 68vV2m? + 272v/2m — 9m? —8m — 16, m >0 (3.28)
such that
16¢8g(m)
To(m,c) = — 3.29
o(m, ¢) m*(2v2m + 4 + m)* (3.29)

We observe that g(m) > 0 for m > (—4(34v/2 —49)/(68v/2 —9)) ~ 0.042068394 in which case Ty(m,c) < 0
which implies that A < 0. Thus the roots of Q(y) are complex with non-zero real parts, which implies
that the eigenvalues of P(X) have non-zero real parts and thus the equilibrium Rj . is unstable when

m > (—4(34v/2 — 49)/(68v/2 — 9)) ~ 0.042068394.

For m € [0, (—4(34v/2 — 49)/(68v2 — 9)) ~ 0.042068394 we calculate the linearization at the RE Ry .

of the mechanical system in the full phase-space with 7-degrees of freedom given by the Hamiltonian (2.9)
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(see Appendices A.4 and A.5). The linearization is a 14 x 14 matrix and the corresponding characteristic

polynomial is a polynomial of degree 14 of the form:

P(/\) =ag + CLQ)\Q + a4)\4 + ...+ CL14)\14 (330)

with the coefficients a; = aj(m,c,e), j =0,1,2,...,14. We denote y = A\? and obtain:

Py) = ao +agy + ... + a12y® + aray” (3.31)

The requirement for the stability of Ry . is that all roots of P(y) be real and negative. In particular, this
implies that the product of the roots must be negative. Using algebra, we determine the product of the
roots:

ag

Prod: = y132...y7 = (—1)"—

3.32
s (3.32)

The calculations performed in Maple (see Appendix A.5) show that a14 = 1. Further, expanding ag(m, ¢, ¢)
in terms of ¢

ap(m, c,e) = Ag(m, c) + A1 (m,c)e + O (%) (3.33)

we observe that the term of order zero is always negative (see Appendix A.5) and therefore the product

of the roots is positive. Thus, we obtain

Proposition 3.3.1. In the (4+ 1)-body problem with Jo potential, if € is sufficiently small, all the square

RE are unstable.
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Chapter 4

Conclusion

In this thesis we have considered (4 + 1)-body problems with Newtonian potential and a Jy correction.
Using Lagrangian and Hamiltonian mechanics, we constructed a model of the standard (4 + 1)-body prob-
lem and reduced the model to rhomboidal-shaped configurations and to square-shaped configurations. We

used angular momentum to reduce the problem by its rotational symmetry.

We proved that the RE of square-shaped configurations exist if and only if the outer masses are equal. We
then determined the minimum necessary angular momentum, ¢y, to allow for RE to exist. Furthermore, we

obtained equations that allow for the location of RE, 11 ¢, 72 ¢, where 71 . < 72, to be determined explicitly.

We provided a theoretical argument that r; . is unstable. We also presented a numerical based argument
that 72 . is also unstable for m > (—4(34v/2 — 49)/(68v/2 — 9)). We then proposed that the (4 + 1)-body
problem with J, potential has unstable square RE if m € [0, (—4(34v/2 — 49)/(68v/2 — 9)))

There are two main possibilities that exist for further work. The first and foremost possibility involves
examining square-shaped RE using a different potential function, however depending on the potential
function, analytic solutions may not be possible. Another possibility is to study other RE configurations,
such as rhomboidal or colinear RE configurations. From preliminary work done on this problem, it appears
that numerical methods are needed to determine the location of any rhomboidal or colinear RE. It may
also be possible to employ numerical methods to determine RE in parallelogram-shaped configurations,

that is, configurations where ¢ € (0,7/2).
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Appendix A

Maple Code for Stability Analysis of

RE

A.1 Maple Code for Determining the RE

Here we present the Maple code used to determine RE.
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"V "V IIv "V 1

v

>

r_roots =

#Roots calculated using r

restart .

. 1 €
f(x) -Z-;—?;
[— 1 E
f.—xl—)—;—?

U(r) =4 -Mmf (r) + 4-m*f (r-sqrt(2)) + 2-m":f (27);
U=re4-Mmf(r)+4mf(rJ2 ) +2-m 127

2
c
U _(r) = + U(r)
o (2~m-r2
U, :=r+ ¢ + U
eﬂ-—r 2-m-r )
Uﬁ(r);
S
1 € 2 2 1
St AMm|-— = = | +4n RNER = |+2nt |- -
2mr r I8 2r 4r 2r

Wglr) = diff (U1 7Y

d
dU,, = r=>— U, (r)

r_roots = solve(dUeﬁ(r) =0, r)

€

81/3

|

ot -5lem— 184 M2 e’ — 182 em® — 192 M e nmi* — 60 Mend® + ¢

2mt (22 m+4M+m)

P Slem® —144M 7 en’ — 187 em’ — 192 M em® — 60 Menm® + ¢

2t (22 m4+4M+m)

b

1)

2

(©))

“)

©))

(6)



A.2 Maple Code for the Stability of RE R,

Here, on the following page we present Maple code and results for the analysis of the second RE in the

square-shaped configuration case.
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"V I v IIv I

vV

restart .
with(Student| Calculus1]) : with(LinearAlgebra) : with(Student| VectorCalculus]) :

local gamma :
1 €
f(x) =— X - x3 .

HHHHHHHHHHH

#Hessian and Linearization:

1

H(R N, 0, P Py Po) = 5

2

2 2
P c—
e+ "’]+ (c=Py) + Po

R 2-R*-m-cos’ () 2-R-m-sin’(y)

UR vy, o) ==Mmf(R-cos(y)) +Mm-f(R-sin(y)) + mz-zf(R-sqrt(l + sin(2-y)

cos(9)) + i (Besat(1 = sin(2-y) eos(o))) + (2 | 7 (2recos()) + [ 2
£(2-R-sin(y) ) :

Hy( R 0.2 Py Po) 7= H(R L 0,05 1y D) + U(R W, 0) :

. B Pi Pi c )
Hess = Hessian I—Ifull(Ra W’ (Papjppwap(p>9 [Ra \Ija (PapRﬁpwapcp] - [R()e 4 H 2 b 07 07 2 ]) .
J = Matrix([[0,0,0, 1, 0,

0], 0,0,0,0,1,0],0,0,0,0,0,1],[—1,0,0,0,0,0], [0,— 1,0,
0,0,0],[0,0,—1,0,0,0]]) :
L = simplify(J « Hess);
1
:=110,0,0,—,0,0], )
m
070509077907
0
4 4
0, ——5—.,0,0,0, —— |,
Rom ) m




+M (R +12¢€) | m' 2 +4m (R +6¢)—3R,

4
: ,0,0,0,0,0
R, m
5
(ROZ + TE) m
213 +M (R +10¢) | m' 2 —2R,
4 4 c
O, 3 2 07 0’ 09 2 3
R, m p M
3m’ (R +5¢)
O, 0, 3 B O, 05 O
2R,
>
> CP = factor( CharacteristicPolynomial(L, \) );
1
Ccp = W((—R[f)fsz7+4J?Rjnf+81\4}3fmz+24J?enf+2R02m3
p M

+96 Mem” —3R, 2 +6em’) (—2R X'’ J2 + 12R] X' m’ 2
+ 24 MR N m* + 60R X i’ 2 +6R N m’ + 240 MR e X' m? — 8RN 2
+ 1SR X m’ — 144 MR m’ — 36 R, m" — 2160 MR* € m’ — 270 R ? € mi"

— 7200 M m® — 450 & m4> )

(V2R m* X’ —0) (2/2 R, "'\ + A" +7)

4R015 m4

> #Form of Characteristic Polynomial:
>
> o= (42 R m' +8MR’m’ +24[2 em’ + 2R’ m’ + 96 Mem’ — 3R, 2
+6 em3) :
> Bi=(—12J2 R m =24 MR m’ —60/2 R em’ — 6 R m’ — 240 MR e’
+82 R —15R em’) :

> yi= 144 MR, m’ + 36 R, m" + 2160 MR,> em’ + 270 R e m' + 7200 M & ni’ + 450 € m" :

>
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v

" v IIv "V "V "V "V "V "V IIv "V "V I

v

(V2R " X' —0) (2/2 R, m’A" + BX +7)
15 4 -
4R, m
#We now consider the term (2\/7 Rolomzk4 + [37»2 + y), rewriting it as Q(y) = (2\/7 Rommzy2
+By+y) = (4’ +By+C):

4= ZROIO mz\/?:

B=—122 R/ m’ —24 MR m* — 602 R’ em’ — 6 R) m’ — 240 MR’ e n’
+8J2 R —15R en’:

C:=144 MR, m’ + 36 R, m" + 2160 MR em’ + 270 R} e m" + 7200 M€ m’ + 450 € mi" :

#Calculating A, S and P:

#Since R, > 0, we factor Rowfmm A
\actor = factor(B* — 4-4-C) :
A = simplify( =576 M\[2 R, mi" — 144 2 R} m’ + 576 M’ R, m" — 8640 M\[2 R * em’
+ 288 MR, m’ — 10802 R em® + 324 R)' m® + 11520 M* R} e "
— 384 M2 R & m’ — 28800 M\/2 €’ + 3600 MR, em’ —96/2 R, ¢ m’
— 1800 /2" & m° + 3060 R, € m® + 57600 M* & m" — 3840 M\[2 R, ¢ e nr’
+ 7200 MEm’ — 2402 R, em’ — 384 R’ m’ + 7425 & m® — 1920 R, ¢ e’
+ 128 R} ') :

#Since A >0, we consider the sum as -B.

S = simplify(—B) :

#Since A> 0, we consider the product as C.
P = simplify(C) :

#WLOG we set the central mass M to 1.
M:==1:

#RE, from Roots file. This is the larger RE.

F+ —5lem® — 144 M2 em’ — 182 em® — 192 M eni* — 60 Mem® + ¢*
20 (22 m+4M+m)

R, =

0
/2




R, =

(G4 —stlem — 184 T em — 182 em — 192 em’ —60em +¢* ) 7

0

2m (2\/7m—|—4+m)

;> # Second Order Taylor Series Expansions about e=0 for A and S

> Taylor Series A := simplify(taylor(A, €=0,2)) assuming ¢ > 0

16" (—68m (m+4)J2 +9m" +8m+16)

Taylor Series A =

m' (2ﬁm—|—4—l—m)4

H(22m 2 =176 2 m—15m* +20m+64) (7m* —8m— 16)

+ 72

>

(2\/7711-|—4-|—m)4

> Taylor Series S = simplify(taylor(S, e =0, 2)) assuming >0

162 "

Taylor Series S = —

+ 96

(2ﬁm+4+m)6m12
M (12mm+8)+ (17m +20m+64) J2)

m’ (2\/7111—|-4—|—m)6

>

e+ 0(&)

> Taylor Series P := simplify(taylor(P, € =0, 2)) assuming >0

144 ¢ (m + 4)

Taylor Series P =

m’ (2\/7m—|—4+m)4

23 m’

—12m2+44m+96j

c4((m3+12m2+32m)ﬁ+
— 432

>

m(2ﬁm+4+m)4

> solve(68m2\/7+272\/7m—9m2—8m—16)

4342 -49)  4(34J2 +47)

ovalf 4342 —99)
682 —9

>

682 —9 682 —9

0.04206839400

e+ 0(€)

e+ 0(€)

(©))

O]

(©))

(6)

@)
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A.3 Maple Code for the Sign of «

Here, on the following page we present the Maple code that was used to prove that a < 0.
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| > restart:

>
> M:=1;
M=1 )
| >
(V2R m* X’ —0) (2/2 R, "m'\' + 2" +7)
> CP:= AR ;
0 m
(VZ R m X —a) (22 R w X' + BN +7)

CP := 2

4 ROIS m4

>
[ L 2 3 2 2 3 2 3 2 2
> o= (42 R m +8MR m’ +24 2 em’ + 2R’ m’ + 96 Mem’ — 3R, [2
+6em3);
o=4J2 R m +8R m’ +24 /2 em’ +2R m’ +96em’ —3R,J2 +6em’  (3)

>
> R = CtJ—slem — 144 M2 em — 182 en' — 192 M eni* — 60 Mem + ¢
2m (22 m+4M+m)
T
R = (+=slem* — 1447 em’ — 182 em’ — 192 en — 60 em’ + ¢ ) T @
0 2m (22 m+4+m)
>
implified = simplify( o)

1
o, .. =
smplfied n’ (2 ﬁm + 4 4+ m)

=18’ m+8)J2 + (=51m°—60m —192m*) e+ E+18em’ (m+8) Y2

C))

+51em’+60em + 19zem4—c“)

>
>#c >51em®+144 2 em’ + 182 em® + 192 em’ + 60 € m’, therefore,

we consider the terms 18 € m’ (m+8) 2 + 51 em’ +60em’ + 192 em’ — ¢
in the preceding equation.

>

[ simplif((18 e m® (m+ 8 2 +5lem +60em +192em’)— (51 em’® + 144 J2 e’
plif( (m+8)y2

+ 182 em® +192em' + 60 en’));
0 (6)

>
| > #Thus the terms: (]861’115 (m+ 8) ﬁ-l— Slem’ +60em’ +192 em® — c4)S 0.




| >
|:> #Therefore, since the first square root will either be greater than or eqaul to zero, we see that

l: O lited < 0 and therefore, o < 0, for all permitted values of c.
>



A.4 Maple Code for Determining the Second RE in the Full

Phase Space

Here, on the following page we present the Maple code that was used to determine the RE in the full phase

space.
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:> restart :
| > with(Student| Calculus1]) : with(LinearAlgebra) : with(Student[ VectorCalculus]) :
>

(> #WLOG M=1

[>

i o— 1 € .

_> f(x) =T ? :

>

> #Let p,, be represented as g,
>

. 1 2 2 2 2
> K(71 7 13 14 @5 Pp P P13 Py P3s P Us G 4 & 11, €) = - (py"+p, +ps )

CRA AR 9, g q;
2 3 4 2 3 4
2 + >+ >+ 2 -

2-m-r2 2-m-r3 Z-m-r4

_|_
Z-m-r1

>

> U(rl,rz, Py g @y Pss @ m,e) =m-(f(r) +f(n) /() +1(n)) +m2-(f(sqrt(r12

+ rzz —2-rl.r2-(:0$((p2))) -I—f(sqrt(rl2 + r32 — 2-r1.r3-c05((p3))) +f(sqr‘[(r12 + r42

— Z-r]-r4-c0$(([>4)>) +f(sqrt(r22 +r— 2.r2.r3-c05((p3—(p2))) -|—f(sqrt<r22 +r. =2
-rz-r4-COS((p4—q02))) -I—f(sqlrt(r32 + r42 — 2'73'F4'COS((P4—(PS)))> :

>
> Hyy(7p 7 T3 Tp @ @y @ p P Py Py Pgp U 43 Qo € 15 €) 5= (K(71s 10y T3 Ty @y @3 @, P13 Py
Py Ppdy s dp &M €) T U(1, 15157, @, @4 @ m, €) )

>
ig Ry = —diff (Hyy(71 75 T3 Tpp @pp @35 @ Py Py Py Pp 0 A3 G © 15 €)5 77 )
>

. T 3-n
> R, = Szmplzjf)/[subs[i’l:r, Al A e A (pZZE,q)3=TC, (p4=T,p1=0,p2=O,p3=O,

P,=0,9,=0,¢4,=0,9,=0, Req) j assuming » > 0;

3
—8 (rz-i- TEJm3\/7+ (—4r2—3e) m + (—16r2—486) i +16c r
R, = M

16 m 7

>
> solve(ROZO, r);

1
2m* (82 +7m—4)

(8ﬁc2—4c2 (2)

+(612em +42J2 em® —1728 em’ — 1056 /2 em’ —315em’ + 144 ¢* + 768 /2 em’




/
—64ﬁc“)12), (sﬁc2—4c2

1
20 (82 +7m—4)
—(612em’ +42J2 em® — 1728 em® — 1056 /2 em’ — 315 em® + 144 " + 768 2 em’

B 64\/704) 1/2)

>

1
> #Thus we use the RE, (8 \/7 F—4c

2n (82 +7m—4)
+(612em +42J2 em® — 1728 em’ — 1056 /2 em’ — 315 em® + 144 ¢* 4+ 768 2 em’

B 64\/704) 1/2)




A.5 Maple Code for the Stability of the Second RE in the Full

Phase Space

Here, on the following page we present the Maple code that was used to prove that the larger RE is

unstable.
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> restart .
> with(Student| Calculus1]) : with(LinearAlgebra) : with(Student| VectorCalculus]) :
| with(plots) :
>
| > #WLOG M=1
| >
] py— 1 € .
_> f(x) -——; — ? :
>
> f#Let p,, be represented as g,
>
. 2 2 2 2
> K(75 7y 13 Ty @y P> @y Py Py P> Py s 3> g & 1 €) 7= 2om (P *p s +p))
(C -4, — 43— q4) q22 q32 q42
+ 3 + > + > + 5
2:m-r 2:m-r, 2:m-ry 2-m-r,
| >

> U(ry,ry 75T Oy O B €) = me (f(r) Tf(r) H/(ry) +S(r)) +m’ (f(sart(r]
+r’— 207,°1,7008( 9, )) +f(sqrt(r12 +r}— 207, 1yc08 (@, ) ) -l—f(sqrt(rl2 +r,
= 2:1,°74°C08( @) )) -|-f<sqrt(r22 +r— 2:1,737COS( 9, @) )) —|—f<sqrt(r22 +r =2
i 7y 1,7 COS(9, Q) )) +f(sqrt(r32 + r42 = 2:737,7C0S(9,— 9, ) )) :
>
> [—Ifull(rl’ Ty V3o Tpp @y s @ s P 1o P s P3s Pp 425 435 45 € 10, E) = (K(’"J’ 275 Tp Pp Py @Dy Py
P3Py Ay d3 4y C M, e) + U(rj, Py V3V @y @y @, e)) :

| >
> Hess = HeSSian(]—lﬁ,,l[(rj’ (P27 (P3a (P4ap]ap29p39p4a (]2, q_ga Q47 ¢, m, E) [ 2: (PZ,
T 3w

(P3a (P4ap]9p2;p37p4,q2,q3,q4] R R R R ? T 0 0 0 0 O O O

>

> J = Matrix([[0,0,0,0,0,0,0,1,0,0,0,0,0,0], [0,0,0,0,0,0,0,0,1,0,0,0,0,0], [0, 0, 0,
0’ 0’ 0’ 0’ 0’ 0’ 1’ 0’ 0’ 0’ 0]’ [07 07 07 07 05 0> 0> O> O> O> 15 Oa Oa O]> [Oa O> Oa Oa s OJ OJ OJ OJ Oa
07 13090]7 [07 07 07 07 09 09 09 05 0, 0, 0, 0, 1, 0], [0, 0, 0, 0, 0, 0, 0, 0, 0,0 O, 0,0 1], [_1,
0’ 0’ 07 07 07 07 07 07 07 07 03 30]7 [07_1909 O’ 909 09 09 09 O) )0) 0’0]9 09 O)_ )O) O) O) O)
0,0,0,0,0,0,0}0,0,0,—1,0,0,0,0,0,0,0,0,0,0], [0,0,0,0,—1,0,0,0,0,0,0,0,

= 0707[0707070707_15 909090909090905[090909090909_ b 707070303030 ])

=>

> L = simplify(J * Hess) assumingc = 0, R, > 0 :

>

| > CP := CharacteristicPolynomial(L, \) :

>




1
> CP_, = subs| R, = (8\/2 F—4c

e [0 20t (82 +7m—4)

+(612em +42J2 em® — 1728 em' — 1056 /2 em’ — 315 em® + 144 ¢* 4+ 768 /2 em’

I —64ﬁc4)1/2),cp):
>

=> T:= Simplify< taylor( coeﬁ”( CP, .. \ 0), €=0,1 ) ) assuming ¢ > 0;

T:= 1 = (3w (192 ' =72 2w + 6 i’ 1)
4503599627370496 ¢** (2 /2 — 1)

— 176 /2 m* + 328 m’ — 7680 /2 m — 2496 m* — 9728 /2 — 11264 m — 6144)
(8/Z +7m—4)") +0(e)

>
> plot( (192 m* =72 J2 m* + 6 m* — 176 2 n + 328 m* — 7680 /2 m — 2496 m’
— 9728 /2 — 11264 m — 6144)-(8 2 +7m—4),m=0.0.5)

m

0 0.1 0.2 0.3 0.4 0.5

— 160000 -
— 180000 -
—200000 -
—220000 -
—240000 -
—260000 -
—280000 -
—300000 -

—320000 1

| —340000 -
=>

| > #Thus T <0 when mis in [0, 0.042068394].
>




Appendix B

Equilibria and Stability for

Autonomous ODEs

This appendix is a brief overview of the underlying theory behind the equilibria and stability of autonomous
ODEs. The relevant references here are Relative Equilibria of Isosceles Triatomic Molecules in Classical
Approzimation by Damaris McKinley ([ ), Nonlinear Dynamics and Chaos with Applica-
tions to Physics, Biology, Chemistry, and Engineering by Steven Strogatz and Geometric Mechanics and

Symmetry: From Finite to Infinite Dimensions by Holm et. al. ([ D-

We begin by defining equilibria points of non-linear autonomous systems:

Definition B.0.1. Given a non-linear autonomous system defined as follows:
z(t) = f(z(t)), x € D CR™, D is open (B.1)

where f : D — R™ is CY(D). A point z. € D is called an equilibrium point of @(t) if it is a solution of
f(z(t)) = 0. A solution x(t) = x.(t) Vt is valid if it holds for (B.1).

Next we define the stability of an equilibrium point:

Definition B.0.2. An equilibrium point x. is Lyapunov stable if and only if for any € > 0 there exists a

0 > 0 such that if |x(to) — x| < 9, then |x(t) — x| < € for allt >ty

Definition B.0.3. Furthermore, an equilibrium point x. is asymptotically stable if and only if it is Lya-
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punov stable and if there exists & > 0 such that if |x(to) — x| < 0 then:

lim |z(t) — x| =0 (B.2)

t—o0
Now, without loss of generality, we assume that x. = 0, which can be always be achieved with a linear
change of coordinates.

Definition B.0.4. Let F(x) be a continuous function on a domain D containing the origin and assume

that F(0) = 0. Under these assumptions:

1. F(x) is positive definite on D if F(xz) > 0, Vo € D\ {0}
2. F(z) is positive semidefinite on D if F(x) >0, Vx € D\ {0}
3. F(z) is negative definite on D if F(x) <0, Vx € D\ {0}

4. F(x) is negative semidefinite on D if F(z) <0, Vx € D\ {0}

Now, we define a Lyapunov function:

Definition B.0.5. Let z. = 0 be the equilibrium point for (B.1) and let D be an open neighbourhood

surrounding the origin and F' : ﬁrightarrowR be a function. Then F(x) is a Lyapunov function if:

1. F(x) is continuously differentiable on D
2. F(0) =0
3. F(x) >0 for all z € D\ {0}

4. F(x(1)) <0 along any solution x(t) with x(ty) € D

The following example is given in order to illustrate Lyapunov functions.

Example B.0.1. Consider a system given as:

Pt (B.3)

y=-cv-y

Then given a Lyapunov function F of the form F(z,y) = 22 + ky? where k € R, the value of k that allows

F to be a Lyapunov function must be determined.
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It is easy to see that the point (0,0) is an equilibrium point. Then the easiest condition to verify is
Condition 2, which requires that F(0,0) = 0 which it clearly does regardless of the value of k. Next, it is
easy to see that Condition 3 can be met so long as k is non-negative or x* > ky? for all (x,y) € D\ {0,0}.
Now taking the first derivative, the following is obtained:

d OF dx  OF dy

ZF(t),yt) = —— + — ==
dt (@ () y(®)) Ox dt Oy dt

= (22)(—z +y — ay®) + (2ky)(—z — y)

(B.4)
= —22% 4 2zy — 22%y% — 2kxy — 2ky?
= —22% + 22y(1 — k) — 22%y* — 2ky?
Now, Condition 8 can be satisfied by setting k = 1, resulting in:
F(x,y) = —22% — 22%y? — 2y° (B.5)

The above equation is always negative for any (x,y) # (0,0), thus satisfying Condition 4. From here it can
be easily seen that F is continuously differentiable, satisfying Condition 1. Therefore, since all conditions

are satisfied, F is indeed a Lyapunov function.

Now we give the First and Second Lyapunov Stability Theorems which give important results on the

stability of equilibria.

Theorem B.0.1 (Lyapunov’s First Stability Theorem). Suppose that a Lyapunov function F(x) can be

defined on a neighbourhood of the origin and x. = 0. Then the origin is Lyapunov stable.

Theorem B.0.2 (Lyapunov’s Second Stability Theorem). Suppose that xz. = 0 is an equilibrium point for

(B.1) and F(x) is a Lyapunov function that is continuous on D, which contains the equilibrium point. If

F(z) <0 for all x € D\ {0}, then x. = 0 is asymptotically stable.

If the Lyapunov test fails, then the stability of the equilibria cannot be determined by this method, rather
the behavior of the linear system at z = x, must be studied. We now define linearization at an equilibrium

point of an autonomous ODE system:

Definition B.0.6. The linear system given as & = Ax, with A = D f(x.) is called the linerization of (B.1)

at the equilibrium point x..

This gives rise to the following conditions regarding the stability of an equilibrium point z..
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Definition B.0.7. In the following list, it shall be assumed that x. is a hyperbolic equilibrium of (B.1).
Ze s called a hyperbolic equilibrium if none of the eigenvalues of A have a real part of zero. Then there

are various possibilities regarding the stability of a hyperbolic equilibrium x. as shown in the following list.

1. x is unstable if at least one of the eigenvalues of A has a positive real part.
2. xe is asymptotically stable if all of the eigenvalues of A have strictly negative real parts.

8. x. is spectrally stable if all of the eigenvalues of A have real parts that are less than or equal to zero.
It is possible that a non-hyperbolic equilibrium may be spectrally stable.

Now we can establish the criteria to determine what type of equilibrium point we are dealing with.

Definition B.0.8. Given the eigenvalues A1, Ao, ..., A\, of A, the following list outlines the stability of the

equilibrium point x..

1. If for all i where 1 < i <mn, Re(\;) <0, then z. is a sink.

2. If for all i where 1 <i <mn, Re(\;) > 0, then x. is a source.

We now continue our previous example and aim to classify the equilibria points and determine their

stability.

Example B.0.2. Consider the following system of differential equations:

T=zy+3r—y—3

(B.6)
y=xy—5y—x+5
The system can be easily rewritten to make the equilibria obvious:
t=(x—1)(y+3)
(B.7)

y=(-=5)y-1

Therefore the two equilibria are (1,1) and (5,—3). The next step is to compute the Jacobian as follows:

0t 0
9 O y+3 -1
J= gg gly/ - =A (B.8)

The matriz A is the linearization of the system.
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Example B.0.3. Recall in the previous example, a linearization matriz A was found for a system with

equilibria points (1,1) and (5,—3). The matriz A was found to be:

y+3 -1
y—1 -5
Then evaluating A at the equilibrium (1,1) yields:
4 0 T 4 0 x T =4z
Ay = = = = (B.10)
—4 Y 0 -4/ \y y = —4y

Evaluating the eigenvalues of matriz Ay 1y yields A\y = 4 and Ay = —4 meaning that the hyperbolic equi-

librium point (1,1) is an unstable saddle (A1 > 0 and A2 < 0).

Furthermore, evaluating A at the equilibrium (5, —3) yields:

0 4 T 0 4 T T =4y
A(57,3) = <~ ) = <~ (Bll)
-4 0 Y -4 0/ \y § = —4x
Evaluating the eigenvalues of matriz A _3y yields Ay = 4i and Ay = —4i, a non-hyperbolic equilibrium,

meaning that the equilibrium point (5, —3) is a spectrally stable centre.

The next appendix provides an outline of the mathematical and physical theory underlying the work done

in this thesis, specifically the mathematical formulation of conservative mechanical N-point mass systems.
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Appendix C

Newtonian Mechanics

This appendix is a brief overview of the underlying Newtonian mechanics employed in this paper. The

relevant references here are Relative Equilibria of Isosceles Triatomic Molecules in Classical Approximation

by Damaris McKinley ([ 1), Nonlinear Dynamics and Chaos with Applications to Physics,
Biology, Chemistry, and Engineering by Steven Strogatz (] 1) and Geometric Mechanics and
Symmetry: From Finite to Infinite Dimensions by Holm et. al. ([ ]). Part 1 outlines

Newtonian N-body systems and their associated dynamical quantities such as linear momentum, angular
momentum, etc. This section also examines binary interactions in N-body systems, central force problems
and various examples. Part 2 introduces and outlines the Lagrangian formulation of N-body problems and
the Euler-Lagrange equations. Part 3 discusses the Legendre transform and Hamiltonian mechanics, out-
lining how to obtain the Hamiltonian of a system via the Legendre Transform. The section then discusses
Hamiltonian mechanics, outlining various definitions, theorems, proofs and examples. The penultimate
section covers cyclic and polar coordinates which are used in this paper to reduce the Hamiltonian. This
leads to the final section, which outlines the theory behind finding relative equilibria which is a major part

of the thesis. To summarize, the appendix is organized as follows:

1. Part 1: Newtonian N-Body Systems

2. Part 2: Lagrangian Mechanics and the Formulating Lagrangians for Newtonian N-Body Systems
3. Part 3: The Legendre Transform and Hamiltonian Mechanics for Newtonian N-Body Systems

4. Part 4: Cyclic Coordinates and Reduced Hamiltonians

5. Part 5: Equilibria and Relative Equilibria of Newtonian N-Body Systems
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C.1 Part 1: Newtonian N-Body Systems

In this section, a system of N bodies is considered with each body having a mass of m; with mutual
(binary) interactions. A fixed frame of reference is denoted by R?, where d is the spatial dimension, d = 1,

2 or 3. Each of the N bodies is represented by a single point mass.

Definition C.1.1 (Point Mass). A point mass is defined as an idealised zero-dimensional object that is
completely described by its mass and spatial position. It is assumed to have a constant mass and its position

varies as a function of time.

This leads to the configuration and configuration space of a system which are defined as follows:

Definition C.1.2 (Configuration and Configuration Space). The configuration of a system comprised of
N point masses that interact with one another is given by the multi-vector ¢ = (q1,qz, ...,qn) € RN,
where q; denotes the position vector of each of the point masses. The configuration space is defined as the
set of all possible configurations where in the absence of constraints, it is either R if no collisions are

RdN

possible or an open subset of . As a function of time, the velocity of each point mass is given by:

dg;
dt

= q;() (C.1)

Furthermore, as a function of time, the acceleration of each point mass is given by:

d*q; ..
e (C.2)

Example C.1.1. The preceding definition can be explained with an example. If there is a single particle in
open space, then its configuration space is R3, since the particle can occupy any point in space. Similarly,

a point mass confined to a straight line would have its configuration space as R.

If, for example, there was a system with N non-interacting particles in space, the largest possible con-
figuration space is R3N . However, the actual configuration space would be a proper subset of R3V since

two or more particles cannot simultaneously occupy the same point in space.

Now that we have defined point masses, we can discuss perhaps the most famous law of physics, Newton’s

Second Law.

Definition C.1.3 (Newton’s Second Law). Newton’s Second Law for the system is given as:

m;G; = F; fori=1,2,.... N (C.3)
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In the above, F; is the total force on point mass i.

A crucial aspect of Newtonian Mechanics is the idea of inertia and inertial frames of reference, which we

define below:

Definition C.1.4 (Inertial Frame). A frame of reference in which Newton’s Second Law applies is called

an inertial frame.

An inertial frame of reference is assumed throughout this thesis. Furthermore, it is assumed that each Fj
is a smooth function of configurations only, that is F; = F;(q1,¢q2,...,qn). Thus, the system (C.3) is a

second order autonomous ODE system with R*" equations and R*" unknowns.

The following dynamical quantities play central roles in the dynamics of the preceding system. In many
situations, these quantities are conserved, that is, they are constant along any trajectory given below, of

the system (C.3), so long as it satisfies equation (C.3).

q(t) = (q1(t), q2(t), ...,an (1)) (C.4)

Here we provide definitions of important dynamical quantites for Newtonian N-body systems, such as

various momenta, the centre of mass and kinetic energy.

Definition C.1.5 (Dynamical Quantities). The linear momentum, or impulse of a single point mass with

position q; s P; = M;iq;.

The total linear momentum of a system of N point masses is the sum of the linear momenta of each

of the point masses. This is given as:

N N
P=) _pi=» mi; (C.5)
=1 =1

The centre of mass, c(t) is a unique location in space such that:
N
oft) = =1 ™% (C.6)

The angular momentum, about the origin of coordinates ¢ = 0, of a single point mass with position q; € R3
18:

T = q; X M;G; = q; X P; (C.7)

46



In the preceding equation X denotes the three-dimensional cross product. Now the total angular momentum
of a spatial system (d = 3) of N point masses taken about the origin of coordinates where q = 0 is the

sum of the angular momenta of each point mass, given as:

T=) M=) @Gxmidi=Y qxpi (C.8)

Geometrically, this is the sum of the N oriented areas given by the cross-products of pairs of vectors q;

and p;. For a planar system (d = 2), the total angular momentum is the scalar defined by:
= miq/d} — i) = > alp — aip; (C.9)

In the preceding equation q; = (q},q?) and p; = (pl,p?). It should be noted that if the vectors q; are
embedded in R® as (q},q?,0), then m as defined above is the third component of the vector ™ as defined

in (C.8). It should also be noted that angular momentum is undefined for systems defined on a line (d = 1).
The total kinetic energy of the system of N point masses is given as:
| N
K= §Zmi||qi\|2 (C.10)
i=1
Here ||qil]* = ¢i - 4i = Y, (¢))? is the squared Buclidean norm of g;.

The following remark is of great importance in this thesis; it outlines how to change coordinates from

Cartesian coordinates into polar coordinates.

Remark C.1.1. One can convert the total angular momentum and kinetic energy into polar coordinates

by making a change of coordinates as shown below:
q; = (ricosb;,r;sing;) fori=1,2,... N (C.11)

This then yields:

= E m;(r; cosb;,7; sin ;) x (¥; cos8; — r;0; sin 0;, 7; sin 0; + r;0; cos 6;)

= E mﬂ?&i

1 . .
K= 3 ZmlH(n cos 0; — ;0 sin 0, 7; sin 0; + r;0; cos 0;)||*

1 .
= Y i )

(C.12)
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Under specific conditions, linear momentum, angular momentum and energy are conserved.
The following definition shows how a body’s position described in polar coordiantes can be differentiated
to obatin its velocity in polar coordinates.

Definition C.1.6. In two dimensional space, the velocity in xy-components is given as:

T; cos 0; . | —sinb;
Ui sin 6; cos b;

where in the preceding equation r; is the radius from the origin to the point i and 6 is the counter-clockwise

angle formed between the positive x-axis and the radius for point i.

The following theorems and definitions provide important results regarding momenta, torque and binary
particle interactions in systems of IV point masses.

Theorem C.1.1 (Conservation of Linear Momentum). If > F; = 0, then the total linear momentum is
conserved.

The following definition is required before proceeding.

Definition C.1.7. The torque on a point mass with position g € R® and force F is q x F. The total

torque of a system of N point masses is »_ q; X F;.

Theorem C.1.2 (Conservation of Angular Momentum). The Conservation of Angular Momentum The-

orem states that if, for a system, > q; x F; =0, then its total angular momentum is conserved.

Definition C.1.8 (Binary Particle Interaction). The force being exerted on a single mass point by another

mass point within the system will now be considered.

In many systems, the only forces on the point masses are forces of binary interaction Fyj, each paral-
lel to the inter-particle position vector d;; = q; — qj, such that Fy; = —F;; always holds and the total
force on each point mass i is F; = Zj F;;. This system is called a closed system. Moreover, such forces

are called internal and any other forces are called external.
Proposition C.1.1. In any closed system, the total force and total torque are both zero.

Corollary C.1.1. The total angular momentum of a closed system is conserved.

We now present an extensive example of a Newtonian 2-body system that illustrates many of the preceeding

theorems and definitions.
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Example C.1.2. (Newtonian 2-Body Systems) Consider a system formed by two mass points my and ma,

with mutual interaction, so that the motion is described by:

mi1§r = —F(q2 — q1) (C.14)

magz = F(q2 — q1) (C.15)

In the preceding equations F : D C R — R? is a force which depends upon the relative vector (qz — q1)

only. Then, since the sum of the forces is zero, the linear momentum is conserved, yielding the following:

m1qi(t) + maga(t) = constant = ¢1 (C.16)

In the preceding equation, the constant ¢y is determined by the initial conditions. (The relation above can

be also immediately observed from the equations of motion).

The preceding equation leads to:

t t
C(t) _ mlql( )+m2Q2( ) _ C1 t+C2 (017)
m1 + mo my + ma

In the preceding equation, co is a constant determined by the initial conditions. Now, let r = q2 — q1 be

the relative vector of my and ma and consider the change of coordinates (q1,qz2) — (r,c) given below as:

r=q2—q1 (C.18)

c— miqi + Mmaqz (C.19)

m1+m2

Then r is given by the following equation:

(C.20)

Then the following is deduced using the preceding equation and the first equation in this example, yielding:

F(e) = M gy (C.21)

mims
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Let 7(t) be a solution of the preceding equation, then the motion r(t) is given by:

m1+m2

r(t) = 7 (t) + c(t) (C.22)

In the preceding equation r(t) is the sum of the relative vector dynamics ¥(t) and dynamics of centre of
mass vector ¢(t). Since the dynamics of the centre of mass is known (see (C.6)) from the initial conditions

(see (C.17)), it is sufficient to solve only (C.21).

Thus, without loss of generality, in the case of Newtonian 2-body systems, it can be assumed that c; =
co = 0 and then study the dynamics of the relative vector given by (C.21). It is customary to write this

system as follows:

Mi# = f(r) (C.23)
In the preceding, M is the relative mass and given as:

mims

M= (C.24)

mi + mo

Unlike linear and angular momenta, the kinetic energy of closed system is not necessarily conserved.
However, the total energy is conserved if no forces are present. We now expand upon the idea of Newtonian

N-body systems by defining Newtonian N-body potential systems.

Definition C.1.9 (Newtonian N-Body Potential Systems). A Newtonian N-Body Potential System is
a mechanical system formed by N point masses where the force on each point mass is the gradient of a
function. Specifically,
aVv
G = —5—, i =1,..,N C.25
mi§ 20, fori ( )

In the preceding equation V : D C RN — R is a smooth function called the potential energy.

Examples of Newtonian N-body potential systems are central force problems, which are defined as follows:

Definition C.1.10 (Central Force Problem). A central force problem is a mechanized system where:

F(q) = F<|q|>% (C.26)

This system is a Newtonian potential system with potential given by:

Vig)=-U(ldl) (C.27)
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In the potential, U(|q|) is an anti-derivative of F.

The following example is a very famous central force problem, the Kepler Problem.

Example C.1.3 (Central Force Problem: The Kepler Problem). The motion of a planet of mass m in

the gravitational field of a sun of mass M, with M >> m and G is the gravitational constant, is modeled

by:
GmM GmM
mg=———rrq=——"2-4q (C.28)
lall® |lqll?
In the above equation:
A q
4g=+— (C.29)
llql|

An additional example of a Newtonian N-body potential system is given in the following example.

Example C.1.4. (The Classical N-Body Problem) Consider the motion of N point masses under their
mutual Newtonian gravitational forces (i.e., inverse-square law). This system is a Newtonian potential

system with:

Vig= Y —gmm (C.30)

P
The general problem of solving this system or determining its characteristics is called the Newtonian N -body

problem.

The following example is a continuation of the previous Newtonian 2-body system example; this example

examines potential energy.
Example C.1.5. (Newtonian 2-Body Systems cont.) In the first part of Example (C.1.2) given previously,

if one considers that F depends only upon the distance between my and mo, that is:

— 'S
FZFMrwm%§%i=ﬂﬂ* (C.31)

=

then one finds that:

V() = -00) = [(-F(o)dp =~ [ Floyip (C.32)

In the above equation, [ F(p)dp is an anti-derivative of F. Therefore, (C.23) can be equivalently written

as:
ov

i 9V
" or

(C.33)

We now consider the total energy of a system and state the Conservation of Energy Theorem with proof.
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Definition C.1.11. The total energy of a Newtonian N -body potential system with potential energy V is:
E=K+V (C.34)

In the preceding equation, K is the kinetic energy.

This allows one to arrive at the following conservation law.

Theorem C.1.3 (Conservation of Energy Theorem). In any Newtonian N-body potential system, the total

energy is conserved.

Proof C.1.1.

N N
dE d d (1 . 12
at %(K“‘V) = u (2 i miH(Iz” + Eﬁ V(q1)>

% (Z midi - G + Zmiqz qz> + Z ov dq’

N ” i (C.35)
- ; it Z dq; dtl

N
:;di' <m¢§i+g(‘;) =0

Remark C.1.2. For this reason, Newtonian N -body potential systems are also referred to as conservative.

We now define the conditions for a function to be translationally and rotationally invariant. Furthermore,

we prove that the potential energy of the Classical N-Body Problem is translationally invariant.

Definition C.1.12. A function V : R¥™N — R is translationally invariant if:

V(q1 +t,...,9qN + t) = Vv(ql7 ~--7QN) (036)

for any q = (qy, ...,qN) and any t € R,

A function V : RN — R is rotationally invariant if:

for any q = (q1,...,qN) and any d x d rotational matriz R (it is assumed that d =2 or d = 3).
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Example C.1.6. It can be shown that the following potential is translationally invariant:

N Gmym,
g = Y (C.38)
”zzjl la: — g;l|
Let t be a scalar quantity, then:
Gm;m Gm;m;
Vig+t) J L =V(q) (C.39)
Hzlllqﬁt*qg*tll ”ZIII —qjl|

Note: It can also be shown that V is rotationally invariant as well.

C.2 Part 2: Lagrangian Formulation

In this section we introduce the Lagrangian and the Euler-Lagrange equations and their application to
N-body systems. Additionally, we provide related definitions, examples, theorems and proofs. We begin

this section by defining the Lagrangian of a Newtonian N-body potential system.
Definition C.2.1. The Lagrangian of a Newtonian N -body potential system in R% with Cartesian coordi-

nates is a smooth function L : D x RN — R, D C R open, of the form:

LG —vig) (C.40)

L(g.4) = 5

where ¢ = (q1,92,---,gN)-

In the above, the mass matrix M is defined by:

M = (C.41)

In the above matriz, m; >0, for alli=1,2,...,N.

Remark C.2.1. The Lagrangian consists of L = K — V, where K is the kinetic energy and V is the

potential energy.
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From the Lagrangian we now consider the equations of motion.

Theorem C.2.1. The equations of motion of a Newtonian N -body potential system:

are equivalent to the Fuler-Lagrange Equations:
d (0L oL
— — =0,:=12,... N C.43
dt <8q,) 8qz ) ? ) ) ( )

for the Lagrangian L defined by (C.40).

Note that here, ¢ is considered as an independent variable, so that L : RN — R and (C.40) has partial
derivatives with respect to both ¢ and ¢. Yet, when evaluating (C.40) and its derivatives, one must

. o d
substitute g(t) = dtq(t)
Proof C.2.1.

d (dL\ oL d, . OV . 9V
i (37) ~ g = a0+ 5y = Ma+ 3= (4

We now provide a definition for a time-independent Lagrangian system and state with proof a theorem

regarding the coordinate-independence of the Euler-Lagrange equations.

Definition C.2.2. A time-independent Lagrangian system on a configuration space RN is the system of
ODEs in (C.43), i.e. the Euler-Lagrange equations, for some function L : D x RN — R, D C R open,

L =1L(q,q), called the Lagrangian.
Theorem C.2.2. The Euler-Lagrange equations are coordinate-independent.

Proof C.2.2. Consider a change of coordinates g = q(r), where q(r) is a smooth map with a smooth

inverse. Then:

. dg dq dr 9q | dq  9*q dq  Oq
T Tl s L B L el (C.45)
If it is also assumed that q(t) is smooth, then the equality of mized partials gives:
d (0q\ 04 d (0g\ d (0q\ 0q
dt (ar> T 0t (a&) Tt (87" ~ or (C46)
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If the Fuler-Lagrange equations hold for (q,q), then:

4 (OLy_OL_d (0L 04y (oL o oL 0
dt \ or or dq Or dq 8r ag or
B oL 8q L oL oL 9q\ 0L @ _ 6‘7L 9q
8q or 8q or 8q ar  0q or
oL 8q oL 8q OL 0q OL 8q
A P 4
( ) or * g aq or 0q Jr 0q or (C.47)

5L _OL\ 0q  OL 04 0L 04
aq) or "84 or 94 or

G-

By using the preceding theorem, one can perform a change of coordinate by expressing L = K — V in the

&

new coordinates in which the (new) Euler-Lagrange equations can be computed.

Definition C.2.3. A Lagrangian system on a configuration space R is the system of ODEs in the

Euler-Lagrange equations, given below, for some function L : R?*N — R, called the Lagrangian.

£(5)-(3)-

Here, an example is provided to illustrate the Lagrangian formulation and the Euler-Lagrange equations.

Example C.2.1 (Newtonian 2-Body Potential Systems). Recall from the previous Newtonian 2-body po-
tential system example, the equation of motion (C.33) of the relative vector between two mass points with

binary interaction. The Lagrangian for this problem is:
M
L(r,+) = 7,'«2 —V(r) (C.49)
The preceding Lagrangian can be expressed in components as:

M
L(ra, g, y) = - (2 +72) =V (./rg +r;) (C.50)

The Euler-Lagrange equations are given by:
(C.51)

In this problem it is more convenient to use polar coordinates. Passing L to polar coordinates, the following

is obtained:

L(r,0,7,0) = % (f2 - (re')?) —V(r,0) (C.52)
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with the Fuler-Lagrange equations given by:

d 3 M ) N2 _ 6 M .9 N\ 2
pripw (2 (r + (r9) ) - V(T)) =5 (2 (T + (r0) ) - V(r) (C.53)
d 3 M ) N2 o a M ] N 2
WY (2 (r + (r9) ) - V(T)) =50 <2 (7" + (r0) ) = V(r) (C.54)
Calculating the above, the Euler-Lagrange equations become:
Mi = Mré?* —V'(r) (C.55)
‘gMgé_O (C.56)
a T '
We have
Mr2(t)0(t) = const. (C.57)

which can be used to reduce the system.

To conclude this section we briefly address the energy function for a Lagrangian and prove that this energy

function is conserved in any time-independent Lagrangian system.

Definition C.2.4. The energy function for a Lagrangian L(q,q) is:
E==-—=.g-L (C.58)
In particular, for Lagrangians of the form (C.40), the energy is given by:
E= Y milldd? L= S milld? +V =K +V (C.59)

Theorem C.2.3. In any time-independent Lagrangian system, the energy function is conserved.

Proof C.2.3.

e _ d ai-_L( ) _d(oL.\ dL(g,4)
at at\ag? V)= 5 961 dt
d

t
oL OL OL OL
_d oLy . (oL\ . OL . OL . .60
dt<64> ‘”(aq) T 5q 9 5 1 (C.60)
oL ., oL .. oL ., OL .
S R EE e Py, B

oq a4 oq oq

The following section discusses the Hamiltonian formulation of the dynamics for mechanical systems, which

serves as an alternative to the Lagrangian formulation discussed in this section.
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C.3 Part 3: The Legendre Transform and Hamiltonian Mechan-
ics

In this section we discuss the Lengendre transform which is used to derive the Hamiltonian of a system
from the Lagrangian of a system. Furthermore, we introduce and discuss Hamiltonian mechanics and how

the Hamiltonian can be applied to N-body systems. We begin by defining the Legendre transform.

Definition C.3.1. The Legendre transform for a Lagrangian L(q,q) is the change of variables (q,q) —

(q,p) given by:

oL
= — C.61
P= 54 (C.61)
The new variables p are called the momenta.
Remark C.3.1. If L(q,q) = 3¢" Mq —V(q) =Y sml|dl|* — V(q) then:
oL
= — = m;d; C.62
Pi= e q (C.62)

We now discuss hyperregular Lagrangians and how they can be transformed, via a Legendre transform,

into a Hamiltonian system, which we briefly introduce.

Definition C.3.2. A Lagrangian L is hyperregular if the Legendre transform for L is a diffeomorphism,

that is, a differentiable map with a differentiable inverse.

Remark C.3.2. If L(q,q) = Y 3m||Gi||>—V(q) then the Legendre transform defined by p; = g—é =m;q;

18 hyperreqular, since it is differentiable and has a differentiable inverse given by q; = %pi.

Theorem C.3.1. If L : R2N & R is any hyperregular Lagrangian, the the Euler-Lagrange equations:

d (0L oL ,
- (aq,-) ~ %a " 0, i=1,...N (C.63)

are equivalent to Hamilton’s equations of motion,

OH . OH
q %7 b= aq’ (C.64)
for the Hamiltonian:
H(g,p)=p-d(q,p) — L(q,4(q.p)) (C.65)

where q(q,p) is the second component of the inverse Legendre transform.
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Proof C.3.1. The Euler-Lagrange equations are second order ODEs in the variables ¢ = (q1,...,gN), but
they can also be interpreted as part of an equivalent first order system of ODEs in the variables (q,q) with

the extra equations %q = q. Applying the Legendre transform gives the equivalent system:

d ) d oL
The partial derivatives of H can then be calculated as follows:
O0H 9q4;(qi, pi oL OL 9q;(qi, p; oL
_p, . 24(aipi)  OL 0L 04i(¢i,ps) _ (C.67)
0q; 0q; 0q; 04, 9q; 0q;
oH 04i(qi,pi) OL 04i(qi,pi) .
=4i(qi;pi) +Pi- ——F —— — 5 — 5 = 44, pi C.68
op; 4 (¢, pi) +p 9a; 9 s 4i(a:, p:) (C.68)
Consequently, the Euler-Lagrange equations are equivalent to:
d 0OH d OH
7= opi’ P = “oq; (C.69)

Remark C.3.3. The Hamiltonian in the preceding theorem is the energy function E expressed as a function
of p and q. Note that this change of variables is valid because the Legendre transform has a differentiable

inverse, that is, L is hyperregular.

Remark C.3.4. If L(q,q) = Y 2m;||4i||> — V(q) then p; = m;q; and
- . . o Mi .2 _ 1 112
H(q,p) = p-d(q,p) — L(g,4(a,p)) = Y 5 @l +V = > Tmillpzll +V (C.70)

To summarize, if L=K —V then H=K +V

Remark C.3.5. Since the FEuler-Lagrange equations are coordinate independent, then for any Hamiltonian

deduced via hyperregular Legendre transform, Hamilton’s equations are coordinate independent as well.

Here an example of a simple harmonic oscillator is used to illustrate how a Legendre transform can be

used to obtain the Hamiltonian for the system from the system’s Lagrangian.

Example C.3.1 (Simple Harmonic Oscillator Example). Consider a particle of mass m moving in one-
dimensional space under the influence of a spring with spring constant k. The position of the particle is

given by q instead of x. The Lagrangian of this system is:

1,1
L(g,q) = gm(f - §kq2 (C.1)
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Since there is only one degree of freedom (N = 1), the corresponding phase space is two dimensional (2N).

Now parameterizing by (q,p),

oL
— = — mg C.72
P=gg =mi (C.72)
Inverting yields:
. p
= — C~73
q=- (C.73)
Then the Hamiltonian is:
2 2 2 2 2
. p p kq p kq
H = — = — — _— = — = — _— . 4
(a.p) = ap m <2m 2 ) 2m + 2 (C.74)

Now that the Hamiltonian has been obtained from the Lagrangian via a Legendre transform, the equations

of motion can be determined:
. _OH p _ 0H

Here, a simple example of transforming a Lagrangian into a Hamiltonian is given.

Example C.3.2. A system of two point masses with Lagrangian:

(m14i + mag3)
2

L= - V(Ql, Q2) (C~76)

has Hamiltonian:

1
H= g -pi+ g —ps+ Vg a) (C.77)

We now define integrals of motion:

Definition C.3.3. Given & = f(x),z € D C R", a function F : D — R is an integral of motion if
F(x(t)) = const., Vx(t) along a solution. Practically, it is sufficient to show 2 F(z(t)) = 0, Vz(t) along a

solution.

Now that we have introduced Hamiltonian mechanics, we state and prove the following conservation

theorem for Hamiltonians.
Theorem C.3.2. In any Hamiltonian system with a Hamiltonian H(q,p), the Hamiltonian is conserved.

Proof C.3.2.
N

N
: oOH oOH OH 0H OH 0H
B=> (" g+ o pi) =Y (5 oo 2 ) =0 .78
= (3% L opi p) — <8qz~ op;  Op; 8qz~) (C.78)

Now, the Legendre transform applied to the Lagrangian of the Newtonian N-body potential system (C.40)
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leads to:

DPi = miq; (C.79)

and hence:

. . m; . 1
H(q,p) =p-4(q,p) — L(g.d(q,p)) = ) 7”‘11’”2 +Vig) =) 271,|I10i|\2 +V (C.80)
(3
Thus the Hamiltonian of a Newtonian N-body potential system takes the form:

H(q,p) = %pTM*lp +Vi(q) (C.81)

where M ! is the inverse of the mass matrix (C.41).
Remark C.3.6. The Hamiltonian in the preceding theorem is the energy function E expressed as a function

of q and p.

Here we continue with our previous example of a Newtonian 2-body potential system, applying the Leg-

endre transform to obtain the Hamiltonian and obtain the associated equations of motion.

Example C.3.3 (Newtonian 2-Body Potential Systems in Polar Coordinates). Recall from the previous
example, the Lagrangian (C.52) giving the relative motion for a Newtonian 2-body potential system in polar

coordinates. By applying the Legendre transform, the corresponding Hamiltonian is obtained:

1 2

for which the associated equations of motion are:

S I v
r= M Dr M3 % (7’) (083)
Do .
= —-— pu— . 4
e S 0 (C.84)

C.4 Part 4: Cyclic Coordinates

In this section we discuss cyclic coordinates which are important as they allow for a reduced Hamiltonian

to be obtained in this thesis. We begin the section by defining a cyclic coordinate.
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Definition C.4.1. Consider a smooth Lagrangian L : D x RN — R, D c RN open:

L:L(ql7qQ7"'an7QI7q.2a"'an) (C85)

A coordinate q; for some i = 1,....N is called cyclic if it does not appear explicitly in the Lagrangian

expression.

Now, without loss of generality, let g; be a cyclic coordinate. Then the Lagrangian takes the form:

L:L(CI27Q3,~~~;QNaQ1»Q2a~~~7QN) (C86)

Using the Legendre Transform, the corresponding Hamiltonian is:

H:H(QQ7Q37--~>C]Naplap27---7PN) (087)

Then the following is obtained, where i = 2, ..., N:

. oOH
@ = opr (C.88)
. oOH
P = ~%a (C.89)
. OH
qi = op; (C.90)
. o0H
Di = — 90, (C.91)

Given some initial conditions (¢1(to), g2(t0), q3(t0), ---s an (to), 1(to), p2(to), ..., N (to)), the equation for p;

leads to the momentum conservation:
p1(t) = constant = p1(to) = ¢ (C.92)

Further, provided the system given by H (g2, g3, ..., ¢n, D1, D2, -..; PN )|p,=c is solved and explicit expressions

for ¢;(t; ) and p;(t;¢), i = 2,3, ..., N are found, then one can determine:

toH

. 87])1((]2(7'),...7qN(T),p2(T),...,pN(T);C)dT (C.93)

0 (t) = qi(to) +

So the presence of a cyclic coordinate implies that the corresponding momentum is constant along the

motion (the constant being fixed by the initial conditions) and the number of degrees of freedom drops by
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one. This leads to the reduced Hamiltonian which is defined as follows:

Definition C.4.2. The Reduced Hamiltonian is:

HTEd(q27Q37 N, P25 s PN C) = H(q27Q37 4N, D1, P2, "'7pN)|p1:C (094)

In H,.q4, the constant ¢ may be treated as a parameter, which is allowed to take all the values permitted

by the initial conditions.

In the particular case of Newtonian N-body potential systems with a Hamiltonian of the form:

N
1
H= H(qQaQL’M <5 4N, P15 P2, apN) = Z 2mp12 + V(qQaQ?)a "'7QN) (095)
i=1 ¢

the following is obtained:

H’red(q27q3a"'aq]\77p27' - PN;C + Z +V QQ,C]Sy- 7qN> (096)

where ¢ = p;(t) = const. = pi1(to)

We now continue to expand our example of a Newtonian 2-body potential system.

Example C.4.1 (Newtonian 2-Body Potential Systems cont.). Recall from previous examples that the
Lagrangian is (C.52) with corresponding Hamiltonian (C.82). The Lagrangian and Hamiltonian are stated

again below:

. M
L(T, 97 ’f‘, 9) = 7

(fQ + (r9)2) —V(r) (C.97)

H(r,0,p;,pp) = 23\4 (pr + pf’) +V(r) (C.98)

It can be observed that 0 is cyclic in L as this coordinate is missing from the expression. Consequently, the

corresponding momentum py is a conserved quantity. The is immediate from the Hamiltonian equations

of motion:
2
b Py _
R R (C.99)
Do .
— =0 C.100
mrz P ( )

From the last equation of (C.100), it can be determined that pg(t) = const. = p(ty) = c¢. The reduced
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Hamiltonian is:

2
2 C

1
Hrea(r,pr;€) = 5opr + 53ms + V(1) (C.101)
Definition C.4.3. The effective potential is defined as:
2
Ve = 5353 T V(1) (C.102)

C.5 Part 5: Equilibria and Relative Equilibria

In this section we discuss the equilibria and relative equilibra of a Hamiltonian and then discuss methods
to determine the stability of these equilibria. We begin by defining an equilibrium point of a Hamiltonian

system.

Definition C.5.1. Given a Hamiltonian:

H= H(q?p) = H(qlanv s 4N, P1, D2, apN) (Clog)

a Hamiltonian equilibrium is an equilibrium (ge,pe) point of the Hamiltonian system of equations associ-

ated to H.

The methods for studying the stability of each equilibrium point, as outlined in Part A of the Appendix,
are used for studying the stability of a Hamiltonian equilibrium. However, some specific features of the
analysis occur due to the structure of the Hamiltonian equations. Let (ge,pe) be an equilibrium for
(C.103).

To apply the Lyapunov Method, the Lyapunov function is defined as:

F(q.p) = H(q,p) — H(ge,Pe) (C.104)
Then,
1. F(ge;Pe) = H(qe,Pe) — H(ge,pe) =0

2. For any solution (g(t),p(t)),

d

2, pt) = %H(q(t)m(t)) =0 (C.105)

since the Hamiltonian is conserved along solutions.
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So the second and fourth conditions of Lyapunov’s First Stability Theorem are satisfied for any Hamilto-
nian system. The third condition is satisfied if (ge, pe) is a local minimum point of the Hamiltonian. The

first condition is satisfied if F' is continuously differentiable on its domain.

We now discuss Lyapunov’s Stability Theorem for Hamiltonian systems and discuss the stability of equi-

libria.

Theorem C.5.1 (Lyapunov’s Stability Theorem for Hamiltonian Systems). An equilibrium of a Hamil-

tonian system is stable if it is a local minimum point of the Hamiltonian.

Recall that a Newtonian N-body potential system, with Hamiltonian H(q,p) defined by (C.81) has the

equations of motion:
oV

o (C.106)

¢g=M"'p, p=
It follows that equilibria are always of the form (ge,pe) = (ger,0), Where g, is a critical point of the

potential V(q). Further,

o’M-1o

H(Qeape):H(qcryo): 9

+V(ger) = V(ger) (C.107)

Since the diagonal of the matrix M has strictly positive entries, the matrix M ~! has strictly positive entries

as well and so for any vector p, pM ~'p > 0. Hence:

pM~'p

H(q,p) = +V(q) > V(q) for all (g, p) (C.108)

If gcr is a local minimum for V' (q), then using (C.107) and (C.108), the following is obtained:

H(q,p) — H(ge,pe) > V(q) — V(ger) > 0 for all (g, p) (C.109)

and so (ge, Pe) = (ger,0) is a local minimum for the Hamiltonian.

Proposition C.5.1 (Lyapunov’s Stability Theorem for Newtonian N-Body Potential Systems). If ger
is a local minimum point of the potential then the equilibrium (ger,0) of a Newtonian N-body potential

system is stable.
Corollary C.5.1. If the Hessian DV (q.) is positive definite, then the equilibrium (qer,0) is stable.

If the Lyapunov criterion fails, then one must resort to spectral analysis. It can be shown (Meyer et. al.

(1992)) that the eigenvalues of the linearization matrix of a Hamiltonian system always form conjugate
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quadruplets, that is, they take the form:

)\172,374 = :l:O[ + Zﬂ (0110)

This implies that asymptotical stability (where Re(A) < 0 for all \) is not possible in any Hamiltonian

system, but only spectral stability. The latter is ensured by:
Re(A) = 0 for all A (C.111)
In the presence of cyclic coordinates, the dynamics are reduced by one degree of freedom and the reduced

Hamiltonian depends on a parameter.

Definition C.5.2. An equilibrium point of the reduced Hamiltonian H,.q is a relative equilibrium of the

unreduced Hamiltonian H.

Note that equilibria of H,..q depend parametrically on c. The methods for studying Hamiltonian equilibria
may now be applied to the case of relative equilibria with the distinction that the existence and stability

of relative equilibria depend upon c.

Remark C.5.1. An equilibrium of Hy.q with ¢ =0 is an equilibrium of H.
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Appendix D

Bifurcations of Differential Equations

with One External Parameter

D.1 First-order systems of differential equations

In this Appendix we briefly describe the typical bifurcations that appear in first-order systems of differential

equations in the presence of an external parameter.

Definition D.1.1. A first-order system of differential equations is defined as:
= f() (D.1)

where x(t) is a real-valued function of time t and f is a smooth real-valued function.
Definition D.1.2. An equilibrium of (D.1) is a solution x(t) that is constant in time, that is x(t) =const.=

Z(to)

If parameters are present, equilibria can be created and destroyed, or their stability can change. These
qualitative changes are known as bifurcations and the parameter values where they occur are called bifur-

cation points.

D.1.1 Saddle-Node Bifurcation

Saddle-node bifurcations consist of a mechanism by which two equilibria are created and destroyed as a

parameter is varied.
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Consider the equation & = r + x? with » € R is the parameter. Based upon the value of 7 the system
will display two, one or zero fixed points (see Figure D.1). When r < 0, there are two fixed points, the
left point is stable and the right point is unstable as shown in Figure D.1 (a). When r = 0, there is one
semi-stable fixed point as shown in Figure D.1 (b). Finally, when r > 0, there are zero fixed points as

shown in Figure D.1 (c).

(a) r<0 (b) r=0 (c) r=0

Figure D.1: Plot of ¢ = r + 2 with Varied r

As r — 0 from below, the parabola moves up and the two fixed points move towards each other and
eventually become a single half-stable fixed point when r = 0. The single fixed point vanishes as soon as
r > 0 and thus r = 0 is considered a bifurcation point. We can now consider the curve r = —z2, i.e., £ =0
which shows fixed points for different r values. Unstable fixed points are denoted using a dashed line and
stable fixed points are denoted using a solid line as shown in Figure D.2, which is called a bifurcation

diagram.
X

unstable ~ & _

stable

Figure D.2: Bifurcation Diagram of & = r + 2
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D.1.2 Transcritical Bifurcation

A transcritical bifurcation is the mechanism by which the stability of an equilibrium may change. A typical

transcritical bifurcation occurs in the equation:

i =rz—z? (D.2)

Equilibria exist for all values of the parameter r. Figure D.3 shows the vector field of the system as r is

varied.

(a) r<0 (b) r=0 (c) r>0

Figure D.3: Plot of & = rz — x? with Varied r

As shown in Figure D.3, the equilibrium z* = 0 is stable when r < 0, half-stable when r = 0 and unstable
when r > 0. As r is varied, the stability changes, but z* = 0 remains a fixed point for all values of r.

Figure D.4 is the bifurcation diagram of this transcritical bifurcation.

X stable

stable m————tl — = - - - unstable

unstable ’

Figure D.4: Bifurcation Diagram of & = rz — 2

68



D.1.3 Pitchfork Bifurcation

Pitchfork bifurcations consist in the “birth” or “death” of pairs of equilibria. There are two types of

pitchfork bifurcations, supercritical and subcritical.

Supercritical Pitchfork Bifurcation

A typical supercritical pitchfork bifurcation occurs in the equation:

i =rz— a3 (D.3)

x \ X X

(a) r<0 (b) r=0 (c) r=0

Figure D.5: Plot of & = rz — 23 with Varied r

and is depicted qualitatively in Figure D.5. For r < 0 there is only one equilibrium and it is stable. The
values 7 = 0 is the bifurcation value. When r > 0, the fixed point at the origin has become unstable and
the two new stable fixed points are symmetric about the origin and located at * = +4/7. The bifurcation

diagram for this system is given in Figure D.6.

X

stable

stable =—— - - - - - - -~ - unstable

stable

Figure D.6: Bifurcation Diagram of & = rz — 23
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Subcritical Pitchfork Bifurcation

A subcritical pitchfork bifurcation occurs in

i=rz+ a3 (D.4)

Compared to Figure D.6, the bifurcation diagram of & = rz + 23 given in Figure D.7 is inverted. The

nonzero equilibria are unstable and only exist below the bifurcation (r < 0).

X

unstable . _

stable e ————— - = = = - - = = unstable

unstable

Figure D.7: Bifurcation Diagram of & = ra + 23
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Appendix E

Geopotential Model of the Earth

This appendix is based on Chapter VI from | ]

E.1 General Theory

We consider an inertial frame, 1, 22, x5, and a point mass (z1, 22, x3) of mass m and distance r from the
origin. The attracting mass M is not necessarily located at the origin but rather is located at (a1, a9, as3)
with distance ¢ from the origin. The distance between the mass points m and M is denoted as A and the

angle between their position vectors is denoted as #. We have that:
A% = (1‘1 — CL1)2 + (33‘2 — a2)2 + (.133 — (13)2 (El)

or
A? =72 + ¢* — 2rqcos () (E.2)

Differentiating (E.1), we obtain:

oA 1
a?:g(l‘l_alyq&_a%xS_a?’) (E.3)

The components of the attraction G of M acting on m are (per unit mass of m):

T —a

A3

T2 — G2

A3

I3 —as

_ 2
Ga = —k*M N

Gy = —k*M Gy = —k*M
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where k? is the gravitational constant. This force can be derived from a potential:

k2M

=— E.
v=- (E5)
according to the rule:
ou
=—— E.
G e (E.6)

The scalar function U is the gravitational potential of the mass M.

Theorem E.1.1. The gravitational potential of a mass point M satisfies Laplace’s partial differential

equation:
0’U  9°U 0°U _

ViU = or?  Ox3 0% 0 (E.7)
at any point that is not M.
Proof E.1.1.
ZE _ —‘2%11 _ e 3(216_ )" (E.8)

By computing all partial derivatives in (E.7) as shown in (E.8), the result is obtained.

We now consider a sphere centered at the origin and passing through M. We denote r/q =t < 1, that is

m is located in the interior of the sphere, so that:

% = 2(1 + 12 — 2t cos (0))71/2 (E.9)

The binomial expansion of (E.9) is:

1-3

1
(1+ % —2tcos (0))" /2 =1 — 5 t? — 2t cos (0)) + f(t2 — 2tcos (0))?
1-3-5 , ,
_ 9 E.10
2~4-6<t tcos (0)) ( )
1-3-5-7 y

The preceding expansion can be arranged as a power series in ¢ where the coefficient of ¢" is a polynomial

P,, with cos () as its argument. The polynomial P, is the n-th Legendre polynomial, thus we obtain:
(1412 —2tcos (0))"1/2 = Z P, (cos (6))t" (E.11)
n=0

where (1 4 t? — 2t cos (/))~'/? is the generating function of the Legendre polynomials. The series (E.11)

converges if |t| < 1, that is if m is located in the interior of the sphere. Then the first five Legendre
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polynomials are:

Py(cos (0)) = 1 (E.12)

Py (cos (6)) = cos (6) (E.13)
%@%w»:f%+gm§w) (E.14)
Ps(cos (0)) = f% cos (0) + g cos® (0) (E.15)
Py(cos (0)) = % 47%§VCOS2(9)—+ %grcos4(9) (E.16)

The potential function when m is contained in the sphere is:

n

U= kM Pycos (6))

n=0

Now, if r > ¢, that is m is located outside of the sphere, we set t = ¢/r and:

1 1

— = —(1+1>—2tcos (§)) "1/ E.18
X = (147~ 2tcos () (B19)
Then using the same procedure that was previously employed, we obtain the potential function when m

is located outside of the sphere:

n

U=—kM f: Pa(cos (6))—

n=0

Finally, if m is located on the surface of the sphere, the following functions apply:

P, (cos (0))

Palcos (o)), 2o,

n=0,1,2,... (E.20)

The functions (E.20) depend only on the position of m and they can be expressed as functions of 1, z2, 3,
which leads to the following theorem.

Theorem E.1.2. The functions (E.20) satisfy Laplace’s equation.

Proof E.1.2. Refer to page 103 in | ]
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E.2 Spheroids

e

Figure E.1: Spheroid Planet with Orbiting Satellite

We consider an attracting body with its centre of mass located at the origin of a rectangular frame
x1,%2,x3. It is assumed that the mass distribution inside the body is rotationally symmetrical about the
x3-axis and symmetrical about the x1xs-plane. Such a body is called a spheroid and Earth is nearly shaped
as a spheroid where the x;x2-plane is the equatorial plane as shown in Figure E.1 with an orbiting satellite
and the corresponding forces acting upon it. The angle between the x3-axis and the position vector of m

is denoted 6. Using the theory from the previous section, a potential function is constructed:

U= i{)%%ﬁfa)) (E.21)

where 7 is the distance between m and the origin and ¢,, is determined by the shape of the spheroid. Since

the Legendre polynomials satisfy the following equality:
P, (cos (6)) = (=1)"P,(—cos (0)) (E.22)

the terms corresponding to odd values of n cancel due to symmetry about the z;zs-plane. The coefficient

cp is determined to be ¢y = —k2M, where M is the mass of the spheroid. In general:
M S Pu(cos(6))
U=-———+ ;cn—Tn = (E.23)

Then for Earth, (E.23) becomes:

?) ' P, (cos (6)) (E.24)
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where R is the radius from the centre of Earth to the equator and J,, are dimensionless constants

into account only the Js term, the following approximate representation is obtained:

T

(3cos? —1), cos(h) = 73

KM k*MJ, R?
U [ + 2 Rﬁ
r 2 3

For 6 = /2, or equivalently, for x3 = 0, that is at the Equator, the potential reads:

_kQM _ k2M Jo }f

U= )
r 2 r3

and so it is of the form

where without loosing generality, one may re-scale k2M = 1 and denote € := R%.J,/2. For Earth

order 1073.
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(E.27)

N J2 is of
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