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Abstract

Central configurations provide the only closed-form analytical solutions of the n-body problem. All possible
central configurations of three bodies have been extensively studied along with the stability of the associated
periodic orbits. Stable cases have been found for the Lagrangian triangle configuration, which we see oc-
curring with the Trojan asteroids. However, the knowledge about four-body central configurations remains
limited. An explicit parameterization of a family of kite shaped four-body central configurations has recently
been published. The present research investigates the stability of periodic solutions provided by these cen-
tral configurations. An analytical treatment of linear stability is carried out and the eigenvalues for circular
periodic orbits are calculated. This is complemented with a numerical estimation of Floquet multipliers to
determine the linear stability of eccentric periodic orbits. While most of the kite configurations are found
to be unstable, regions of linearly stable cases are discovered for both circular and eccentric orbits. Further,
numerical simulations of the non-linear system are performed as an independent approach to validate the
linear stability results. Perfect agreement with the linear analysis is found, suggesting that stable kites may be
observed in the universe.
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Introduction

1.1. Background

The n-body problem is a classic problem of mathematics and physics, where the aim is to predict the motion
of n point-masses, which attract each other by Newton’s law of gravitation; all other forces are ignored. It is
the basis for the entire discipline of celestial mechanics. Newton’s second law together with Newton’s law of
gravitation results in a system of second-order ordinary differential equations

L Gmim; (4; - 4i)
Z ——J 7

A0 i=1,.n, (L.1)
iz |lai-ail

m;g; =
where m; are the masses, q; € R® are the position vectors of objects i and G is the universal gravitational
constant. Solving the n-body problem amounts to solving the initial-value problem: for given initial position
and velocity vectors g;(0), g;(0) find the vector function q(¢) which provides the positions of the bodies in
terms of the time ¢.

The problem dates back to Newton’s Philosophice Naturalis Principia Mathematica [22] and has been
tackled by a great many minds since then. Finding a general solution was of great importance, because that
would allow an exact prediction of the evolution of planetary systems like our own or, in fact, any system of
celestial objects. Newton started from the laws of Kepler and proceeded to prove that a body moving on an
ellipse, parabola or hyperbola according to the second law of Kepler is attracted to the focus by the inverse
square law [31]. Proving that two-body motion follows conic sections starting from the force law Eq. (1.1) back
then was called the "inverse problem" [31]. The two-body "inverse problem" (complete solution of Eq. (1.1)
for n = 2) was solved by Johann Bernoulli in 1710 [4, 6]. It took two centuries before an exact series solution
was obtained for three bodies in 1912 by Karl Sundman and then another eight decades until Quidong Wang
in 1991 provided a convergent power-series solution for the full n-body problem (excluding only collisions)
[6, 25]. The series solutions of Sundman and Wang, even though convergent and exact, are impractical for
actual calculations, "because the speed of convergence of the resulting solution is terribly slow. One has to
sum, for example, an incredible number of terms, even for an approximate solution of first order in g, p, t."
[25]. Hence, it seems that for three or more bodies we have to rely mostly on numerical methods or some
special cases which allow a tractable analytical treatment.

A class of such special cases is called central configurations. These are characterized by the property that
the resultant force on each body is directed to the center of mass of the configuration and directly propor-
tional to the body’s distance from it. Such configurations allow so-called homographic or self-similar solu-
tions, where the bodies remain in the same geometry for all time as they move on conic sections about the
center of mass [20]. For example, any arrangement of two bodies is a trivial central configuration, as in these
cases the two bodies remain on a straight line as they move along conic sections. The first non-trivial central
configurations were found by Euler in 1767 and consist of three bodies positioned on a straight line [7, 20].
Euler found that for any ordering of arbitrary three masses there exists a unique equivalence class of central
collinear configurations (they may be scaled and rotated, but the ratios of the distances are unique). In fact,
Moulton showed in 1910 that the same holds for any number of point-masses positioned on a line [20, 21].

The only other possible central configuration of three bodies was found by Lagrange in 1772 [13, 20].
It is the equilateral triangle configuration and holds for any masses. The bodies remain on the vertices of
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m m
4 3 my ms

my

my; =m, my =m;
Figure 1.1: Convex and concave kite central configurations.

an equilateral triangle for all time, given correct initial velocities that set their orbits on appropriate conic
sections.

Considering four-body central configurations, many more possibilities exist. Some well-known cases are
the trapezoidal configurations [38], the square central configuration [16] and the equilateral triangle with a
body in the middle [15]. The last two fall into a family of kite central configurations, where two bodies with
equal mass are positioned symmetrically with respect to the axis on which the other two bodies lie. Such
shapes are known as kite geometries and can be of two types: convex and concave. The convex kite contains
no body in the interior of the triangle formed by the other three, such as the square, while in the concave case
one body lies inside the triangle formed by the other three, such as the equilateral triangle configuration with
one body in the center. The two types of kite central configurations are illustrated in Fig. 1.1.

The family of kite central configurations was given an elegant treatment recently in [40], where a descrip-
tion of all possible cases is given and explicit algebraic expressions for the masses which make the configura-
tions central are derived in terms of the angles of the geometry. Further, in [34] the possibility of binary star
systems occuring as any of the cases discussed in [40] is assessed and the mass-geometry relations are further
simplified.

An essential question about such configurations is the question of their stability. For instance, all collinear
configurations are known to be unstable, while the Lagrangian triangle configurations are linearly stable only
for a dominant mass [20]. This work concerns the problem of stability of four-body kite central configura-
tions, pictured in Fig. 1.1.

1.2. Applications

The applications of such results may be numerous. First of all, there is significant interest in central configu-
rations and their properties from the pure mathematics perspective. The finiteness of the number of central
configurations for a choice of positive masses is one of the unsolved questions in the set of 18 mathematical
problems for the 21st century compiled by Stephen Smale [30], which shows significant interest in central
configurations topics from the mathematical community. Contributing to the body of knowledge regarding
this topic is an end in itself and hopefully the methods and results developed and generated here may be used
in future explorations of this interesting niche of mathematics.

Considering the physical relevance, there are several possible scenarios of different scales where astro-
nomical bodies could exist in a kite four-body central configuration. The research presented in this thesis, in
turn, will reveal which of these scenarios can actually exist long-term and which would be inherently unsta-
ble, giving insight into the possible occurence of such systems in the actual universe.

1.2.1. One massive object

A qualitative distinction may be made for the cases where one of the four masses is much larger than the other
three, as very often systems of celestial bodies exist in these kinds of hierarchical configurations. Then, one
possibility corresponding to this scenario is a star with three planets orbiting around it with equal periods.
Take, for instance, the mass ms to be the star. Then, it is possible that planets m; and m, are situated in one
orbit, while planet my is orbiting further away, making a convex configuration. It is even possible that the
three planets m;, my and my are of (approximately) the same mass, which would correspond to a situation
where they all orbit the star m3 along the same orbit, following each other. Even though we know these
situations do not occur in the Solar System, if they are found to be stable, we could reasonably expect to find
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Figure 1.2: The possible kite central configurations for the mass constraints of binary star systems, as found in [34].

such configurations in exoplanetary systems.

Another scenario is the situation where the objects m;, m, and m, are much less massive, such as as-
teroids, pebbles, dust, etc. The massive object m3 can then either be a star or a planet. An example could
be ring particles orbiting a planet in a "lumpy ring" [20], which may even be found in the Solar System, for
instance, in the rings of Uranus or Neptune. This scenario corresponds to a limit case, where three masses
are negligible compared to the fourth one.

1.2.2. Two massive objects
Another possibility is that of two massive objects and two smaller ones. An important and exciting example
is that of a binary star system with two planets. The kite central configurations which such a system might
assume were specifically singled out in [34]. It is assumed in that article that each star is at least 10 times
more massive than any of the planets and that the stellar masses are within a factor of 10 of each other.
According to [34] virtually every known binary star system satisfies these criteria. Using the mass constraints
the plausible configuration space is heavily reduced and it is found that for the concave configurations, the
stars would necessarily have to take the positions of the equal mass bodies, positioned equidistantly from
the axis of symmetry, see Fig. 1.2. The reason cases 3 and 5 in Fig. 1.2 are impossible is because, in order
to have a concave kite central configuration, only the center body m4 can be 10 times more massive than
the symmetric bodies m; and my . Body mj3 is only allowed to be slightly more massive than the symmetric
bodies, as can be seen in Figs. 2.6 and 2.8.

There is no lower limit imposed on the masses in [34], so these results apply just as well to two clusters of
asteroids or dust near two planets or stars, such as the Trojan and Greek asteroids, situated at the vertices of
Lagrangian equilateral triangles with Jupiter and Sun at the other two vertices.
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1.2.3. Three or four massive objects

Multiple (three or more) star systems are a well-known phenomenon, in fact, "nearly half of all stars reside
in multiple star systems" [24] and "approximately two thirds of the stars in our Galaxy exist as part of multi-
stellar systems. <...> The number of quadruple stellar systems in the Galaxy is estimated to be of the order of
thousands of millions." [2]. Given the extremely big number of such systems, it seems plausible that some of
them might be arranged in a kite central configuration, either with three stars and one planet or a complete
four-star kite configuration. This study will reveal whether such systems can be long-term stable and, if so,
can help predict the masses or geometries of observed multiple star systems and/or help anticipate a planet
in a kite configuration with the stars.

1.3. Research aim
Having introduced the context and relevance of the problem, we now explicitly define the goals of the present
research project. To this end, we state a research objective and a research question with sub-questions.

The objective is the main reason for executing this work and the success of our efforts will depend on the
extent that this objective is achieved.

Research objective. Contribute to the body of knowledge of celestial mechanics through a stability assessment
of the four-body kite central configuration family.

To guide our efforts towards this goal, we have the main research question.
Research question. What are the stability properties of kite central configurations of four bodies?

The pursuit of an answer to this research question is motivated, for instance, by the following statement
in [10]: "Whether the new four-body central configurations are stable is an interesting, unexplored question
and is an inviting direction for future research", where the configurations being referred to are the kite CCs.
This specific research gap is also referred to in [34]: "A proper stability analysis of planar four-body central
configurations with two equal masses and an axis of symmetry connecting the unequal masses has not yet
been carried out, and could represent a significant undertaking."

To give additional structure to our investigation we distinguish three research sub-questions, answering
each of which will constitute a part of the solution to the main question and move us closer towards the
research objective.

Sub-question 1. Are the homographic solutions provided by the kite central configurations linearly stable?

This sub-question is addressed in Part I. An attempt is made to take this treatment as far as possible using
exact, analytical methods and only utilize the help of numerical techniques where an exact solution is no
longer feasible.

Sub-question 2. Do the homographic solutions provided by kite central configurations possess non-linear sta-
bility?

An investigation into this sub-question is presented in Part II. We turn to a purely numerical approach for
this question.

Sub-question 3. Can kite central configurations occur in real astronomical systems?

The answer to this sub-question is inferred from the two previous answers in Part III.

1.4. Structure

We now present an overview of the organization of the rest of this report. In the following chapter (Chapter 2),
a description and parameterization of kite central configurations and their types are given. Moving on, in
Chapter 3 we start the mathematical treatment of the dynamics: state variables are introduced and a series of
coordinate transformations are performed to reduce the dimensions of the system of differential equations.

The question of linear stability is treated in Part I. First for the convex type of kite CCs in Chapter 4, then
for the first concave kind in Chapter 5 and, finally, for kite CCs of the second concave kind in Chapter 6. The
entire procedure to determine linear stability is developed and explained in Chapter 4, whereas Chapters 5
and 6 contain solely the application of said procedure to the concave cases.
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Having dealt with the linear stability, Part Il contains a numerical investigation into non-linear stability of
the kite periodic solutions. We again divide the treatment into three parts, corresponding to each type of kite
CC. Section 8.3 deals with the convex cases, while Sections 8.4 and 8.5 contain the non-linear stability results
for the first and second concave cases, respectively.

Finally, in Part III we summarize, draw conclusions, assess the extent to which the objective has been
achieved as well as give recommendations for future work.






Kite central configurations

In this chapter the kite central configurations are illustrated and the relationship between the geometry and
the point masses is demonstrated. The description of the kite central configurations in [40] divides them into
three categories: the convex case, first concave case and second concave case.

2.1. Convex configurations
The convex kite configurations are described by two angles a and f3, as shown in Fig. 2.1, with [40]

a =30°+2x 0<kx<15°
where 2.1
B =30°+ Ak -1<sA=s2

describing the domain shown in Fig. 2.2. The angle «a is allowed to take on values from 30° to 60°, while 8 (< «
because mirror images of the configurations are considered equivalent) can take on a range of values that is
increasing with a (increasing «), the widest range being 15° < f < 60° at a = 60° (k = 15°). At this edge of the
domain my is infinitesimal, while the other three bodies sit on the vertices of an equilateral triangle.

Looking now at the leftmost edge of the green area in Fig. 2.2, we see that on this line m3 = my, which
represents the situation with two pairs of equal masses in a rhombus geometry. Going downwards, we reach
the point ’S’, which is a singularity where all mass is in bodies 3 and 4 (bodies on the symmetry axis) and
infinitesimal masses 1 and 2 are situated at the triangular Lagrange points. Finally, the rightmost edge of the
domain represents the limit case where f is minimal, all mass is in ms3, and the three infinitesimal masses
are situated on a circle centered on mj3. This is the convex coorbital case, such as the "lumpy ring" situation
mentioned in Section 1.2.1.

Using the mass relationships derived by [34] we obtain a range of convex kite central configurations as
shown in Fig. 2.3. One can notice that increasing a tends to make the symmetric bodies 1 and 2 more massive,

my

my ms

m

Figure 2.1: The parameterization of the convex kite configurations in [40].
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Figure 2.2: The region of possible convex kite central configurations parameterized in terms of @ and 8. 0 < u3 <1 and 0 < 4 < 1 denote
normalized masses mg3 and my, respectively, 1 being the total mass of the four-body configuration. 'S’ denotes the singular case where
all mass is in bodies 3 and 4 and infinitesimal masses 1 and 2 are situated at vertices of equilateral triangles, i.e. the fourth and fifth
Lagrange points of masses 3 and 4. In this case bodies 3 and 4 can take on any masses as long as u3 + p14 = 1. Figure reproduced from
[40], with body indices adjusted to be consistent with the present work.

while increasing f has the effect of equalizing the masses of bodies 3 and 4.

2.2. Concave configurations

2.2.1. First concave case

In the concave cases, one of the bodies is inside the triangle defined by the other three. In the first concave
case this body (m4) is behind the center of mass of the configuration marked by x in Fig. 2.4. The direction of
the angle § is now changed, as seen in Fig. 2.4. The domain of the first concave configurations is given by [34]

a=45°+« 0<x=<15°
where (2.2)
B=Ax 0<sA=<2

which describes the green triangle on the left in Fig. 2.5. The angle a can range between 45° and 60°, which
is parameterized by x, while the range of 8 increases with increasing a, reaching 0° to 30° at a = 60° (x = 15°).
At this edge of the domain (top bound on the left triangle in Fig. 2.5) masses 1, 2 and 3 sit on the vertices of an
equilateral triangle, making a Lagrange triangle central configuration, while mass 4 is infinitesimal, sitting on
the symmetry axis of this triangle. That is until § = 30° is reached, where we get the singular case of m, in the
center of mass of the Lagrange triangle taking on any mass value and the other three bodies on the vertices
taking on arbitrary equal mass values.

The bottom edge of the triangle in Fig. 2.5 corresponds to the cases where f is maximum and all mass is
in the interior body m4. Then, the three infinitesimal masses are situated on a circle centered on m, and the
configuration is concave coorbital (e.g. three satellites orbiting Earth in the same plane with equal periods
and, thus, equal semi-major axes). Finally, the leftmost edge of the domain corresponds to collinear con-
figurations, where 8 = 0°, m3 = 0 and masses 4, 1 and 2 are positioned in a Euler central configuration on a
straight line. Going from bottom to top, first all mass is in body 4 at @ = 45°, then m4 decreases until it is zero
at @ = 60° and all mass is in the equal mass bodies 1 and 2.

A range of possible concave configurations of the first kind is shown in Fig. 2.6. In this case, increasing a
seems to shrink the central body, while increasing 8 grows the central body.
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Figure 2.3: A range of possible convex kite central configurations. The radii of the bodies are proportional to cube roots of the masses,
such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing in each case and is not to
scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses. All angles are in degrees.

my

Figure 2.4: The parameterization of the first concave kite configurations in [40]. The center of mass is marked by x.
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Figure 2.5: The region of possible concave kite central configurations parameterized in termsof ¢ and . 0 s ug<landOspug <1
denote normalized masses m3 and my, respectively, 1 being the total mass of the four-body configuration. 'S’ denotes the singular case
where body 4 is in the center of mass of an equilateral triangle made by the three remaining masses. In this case body 4 can take on any
mass in the range 0 < u4 < 1 and the remaining masses are equal, with values in the range 0 < u3 < 1 [40]. Figure reproduced from [40],
with body indices adjusted to be consistent with the present work.

2.2.2. Second concave case
The second concave case differs from the first as the interior body m4 is now in front of the center of mass in
Fig. 2.7. The second concave cases satisfies [34]

a=60°+x h 0<kx<15° 23)
where .
B=60°+1(15°—«) -2<A<0

which corresponds to the green area on the right in Fig. 2.5. Now a ranges from 60° to 75°, again parame-
terized by x. However, this time the range of permissible  angles decreases with increasing a. The range is
maximum at @ = 60°, with 30° < § < 60°.

Similarly to the first concave case, the bottom domain boundary at a = 60° in Fig. 2.5 marks the cases
where my is infinitesimal, placed on the symmetry axis of an equilateral triangle formed by the remaining
three bodies. At the bottom right corner @ = 60°, = 60°, we have that both m3 and m4 are infinitesimal
and positioned on the same vertex of an equilateral triangle with bodies 1 and 2 of equal mass at the other
vertices. Going up from this point, mass 3 is still infinitesimal, while mass 4 increases until all mass is in m4
at the top most point « = 75°, 8 = 60°. This point is part of the slope 2a — 8 = 90°, which, as in the first concave
case, marks the coorbital concave configurations, where three bodies of equal infinitesimal mass orbit body
4 in the center.

Arange of possible concave configurations of the second kind is shown in Fig. 2.8. Here we see an opposite
pattern from the first concave case: increasing a makes the central body massive, while increasing 8 shrinks
it.
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Figure 2.6: A range of possible concave kite central configurations of the first kind. The radii of the bodies are proportional to cube roots
of the masses, such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing in each
case and is not to scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses. All angles are

in degrees.

Figure 2.7: The parameterization of the second concave kite configurations in [40]. The center of mass is marked by x.
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Figure 2.8: A range of possible concave kite central configurations of the second kind. The radii of the bodies are proportional to cube
roots of the masses, such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing in
each case and is not to scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses. All angles
are in degrees.



Reduction of symmetries

The idea of this chapter is to simplify our dynamical system which is described by eight position variables
q; and eight momentum variables p; by changing to coordinates where fewer state variables are needed to
contain the essential information about the system. This can be achieved with the use of symmetries and
first integrals. By symmetry we refer to the property of the dynamical system that the differential equations
are unchanged under some transformation. For example, rotating the coordinate frame does not influence
the dynamics of our four-body system and this is called rotational symmetry. By Noether’s theorem, symme-
tries have conservation laws associated to them, which implies a first integral. In the case of the rotational
symmetry we have the total angular momentum as the associated conserved quantity.

If we find coordinates where one position variable is the rotation angle of the system, this variable can
be discarded, as its value is irrelevant for the dynamics. Similarly, when a momentum variable is equal to
the total angular momentum of the system, we can set this variable to a constant, because the total angular
momentum is conserved. Together, this would result in two less state variables, as all information about the
evolution of the system is now contained in the rest of the variables. This is possible, because the symmetry
allows us to eliminate information irrelevant to the stability and a first integral constrains the possible states
the system can take to only the set where the conserved quantity is constant.

The planar n-body problem has two translational symmetries from the fact that we can vary the horizon-
tal or vertical position of the whole system with no impact on the dynamics and one rotational symmetry
from invariance of the system to rotation in the plane. Corresponding to these three symmetries are the three
first integrals: linear momentum in two directions and angular momentum. In this chapter we use these to
reduce our system from 16-dimensional one to a 10-dimensional one. This will set the stage for lineariza-
tion of the system in Part I, where double partial derivatives with respect to each pair of variables have to be
calculated. Linearizing the reduced system will require 55 of these double derivatives, instead of 136, were
we to proceed with the 16-dimensional system. Further, the symmetries and integrals would show up as +1
eigenvalues of the monodromy matrix of the linearized system [27], as will be seen in Section 4.4. The reduc-
tion procedure gets rid of these trivial multipliers and only the essential multipliers that actually determine
linear stability are left. Lastly, with further treatment in Part I we will remove two more dimensions, leading to
an eight-dimensional system which allows an analytical computation of the eigenvalues. If we left any more
dimensions than that, analytical computations would become unfeasible, which is why the dimensionality
reduction of this chapter is instrumental for the analytical treatment of stability of kite central configurations.

3.1. Hamiltonian formulation

A mechanical system in which the forces are derived from a potential function can be described in a Hamilto-
nian formulation [17]. In this formulation, the equations of motion are derived from a Hamiltonian function
H(q, p) through Hamilton’s equations [17]:

_0H . 0H
opi Pi 0qi

(3.1

qi

where g;(?) is the i-th position variable, p;(?) is the corresponding, or conjugate, momentum variable, g
the vector containing all the position variables and p the vector containing all the momentum variables.

15



16 3. Reduction of symmetries

As we will see in this chapter, using the theory of Hamiltonian mechanics will allow us to perform multiple
coordinate changes easily where all information about the dynamics is always completely contained in the
Hamiltonian function.

The Hamiltonian function in this case is equal to the total energy of the mechanical system [17]:

H(q,p) = T(p)+ U(q) 3.2)

where T is the kinetic energy and U is the potential energy. The Hamiltonian function H for a conservative
dynamical system is independent of time, because energy is conserved.
The kinetic energy for the four-body problem is [17]

13 , 1 . . . .
T= > Y mi| g ||2 =3 (ml ldn ||2 +mz || g ||2 +ms | gs ||2 +my || da ||2) 3.3)
i=1

where ¢g; is the position vector to the i-th body from the barycenter in an inertial frame. Introducing the
linear momentum of the i-th body p; = m; q; we write the kinetic energy as

2 2 2 2
T:1(||P1|| N Ipal N Ipsll . | pall ) (3.4)
2\ m my ms My
The potential energy is given by [17]
Gm;m; Gmymyp Gmymg Gmimy Gmymgs Gmymy Gmgmy
U=-— =— - - - - - (3.5)
<icicalai-aill  Na-al l|la-a| |a-al |a-as] |g2—as]| |as- a4

Applying Eq. (3.1) to Eq. (3.2) with Eqgs. (3.4) and (3.5) yields the familiar Eq. (1.1).

3.2. Canonical transformations
The vectors g and p together describe the state of the system completely. Meaning that, given a state of
the system (g, p), all the subsequent and previous states are uniquely determined by the system of differ-
ential equations (3.1). The set of all points {(q, p)}, that is, every possible combination of the position vari-
ables g; and their conjugate momenta p; is called the phase space. It represents the set of all possible states
the system can take and therefore includes all possible solutions of Eq. (3.1). For a system with n degrees
of freedom, there will be n position variables ¢, ..., g, and a single state will be described by 27 numbers
(ql, cerQny Ply-s pn). Therefore, the dimension of the phase space of such a system will be 2n. In our case,
each body has two independent directions where it may move in the plane, so the system has 8 degrees of
freedom, and the phase space is of dimension 16: {(g, p)} = R'®.

Consider a transformation g : R?” — R?” which maps points in phase space to points in phase space.
There is a special class of such transformations which preserve the differential 2-form [3]

Y dpindg; (3.6)
i

and they are called canonical transformations; dp; and dq; are differentials [32]: for our purposes, simply
functions that take a vector as an argument and output the p;-th and g;-th components respectively. By the
"wedge product” operation A the two differentials combine as in Eq. (3.6) to produce a 2-form: a function that
takes two vectors as arguments and outputs a single number. The 2-form in Eq. (3.6) operates the following
way:
Y dpindqi(x,y) =) Xiyi-Yix; (3.7
1 4

The property that this 2-form is preserved means that two vectors in phase space x = (x3,..., X5, X1,..., Xn)
andy = (yl, o Yo Y1, Yn) transformed with a canonical transformation gto g(x) = a = (ay,...,an, A1,..., An)
and g(y) =b = (by,..., by, By,..., By) will satisfy the following property

Y. dpindqgi(x,y)=) dpindqi(a,b) =
j i

1
(3.8)
> Xiyi—Yix; =) Aib; - Bia
i i
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As we will see, a very useful property of these transformations is that given a canonical transformation Q =
Q(q,p), P = P(q, p) of variables g and p which satisfy Hamilton’s equations Eq. (3.1) for a Hamiltonian func-
tion H(q, p), we have that the new phase space coordinates (Q, P) again satisfy Hamilton’s equations [3]:

_OK 0K 59
~0P; "0Q; ’

Qi

where K is the same Hamiltonian function expressed in new variables K(Q, P) = H(q, p).

Using canonical transformations, coordinates can be changed simply by substituting the transformation
relations in the Hamiltonian function and the new equations of motion are then simply obtained through
Eq. (3.1). Alternatively, one would have to change the coordinates directly in the equations of motion, which
requires expressing the derivative terms in new variables and can quickly get cumbersome. Especially since
we perform a series of coordinate changes in this chapter, not having to rewrite the equations of motion in
each step really saves a lot of work.

More importantly, because of the nature of canonical coordinates and the Hamiltonian formulation, once
we change to a coordinate corresponding to a symmetry, as explained at the start of this chapter, it no longer
appears in the Hamiltonian function, because it has no influence on the dynamics. Such a coordinate is said
to be cyclic. Then, the partial derivative of the Hamiltonian with respect to the cyclic variable is zero and
we see immediately from Eq. (3.1) that the conjugate momentum to the cyclic variable is constant, because
it is the first integral associated with the symmetry. So, using canonical transformations, we arrive at the
reduction from the symmetry and the first integral simultaneously.

3.3. Jacobi coordinates

Jacobi coordinates are a standard tool in the analysis of the n-body problem. In conservative systems these
coordinates allow reducing the dimensions of the problem by four by eliminating the information about the
position of the center of mass and the total linear momentum from the equations. These coordinates start
from a chosen body in the system and the first position vector then points to the next body. The next position
vector starts from the center of mass of the previous bodies and points to the next chosen body of the system
and so on. In this way only the relative positions of the bodies are described by the coordinates. In our
case these coordinates are ideal, because, not only do we reduce the system’s many dimensions, but also by
choosing the two equal masses as the first bodies we obtain a very natural representation of the configuration
with position vectors laying perpendicular and parallel to each other, as seen on the right in Figure 3.1. This
will lead to simplifications later, when we plug in the periodic solution to the equations of motion.

The procedure to generate Jacobi coordinates is taken from [17]:

Ui = qi — k-1

1
8k = E(mk‘ﬂc"",uk—lgk—l) (3.10)
Hi = Mg—1+ My

with
g81=q ur=m (3.11)

where uy. is the k-th Jacobi position vector, g is the center of mass of the first k bodies and py is the total
mass of the first k bodies. For the four-body problem this yields:

M2 =M1 +mp=my+mp
myqz+ g Mg+ miqy

8= (3.12)
H2 my +my

W=q:—81=q92—q1

M3 =H2+m3z =my+mp+m3

miqi1+tmaqp
_ msqstppg  Maqst (Mt me) TSR my g+ mago + maqs .
8 = = =

M3 my+myp+ ms my+mo+ ms (3.13)

myq, +maq>

Us=qs—g2=4q3—
93— 82=4 F————
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Mg =HU3+1My =M1+ M+ M3+ Ny
Maqs+ 383  Miq1+ Moo+ M3qs+ Magy
Ha B my+mp+ms+ my (3.14)
miq + g2+ msqs
my + my + ms

81=

Uy =qs—83=4q4—

The conjugate momenta are generated using [17]:

k- my
Vi = uPk - —Gy
Hk Hk (3.15)
Gi = pi + Gi-1
with
G1 =p1 (3.16)

where vy is the k-th Jacobi momentum variable and Gy is the total linear momentum of the first k bodies. In
our case we get:

v=—p-—G = 2~ 1

Hzp M2 m1+m2p m1+m2p (3.17)
Gy=p2+Gi=p2+p1

U2 ms my+mp ms
r3=—p3——Gy = 3~ 1+ P2

Hsp U3 m1+m2+m3p m1+m2+m3(p p) (3.18)
G3=p3+G2=p1+p2+ps3

H3 my my+nmyp+ms3 my
Vi="2p— —2Ga = — +pr+ 3.19
4 /J4p4 Ha 3 m1+m2+m3+m4p4 m1+m2+m3+m4(p1 P2 p3) ( )

Recall that p; = m; q; and notice that the mass factors in front of the p; in Egs. (3.17) to (3.19) multiply with
the masses m; such that each Jacobi momentum variable v; represents the relative velocity of particle m; with

respect to the velocity of the center of mass of the previous i — 1 particles, scaled by a mass ratio M; = m; %
1
vy = mzL (G2— 1) =Mz (G2 — ) (3.20)
my + mp
m;+m . miq1+maq . miq1+moq
Vs = ms 1+ mp ( _miq zqz):Mz (q _miq 2672) 3.21)
my + mp + ms my +mp my + nmyp
my + my + ms . g+ Maga+ msqs . Mg+ Maga+ msqs
Vy=my ( - =My|qs— (3.22)
my+mp+ms+ ny my+my+ms m; + mp+ ms
The mass factor M, = % is known as "reduced mass" in the context of the two-body problem [8], as it is

the effective mass that one uses when writing the two-body problem as a "one-body" problem of the relative
position vector between the bodies. What we have in our case is essentially three two-body systems, with the
center of mass of the bodies in the first system, becoming the first body in the next and likewise the c.o.m.
of the bodies in this system becoming the first body of the third system. Then, the M; are just the "reduced
masses" of the three respective systems and v; are the linear momenta of these two-body systems.

To express the potential terms in Jacobi coordinates, the distances between the bodies need to be ex-
pressed in the new variables:

nmy my my nmp my
—— W tuz= q2 — q+q3— q — q> =
my + mp my + mp my + mp my + nmy my + mp (3.23)
ny+mp .
=B -—q=q3—q1
q m1+m2q q3—4q
oy 2tms —q miqy —mafge—mzqs + (M +mg) gz — (M2 + mz) q
4 2 — Y4 — =
my+ my+ms my + my + ms (3.24)
ms :
=i+ ——— 92— 43
a-q m1+m2+m3(q as)
m —myqy —maqr—miq +myq
Uy———uUp =g+ =q3—q2 (3.25)

my + ny my + my
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Figure 3.1: Jacobi coordinates for the general four-body problem on the left and for a four-body convex kite configuration on the right.

my + ms ms

qs—q1=us+ u — q:—qs3)=
my+ mp+ms m1+m2+m3( ) (3.26)
mo + ms ms ms my :
=us+ u + us — . u
my+ my+ms my + my+ ms mp+mp+ms3 mp+nmp
my +ms —m1q1—mzqg—mgqg—(ml+m3)q2+(m1+m3)q1
Uy—————ur=qs+ =
m;+ my+ms my + my + ms (3.27)
ms :
=qs—qot+ ——— (41— 43
a-q ml+m2+m3(q as)
my +ms ms3
qs—q2 = Uy — u; + (qs—q1)=
mp+ my+ms my + my + ms (3.28)
my +ms ms3 ms3 ny ’
=Uuy— up + us + .
m;+ my+ms my + my + ms nmy+my+ms mp+ny
mtmy (mi+mp)qs—miqr— mage+miq1 + maq2+ msqs _
————————— U3~ Uy = —qs=
my + my + ms my + my + ms (3.29)
=q3—4qas
Introduce the mass parameters
m my
Mlz:m +m M22=m +m
1 2 1 2
m Mo - (3.30)
Myi3=———— Myy= ——— My3= ————
my + my + ms m; + my + ms my+ my+ms
Then, the distances become
q9—-q=u
qs—q1 = Myup + us
qs— q1 = Uy + (Ma3 + M3z — M3z M12) u + Ms3ug (3.31)
qs— qz2 = uz — Mpup '
qs— q2 = uy + (M33 Mz — M3 — M33) up + M33u3
q3s — qs = (M3 + Mp3) us — uy
It can be checked using the definitions (3.15) that the following identity holds for k = 2,3,4 [17]
1Gk-11>  lIpel®  1Gel?  llwel?
e L L (3.32)

2U-1 2myg 2p  2Mg
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Using Eq. (3.32) the kinetic energy can be expressed by [17]:

B L Y Y G L O 20 G L 20 G (2 G (28 G 21

T =
=1 2me 2my 2 2 2My  2pp 2pu3 2Msz 2p3 2y 2My

2 2 2 2 2 2 (3.33)
G G
_lpal® Gl +||Uz|| +||v3|I +II 4l +||v4||
2m1 2/,1,1 2M2 2M3 2[.1,4 2M4

Then, using Egs. (3.11) and (3.16) we get

G 2 4 v 2
716Gl iy vl (3.34)
2Us = 2Mi

Since the total linear momentum is conserved, G4 is a constant that influences the value of kinetic energy,
but has no influence over the dynamics of the system. Therefore, we do not lose generality by setting the total
linear momentum to zero G4 = 0 [17] (we set the center of mass to be stationary) to get

L ol
k=2 2Mj

T= (3.35)

Now introducing the following compound mass parameters for brevity of the expressions:
M1 = Ma3 + M3z — M3z M
Mo = M3z Mz — My3 — Ms3 (3.36)
M3 = M3+ M3

we get that the Hamiltonian in terms of the Jacobian variables u,, us, us, vz, v3, v4 is

w2l Nwsl®  llwgl?
+ +

H=
2M, | 2Ms; | 2M,
G G G
_ mpmsy _ myms _ nmymy (3.37)
lze2 |Moouo +usgll  llug + Mcyup + Mszus||
Gmyms Gmomy Gmzmy
lus — Mipuzll  llug + Meaup + Mssusll || Mezus — ugll

Clearly, we have six Jacobian variables, each of which has two components in R?, therefore the dimension of
our system is 12. This is already significantly simplified from the 16-dimensional system we started with. It
will especially become clear when linearizing how much labour we avoid by not carrying around unnecessary
information.

3.4. Polar coordinates

Now we wish to reduce the system by two more dimensions using the rotational symmetry and angular mo-
mentum integral. Since the rotation of the system is naturally described by angles and their rates of change
we first introduce polar coordinates, as shown in Figure 3.2.

Up] = T2c080, Upo = T2 8in 0y
Uz) = rzcosbfs Uz = r3sinfs (3.38)
Uyg1 = r4Cc0S804 Ugp = T4SiN04

We use the generating function Sy, given in [17], to generate the conjugate momenta:

Sy = V2112 €080 + Voo12 SN0y + 13113 C0SO3 + V3213 SIN03 + V4174 C0SO4 + V4214 8iN6y (3.39)
082 . 052 .
Ry = —= = 1,1 €080 + 195 5in 6, R3 = —= = v3;1cosbs + v3psinfs
67‘2 0r3
0S> . Sz .
Oy = —= =—vy11sinbs + vaprrcosly Oz = —— = —v311r35infs + V3313 cosbs
00, 003
oS (3.40)
2 .
Ry = e = U471 C0S04 + V42 8in0,
4
08, ,
Q4 = —U174SiN04 + V4274 cOSO,

:E
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Figure 3.2: Polar coordinates.

We see that the conjugate momenta of the distance variables R; are the components of v; that change the
magnitude of u;, in other words, they are proportional to the rate of change of the corresponding lengths
r; and have units of linear momentum. Meanwhile, the conjugate momenta of the angle variables ©; are
the angular momenta of the three respective two-body problems associated to the three Jacobi variables (as
explained in Section 3.3) and are proportional to the rate of change of the corresponding angles 8;.

Rearranging we obtain:

Rz —U21 COS@Z

vz = sin@
2
3.41
cosb, 0, ( )
Uy =Vyp— — ——
2= sinf,  rysinfy
Solving the system:
o = g, SO 0, ) cos?6, 0,
A7 Gin20, 2'sin20, rpsinfs
S}
= 191 = Rycosf, — -2 sinf, (3.42)
r2
R cos’f, © 0
= Uy = — zZ_ _ ) — z, —Zcoseg =Rgsin92+—2cosez
sinf, sinf, T 2
The rest of the momenta are obtained in the same way and only differ by indices:
€] ©]
V31 =R3 00593— —331n(93 Va1 =R4COSH4——4511104
T
3 4 (3.43)

. O3 . B4
V32 = R3sinf3 + — cos B3 V42 = Rysinfy4 + — cosly
r3 Ty



22 3. Reduction of symmetries

The kinetic terms then become:
2

(C] (C)
2_ 2 2 2 2 2 . 2 . 2
lvoll© = v5; + v3, = R; cos 62—2R2c0592r—sm62+—zsm 0,+
2 r5
2
. ) S
+ Rﬁ sin? 0, + 2R, sinf, — cosf, + —22 cos? 0, =
) T,
2
=R} +—
P
@2
2_ .2 2 _ p2 3
lvsll® = v3, + v3, = Ry + —
3
2
2_ .2 2 _ p2 4
[logll —1/41+1/42_R4+—2
4

Similarly, the potential terms can be expressed in polar coordinates:

luzll = \/”31 +us, = \/rz2 cos?0, +r2sin*0, =r,

| Moo uo + us|l = \/(Mzz Up1 + Uz1)® + (Mg Uz + Uizp)*

- 2 2 2 P >
= \/Mzz Uy, +2Mopup1 Uz + ugy + M3, us, + 2Moa upp ugp + U,

(3.44)

(3.45)

= \/Mgz 12 cos? 03 +2May 1 C0s 213 c08 03 + 15 €082 03 + M2, 12 sin? 0 + 2Ma, 15 sinb, r3 sinbs + r2 sin® 03

= \/M§2 r22 +2Mpsorar3c08 (02 —603) + r32

:1(1

ll2e4 + Mcyup + Mazus || = \/(u41 + M1 U1 + M3z uz1)? + (Uaz + My gy + Msz uizp)®

2 2 2
Uy + Mcl U1 Uy + M33 usjug + U41M61 Uur1 + M(:l Uy, + M33 U31M61 U1
2 2 2
= + Ug1 M33usy + Mey Uz M3gusy + M33 Uzt Uy + M1 uop g + M3suso g

) )
\ + Uap M1 Upp + My U5y + M3z uzp My Upp + gp M3z ugp + My tpp M3z uzp + M3z s,

rf + Mfl r22 + M323 r§ +2M,112c0805714c0804 +2M3z313 c0sO314c0s04 +2M3z3M113Cc0s031, cosby

\ +2M,1128in05148in04 + 2M33138in03148in04 + 2M33 M1 13 5inf3r; sinf,

= \/Mflrzz + M323r32 + rf +2M11214€08 (02 —04) + 2M331374 COS (03 — 04) + 2M33 M1 1213 c0s (B2 — 03)

:1(2

||u3 —M12u2|| = \/Tg +M%2T22 —2M12T2F3COS(62—93) =K3

lug + Mo up + Masusl|l =

= \/I‘f +M§2T22 +M33T§ +2Mp o714 €08 (02 — 04) + 2M3371374 COS (03 — 04) + 2M33 M 21372 cOS (O3 — 02)

:1(4

| Mesus — uyll = \/Mfg r2+ri —2Mc3r3rscos (03 —04) = ks

Substituting all results into the Hamiltonian yields:

0Z) 1 0Z) 1 02\ 1
H=(R5+ % |—+|R5+ 3 | - +|Re+ = | =
TZ 2M2 2M3 7‘4 2M4

Gmimy, Gmimg Gmimy

r2 K1 K2
Gmomg Gmomy Gmgmy

K3 Kyq Ks5

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)
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tr & c.om.my,my,my
@ s
) ®
m4. &K .m3
my
o)
m, @

.m

1

Figure 3.3: Polar coordinates with rotational symmetry eliminated for the general four-body problem on the left and for a four-body
convex kite configuration on the right. The positive angle direction is counterclockwise. The angles in the left diagram have arrows to
indicate sign, whereas the minus sign indicates that the magnitude of an angle is negative in the right diagram.

3.5. Eliminating angular momentum

The rotational symmetry and angular momentum are not eliminated yet. For that we wish to make the rota-
tion of the whole system disappear from the Hamiltonian and to have a momentum variable correspond to
the total angular momentum, which can then be set to a constant. However, the fact that the angles in the
Hamiltonian (3.51) appear only in pairs tells us that a single angle coordinate, representing the absolute rota-
tion of the system, does not influence the Hamiltonian. Hence, we make 6, a cyclic coordinate (a coordinate
which does not appear in the Hamiltonian) and make the other coordinates represent the angular differences
with the following canonical coordinate transformation

@2,@3,@4,62,93,34 - \Ilrr)(brw;Y)(,b

where we set (cf. Fig. 3.2 and Fig. 3.3)

Y =0,
Y = 63 —92 (3.52)
$p=0,—03

From Figure 3.3 we see that iy = 6, describes the absolute rotation of the configuration with respect to some
arbitrary datum, while y and ¢ describe the relative rotations of the bodies with respect to one another.

Now, since we have one cyclic coordinate, by Noether’s theorem [17] we know that its conjugate momen-
tum must be a conserved quantity, which we anticipate to be the total angular momentum. The conjugate
momenta are derived using the fact that a symplectic transformation must preserve the 2-form

Y dpindg;
i

Introduce two arbitrary vectors in the ©;, 8; coordinate basis:

V1 = (012,013,014,012,013,014)
V3 = (022,023,024,022,023,024)
which give
dpindqgi(v,v2) +dpa Adqa (v, v2) +dpz Adqgs(vy, v2) =

(3.53)
= (012022 — ©23012) + (013023 — ©23013) + (B 14024 — ©24014)

Now denote the transformed vectors, i.e. the same vectors in the new coordinate basis as

vi=(¥1,T1,@L,y1,71,¢1) = (P1,T1,®1,012,013 — 012,014 — 013)
vy = (2,12, D2, W2, 72, ¢2) = (W2,T2,D2,022,023 — 022,024 — 023)
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which give
dp1 Adq, V), v) +dpa Adga(vy,v5) + dps Adgs(v), vy) =
=(W1022 — W2012) + (I'1 (B23 — 022) —T'2 (013 — 012)) + (D1 (B24 — 023) — P2 (014 — 013)) =

(3.54)
=012 (W2 +T2) + 022 (V1 —T'1) + 013 (P2 —T2) + 023 I'y —D1) + 014 (= D2) +024P1 =
=012 (—022) + 022012 + 013 (—0O23) + 023013 + 014 (—O24) + 024014
Therefore:
Wy -T2 =02
¥ -T1=01
I @ o Y=0,+I'=0,+03+04=c ®,=c-T
PTTETTE L L r=0340=03+0, — ©3=T-0 (3.55)
I -®;=013
D=0, A=
Dy =024
®; =014
Clearly, ¥ is the total angular momentum, as expected, and is set to a constant value c.
Making the substitutions gives
K1 = \/M222 I3+ 12 +2Mporar3C08(Y) (3.56)
Ko = \/M?l I’22 + M§3 l’?? + rf +2M_ 11914 COS (Y + (/)) +2M331314COS ((,b) +2M33 M1 1213 COS ()/) (3.57)
K3 = \/Mfzrz2 + 15 —2Mizrar3C08(Y) (3.58)
Ka = \/Mf2 15+ MZ2r2 + 12+ 2Morars cos (Y + ) + 2Mszrsry cos (¢) + 2Msg Mo rars cos () (3.59)
K5 = \/ M2 + 12~ 2Msr3racos (¢) (3.60)
and the Hamiltonian becomes
-M?%\ 1 r-o2\ 1 %) 1
H= R§+u —+ R§+¥ — + R+ = | —
2 )2M; rz )2M;s r2 ) 2My
_Gmymy;  Gmumz  Gmimy (3.61)

r2 K1 K2
Gmg ms sz my Gm3 my

K3 Ky Ks5
Thus, the problem has been reduced from 16-dimensional to a 10-dimensional one with the variables r, r3,
Y: 4, (,b) R27 R3r Fr R4r .
Applying Hamilton’s equations yields:
OH R, ., OH Ry ., O0H Ry

_oH _ oz O P 3.62
0R, M, > OR; Ms ' OR, M, (3.62)

2

0H (c-1?*1 Gmmy Gmims

R, = M?2, 1y + My 13 COS
2 ory My 13 r2 K3 (M2 2273 c057)
Gm1m4 szmg
- (M2, 15+ My11408(y + ) + M3z M1 13 c08Y) — —5 (M2,ry — Miarscosy) (3.63)
2 3
Gmoym
_ KZS 4 (M2,72+ Mya14cOS(Y + ) + M3z Mca 13 cOSY)
1
. 0H T-®?>1 Gmm Gmim
Ry=—— = ( ) - 13 3 (r3+ Maarpcosy) — 13 & (M3r3 + Ma3rycos ¢ + Msz M1 72 cosy)
ors Ms; T3 Ky K
Gmyms Gmomy
- 3 (r3 = Myaracosy) — — 5 (M§3r3 + M3374cO8 ¢+ M3z M1 cOSY)

K3 4

Gmg my 2
-3 (Mz3r3 — M3racose)
5

(3.64)
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0H _ q)z 1 Gm1m4

Ri=——=— — — — = (r4s+ M. 12 cOS(y + @) + M3373COS
R E VA 3 3 (4 + Mc112cOS(y + @) + M3313C08h) -
Gm2m4 Gmsm4 )
=3 (ra+ Mearacos(y +¢) + Mzgrs cos¢) — —3 (ra—Mczrscos)
1 5
And for the angular variables:
,_OH_T-c T-® ; oH_o-T o .66
Y_ GF B M2r22 M3T32 B 6(1) B M3T32 M4Tf ’
0H Gmimgs . Gmimy . .
=- =——— Myra138iny + ——— (M1 7274 SIn(y + ) + M3z My 12735inY)
v " "2 (3.67)
Gmoms . Gmymy . . ’
_ TMIZ rarssiny + —5— (Mcararasin(y + ¢) + MszMeororssiny)
3 1
0H Gmm . .
=35 =% (Mcirarasin(y + ¢) + Ms3rarasing)
4 "2 (3.68)
Gmymy . . Gmzmy .
—3 (Mcararasin(y + ) + Magrsrasing) — TMC;.; r3rysing
1 5

(c=D? 1 (I—®) 1 @1y i isi
Note that Y7Ll v and ; ;3 in Egs. (3.63) to (3.65) are centrifugal force terms, arising because
2 3 4

of the rotating reference frame:

=D 1 _ 051 _(Mprfho)”

= =22 = Myr6? (3.69)
Mg rg’ Mz r; M2r23 2eve
A2
T-®)? 1 0?2 1 M3r293 .
By = —3—3 = % = M3r3932, (370)
Ms T3 Ms T3 M31’3
5 \2
(I)2 1 @2 M47'294 .
——3:—4—3:%=M4r462 (371)
M4 7'4 M4 r4 ]\447’4

where we used the definitions Eq. (3.55) and the fact that we can express the angular momenta of each two-
body problem 0;, (as discussed in Section 3.4) in terms of the angular velocities and moments of inertia,
which, in turn, can be expressed using the reduced masses of each two-body problem (as introduced in Sec-
tion 3.3): ©; = M; rl.zéi.

3.6. Further elimination

It is possible to reduce the equations of motion further. Since the total energy is constant, H = constant = h,
the independent variable can be changed from time ¢ to one of the state variables r», 73,7, 74,¢, R2, R3,T', Ry, D.
Suppose we would like to make r, the new independent variable. Then, its conjugate momentum, Ry, be-
comes the new Hamiltonian function [23]:

RZZK(h, r2rr3rYr r4r(pyR3rr)R4r¢)) (3'72)

where K = R, is the new Hamiltonian function and r» is the new independent variable. In this way, one more
state variable can be eliminated. Note that this Hamiltonian is no longer autonomous, nor is it equal to the
total energy [23], as its value now depends on the independent variable r, and is no longer constant. Any
other state variable could have been chosen as the new Hamiltonian, however, explicit expressions are easy
to get only for the momentum variables, since they appear only once as squared terms in H. Each position
variable appears multiple times under square roots in the denominator, which would be very difficult to get
an explicit expression in the form of Equation 3.72. Thus, our best bet is to make one of the momentum
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variables the new Hamiltonian. For R, = K we get:

c-D)? M r-o?| M 2
a0 e g, 08, &
K=R2 =4 r2 M3 r3 M4 r4
Gm1m2M2 Gmln’I3M2 Gm1m4M2 GmngMz Gm2m4M2 Gm3m4M2
+2 +2 +2 +2 +2 +2
2 K1 K2 K3 K4 K5

(3.73)
We notice immediately that K can take on two values, a positive and a negative one, which correspond to the
two directions of time, since time has been eliminated and the dynamics do not change with the direction of
time for a conservative system. The equations of motion are then obtained from Hamilton’s equations:

dr3 _ 0K @ 6_K
dr,  ORs dry ors
d7'4 _ 0K @ 6_K
d_rz_ 6_R4 dry 0ry
dp 0K ao 0K
dr, 0®  dr, 0¢
dy B 0K ar 0K

dr,  or  dr, 09y

(3.74)

The fact that the expression for K is entirely under a square root means that each first derivative of the equa-
tions of motion is going to have a iK factor in front. This becomes a major inconvenience when we attempt to
linearize the system, because every state variable now appears in every first derivative under K. This causes
all second derivatives to be non-zero. Thus, even though there are two variables less in this reduced formula-
tion, linearizing this system would be much more computationally heavy than the previous formulation and
we will continue with time as the independent variable and a four-body system still described by 10 parame-
ters.
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Linear stability






Convex cases

In this chapter we investigate the stability of one subset of kite configurations: the convex cases. An attempt
is made to take this assessment as far as possible with analytical techniques. To that aim, we linearize the
equations of motion, so that the theory of Floquet can be applied and linear stability can be determined. The
linearized system is evaluated at the periodic solution, so that the linear equations describe the perturba-
tions from the central configuration. The procedure we follow closely resembles the one followed in [27] for
linear stability determination of circular and eccentric three body Lagrange triangle periodic solutions. Be-
fore proceeding, it might be worth mentioning that this chapter includes a fair share of lenghty and at times
somewhat tedious computations, however we feel they are quite fundamental for the understanding of our
mathematical model and, therefore, they are left in the text instead of an appendix.

4.1. Periodic solution

For describing the periodic solution corresponding to a central configuration we identify the plane R? with
the complex plane C. Then, for a central configuration we require:

qi(t) = a(t)z; 4.1)

where ¢g; € C is the inertial position of the i-th body, a(¢) € C is a scaling factor and z; € C is the initial position
of the i-th body. Since multiplying a complex number by another complex number is equivalent to a scaling
and a rotation in the complex plane, this equation says that at any time, the positions of all bodies can be
obtained by applying the same scaling and rotation to the initial positions, since the geometry is required to
stay the same in a central configuration. Substituting this constraint into the Newtonian equations of motion

.. Gmj(qj—qi
qi:Z ](] l)

> . (4.2)
iz |aj-ail
gives
Gmilzi—z;
dl(x|3a_1zi:2—]( ! 3’) (4.3)
i#j |z -]
Because all z; are constants, so must be the term on the left hand side:
dlal® a”! = constant = GA (4.4)

where A is a proportionality constant, depending on the masses and geometry of the configuration. Then we
have the conditions on initial positions to have a central configuration:

Az=y T (21 -2)

! 4.5)
iz |lzj -zl

This means that in a central configuration the net acceleration on each body has to be directly proportional
to the body’s distance from the barycenter and directed towards the barycenter. Hence the name "central

29
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configuration". Rearranging Equation 4.4 we obtain
. GAa
= (4.6)

a=
laf3

Note that the solutions of Equation 4.6 are simply the Kepler orbits described by [36]

)= - w?/GA
T l+ecosO(n) @7
0=-2" 60=0 ‘
T2’ B

where r is the magnitude of a and 0 is the angle from the real axis. We choose the argument of perihelion and

initial true anomaly as zero. The period is obtained from Kepler’s third law [36]:

3
T=2m| _aGA —onVad 4.8)

where —GA is the gravitational parameter and a is the semi-major axis of the orbit, given by [36]:
w?/ —GA
a=———
1-¢?

(4.9)

For simplicity of expressions we set the proportionality constant A = —1/G such that —GA = 1. This simply
fixes the scale of the configuration in such a way that Eq. (4.5) holds. The semi-major axis then becomes

S (4.10)
S 1-e?’ '
which in turn gives for the period
3
T=2m—2 . (4.11)
(1-e2)!
The complex variables are then '
a(t)=r()e?"
. (4.12)
zi =lzile"M
where 1); is the angle of the i-th body from the real axis. Then, the position of the i-th body in time is described
by:
qi(1) = a(t)z; = r(1)|z;] '@ +11) (4.13)
or, turning back to the plane R? again:
o | cos@(@) +1;)
qi =10zl Sin(@(0) +1,) (4.14)
4.2. Convex case
Here, we introduce the common mass of the kite central configurations:
ml = m2 =m (415)
The proportionality constant is given by [40]:
my my 1lm
S b (4.16)
a d; 4y
Since we set AG = —1, then
-1 ms my 1m
EZ——S——S—Z—g (417)
d; d; y
(4.18)

r(n = 1+ ecosO(1)
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mq

Figure 4.1: Convex kite geometry.

Looking at Equation 3.62, Equation 4.14 and Figure 4.1 we express the state variables for the periodic
solution in terms of the Kepler orbit and geometric parameters of the convex central configuration:

2 =cor(r) Ry = M>cyR(1)
r3=c37(t) Ry = MycsR(1)

ra=cr(t) R, = Myc,R(0) (4.19)
b4

)/:—E F:Mgc§w+M4ciw

p=n D= M4c§w

where

C) = 2y
c3=ytana (4.20)
cs = Izl

mp+my+ms
and R(f) = i(t). The expressions for I' and @ are obtained from

24 220 2
@3 =M37'363 =M3()3r ﬁ =M363w

) 0 ) (4.21)
®4=M4F4H4ZM4C4V ﬁ:M4c4w
and therefore
['=03+0,=Mcio+Mcio
) (4.22)
@:@4 :M4c4w
Also note that
c:G)2+G)3+G)4:M2r229'2+M3r3293+M4r294
_ 2 2 W 2 2 W 2 20
=Mycsr ﬁ+Mgc3r ﬁ+M4c4r =) (4.23)

2 2 2
= M50+ Mszczw + Mycjw
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The mass ratios in terms of the angles are [34]

ms _mz tanﬁ(tana+tanﬁ)2(8cos3ﬁ—1) tng

my 4[(sina+cosatanﬁ)3—l] 4sCa
) (4.24)
my my tana(tana+tanp)”(8cosPa—1) tng
my 4[ sinﬁ+cosﬁtana)3—1] dscp
with
a=30°+2kx 0<x<15°
where
B=30°+ Ak -lsA=s2
The distances between the bodies are:
K1 K3 T3 T3 d
—_—=— = — = — = 1:yseca:
r r r r cosa
K2 Ky T4 Tia y
—:—:—:—:d: secp =
r r r 2= ysecp cosf (4.25)
K5 _ T34

= =dy = y(tana + tan )

Applying these to Equation 4.17 we get a useful equation relating the distance parameter y to the masses and
geometry of the configuration:

m
=G (Z + M3 cos® a + my cos® ﬁ) (4.26)
The mass parameters become
ny msy 1
My =My = = ==
ny+ my m+my 2
-1 -1
m m mp mg3 ing 4sc
M13=M23=—=(—+—+—) =(2+ = “ (4.27)
my+my+ms m mp m 45cq 8scq +tng
-1 -1
m m my, m 4sc, tn
Mgg=——3 :(_1+—2+—3) =(2 a 1) =P
my+my+ms ms ms mg tng 8scq + tng
1 my + %H’Z3 m+ %H’Z3 1
M1 = Mb3 + M3z — M3z Mip = Mp3 + — Msg = = ==
2 m+me+ms 2m+mg 2
1 1 2
Mcz=M33M22—M13—M33=—§M33—M13=—Mc1 =3 (4.28)
8scqy
M3 = Mg+ Mp3 =2Mi3=2Mpz3 = ————
8scq + tng
and
ma m
M;=mp————=mpMpp = —
my + my 2
my + my
M3 = mg————— = m3 (M3 + Mb3) = 2mg M3 = 2m3Mo3 (4.29)
my+ my+ms
nmy + my + ms
M4 =m = m4M34

4
m;+mp+ms3+my
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Furthermore, applying the condition on x, from Equation 4.25, we get

2

1 y
2 2.2 2 2.2, 2.2 2_ 2
Ko =—CoT“+ Mascar®+ i1 —2Ms3c3Car” = 1" ———
2742 3373 4 coszﬁ

2 m% 1\42 m3M

y+y —ztan2a+||z4||2 -2
(m1 +my + ms)

) yztanzam§+||z4||2M2—2m3Mytana||z4||_ y?

y +

(my + my + m3)? cos? 3

2
2+(m3yt21na—||z4||M) G
Y (m1+m2+n13)2 COSZﬁ
2 .
(mzytana — ||zl M) _ 2( 1 _1): , sin? B
cos? f cos?

= maytana — ||zl M = £ ytan B (my + my + ms3)

(my + my + ms3)?

mgytana + (my + my + mg) ytan
M

= llzll =

Thus

mgytana + (my + mp + mz) ytan M

(my+me+m3)® (m+me+m

M
4 = |zl =

m; + my+ ms M my+ my+ms

ytana |zl =
3)? c

0s2

2

= Mszytana + ytan 8

(4.30)

(4.31)

To find the right sign in this equality we calculate the other « at the periodic solution, which also serves to

verify that the state variables and mass parameters have been set up correctly.

_ 2 .2 .2 _ 2 2.2, 2.2 _ 2 2., .2
Kl—\/M22r2+r3+2M22r2r3cosy—\/Mzzczr +o3r —r\/M2202+c3

1 1 ry
=r\/-4y?+y*tan?a=ryv1+tan?a=ry/ =
Ty y YV Cos?a ~ cosa

1
K3 = \/M122r22+r§—2M12r2r3c0s7= \/Mfzc§r2+c§r2 =ry/ Z4y2+y2tan2a= ryvl+tana =

_ 2 2.2 2 2.2, 2.2 2
K4—\/Mczczr + M3y c51 4+ cy 17— 2M3s3c3647

= ry\/l + M3, tan? @ + M2, tan® @ — 2Msz tan a tan f§ + tan? § — 2M3; tan® a + 2M33 tan e tan §

— oyl 28— s/ 2g_ 1Y _
=ryy/1+tan®f=ryy/1+tan —Cosﬁ—Kg

_ 2 2. .2 _ 2 2 2
1<5—\/Mcsrg+r4—2M03,r3r4005¢>—\/4M13c3r2+c4r2+4M13,6304r2

= ry\/4Mf3 tan a + M§3 tan® @ + 2Msz tan a tan § + tan? B+ 4 M3 M3z tan? @ = 4Mjstan atan

= ry\/iZtanatanﬁ (M33 +2M3) + tan? a (AM?Z, + M3, + 4Mi3M33) + tan® §

= ry\/J_thanatanﬁ+tan2a+tan2ﬁ =ry\/ (tanocitanﬁ)2 =ry(tana +tan )

Since k5 = yr (tan a + tan §) we must have that

mzytana + (my + mp + ms) ytan 8
M

lzall =
Comparing this with Eq. (4.31) we find

¢4 = M3zytana + ytan f

r

_Kl

(4.32)

(4.33)

(4.34)

¢4 can be expressed purely in terms of geometric parameters, as ¢, and c3 are by expressing the mass ratio

M33 in terms of a and S, as in Eq. (4.27).
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4.3. Linearization

As Moeckel shows in [19], attempting to prove the stability of a full non-linear relative equilibrium (RE) solu-
tion (name for a circular periodic solution of a central configuration, since it becomes stationary in a rotating
frame) of an n-body problem is hopeless. A classic approach to prove or disprove non-linear stability is by
finding a Lyapunov function [19, 35] which can be the Hamiltonian or some other integral. One then pro-
ceeds to prove that the equilibrium point (relative equilibrium in a rotating frame) in phase space rests at an
isolated minimum or maximum of the Lyapunov function. The idea is that the solution must stay on a mani-
fold defined by a constant conserved quantity. If our solution in phase space rests at a local minimum of the
total energy, for instance, we would know that it is a stable solution. This is because all regions surrounding
an isolated minimum would be of a higher energy level and, since energy is conserved, the solution could
never climb out of the energy "hole".

Apparently, "this approach never works for RE’s" [19], because one can always find a direction at an RE
point in phase space where the Hamiltonian function will increase and one where it will decrease, prevent-
ing the point from ever being at an isolated minimum/maximum, as proved in [19]. Thus we proceed to
investigate linear stability, just as is done for three bodies in [19, 27, 28].

The equations of motion of a Hamiltonian system are given by Hamilton’s equations (Eq. (3.1)):

[ 9H
q1 op1
- o
A I (4.35)
p1 —a—ql
; oH
Pl -5, ]
Or
&= f(x) =JDHx) (4.36)

in shorthand, where x € R%" is the state vector, fx): R2" — R2" is the vector valued function that maps the
vector of state variables to the vector of their derivatives, D H(x) is the gradient vector of the Hamiltonian and
J is the canonical matrix

I o (4.37)

'

We denote the periodic orbit, given by expressions (4.19), by

r

cor ()
cs3r (L)
-2
cyr (1)

T
McoR(t)
Msc3R(1)

Mzciw + Myciw
M4C4R(l')
| M4ciw

Y0 = (4.38)

To linearize the system around the periodic solution we set x = y(f) + y [35], where y is a perturbation vector,
representing deviations from the periodic solution. Substitute into Eq. (4.36) and write the Taylor expansion
to get

FO+y=fr@®+y=fy@)+y ' Dfay @)+ (4.39)

where D f(y(?)) is the gradient vector vector evaluated at the periodic solution, --- denotes the higher order
terms and we have assumed that f(x) has a Taylor expansion to at least degree two. Notice that since y(z) is
a solution of Eq. (4.36), we have y () = f(y (1)), so canceling this solution out we get:

Y=y Dfy®)+--- (4.40)



4.3. Linearization 35

By linearizing we get rid of the higher order terms and obtain the equations of motion linearized around y (?):

y=y'Df(y(t) = JD*Hy 1)y (4.41)

where D? H(y (1)) is the Hessian of H evaluated at the periodic solution.

*H ) ot *H *H
901041 |y (1) 90104 |y(ry  Oq10P1 |y () 9G910Pn |y (1)
#PH *H H H
04r0q1 04nddqn 0qn0p1 0Gn0pn
2 _ n y () y(1) y (1) (@)
D H(y (1) = *H *H *H 0*H (4.42)
0p10q; 140 0p10qy 40! 0p10p1 140! 0p10py Y
O*H .. _O*H >*H . OPH
| 0pndq (40! Opndqn 140! 0pndp1 120 0pndpn y@

The double derivative terms in Eq. (4.42) with respect to our position variables 1, r3, ¥, 14, ¢ and conjugate
momenta Ry, R3, I', Ry and ® are computed as follows

(c—F)2 1 Gmlmz Gm1m3 )
- — M5, 19+ Moy 13 COS
YA rg r22 K? ( 20712 2213 Y)
0?H 0 Gmyimy Gmyms
— = +—(lerz+Mclr4cos(7/+qb)+M33Mc1r3COSY) —(Mler_M12r3COS7’)
ory 0r K3 3
Gmymy
3 (M2,75 + Mya14cOS(y + ) + M3z Mo 13 COSY)
4
c-T)2 Gmym Gmym Gmym
( ) —4—2 13 Z_3 15 3 (M2r2+M22r3cosy) +#M222
Mo Ty T K] Kl
Gmimy , Gmymy
—BK—(M1r2+M61r4cos(y+gb)+M33Mclr3cosy) +T o
2 2
Gmgn’Z3 2 Gmgmg
—3—(M12r2—M12r3cosy) +—M
K3 Ks
Gmomy 5 2 Gmpmy 2
—3T (Mg,r2 + Mcara cOS(y + ) + M3z Mcarzcosy)” + ———=—Mp,
4 4

(4.43)
Evaluated at the periodic solution y (#) (from Egs. (4.15), (4.19), (4.25), (4.27) and (4.28)) :

ry
Kl :1(3:
ry=cor(t) Ry = MscoR(1) C(r)g,a
r3=037() Ry = MscsR(1) K2 =Ka= cosf
ra=cr(t) Ry = Myc,R(D) k5 =ry(tana +tan )
__r = Mac? 2 1
Y= 3 I'= M3csw+ Mycjw M12=M22=§
p=n <I>=M4ciw

1
My =—Mg = E
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the term becomes

2
0°H c—Msciw— Myccw 1 Gmm Gmm: 1 2 Gmm 1
— :3( 3 4 ) 1 4—2 33 -3 5 53cos5a(—C2r) +3—;cos3a—
ory yo M> CyT cr ry riy 4
Gmm 2 Gmm 1 Gmm 1 2
-3 2 cos ﬁ( czr) 3 34c0s3ﬁ——3 = 53 c0s5a(—02r)
roy® rey 4 roy
Gmm 1 Gmm 1 2 Gmm 1
3—3300s3a——3 = 54cos ,6( czr) +3—3400s3ﬁ—
rey 4 rly rey 4
2
Myciw)™ 1 Gmm _Gmm 1 \> Gmm 1
:3( 2 ) - - 3cossa(—cz) 223 cosPa- (4.44)
M, 037'4 CgrS T3y5 343 4
Gmm 2 Gmm 1
-6 2 cos /3( ) 3—34cos3,6—
r3y° rey 4
2
w Gmm 3 Gmm 1Gmm 3Gmm G
=3Mo— — - = 2cosat-———>cosa—= 4c055/3+——4c053,6
rt 4y3r3 2 r3y8 2 r3y8 2 r3y8 2 r3y8
2
w* 1Gmm 1Gmmg 3 1Gmmy 5 3
= 3My)— — - - = 3cos’a—cosda ——=—(3cos” f—cos
2747y r3y3 2 r3y3 ( )~ 2 133 ( p p)
Similarly,

FH __3Gmms (273 +2May15 cosy) (M2, 72 + Moy 13 COS )+Gm1m3M cos
01,07 =73 K? 3 2212 Y 2212 2273 Y K? 22 Y

3 Gm1 my

) K_g (2M3r3+2Ms3ry cos + 2Mss Meara cosy) (My 2 + Mei ra cos(y + ) + MazMe1 73 cosy)
Gmim
#MggMcl cosy
>
3 Gmyms 5 Gmyms
3% (2r3 —2Miarp cosy) (My,r2 — Miars cosy) — TMIZ cosy
3 3
_3Gmamy (2M2373 +2Ms374 OS¢+ 2Msz Meara cosy) (M2, 12 + Mo 14 cOS(y + ) + Mg M3 cosy)
2 KZ 33 C; c2 C. C.
Gmym
#MggMcg cosy

i
(4.45)
then at the periodic solution y(#)

6‘::;3 Y T Gr?—;?COSSa-Csr&CZr_SG:?;? Cossﬂ’(M§3C3r_M3364r).(iczr)
—3Grrg—;5130055aw3r'302r—36rn;;514 COSSﬂ'(Ms%scsr—M%C‘lr)'(iczr)
:_gGrT—;ggcos a-c3-co— 2Gr3y5 cos® B+ (Mi303 = Mazea) - ¢
=_gGr’;ﬂ_;;lscossa.ytana.zy_gGr’Z_}’g‘*coéﬁ.(M323ytana—Mggy(MggtanaHanﬁ)).2y
= —3Grr;l—;;3cos4asma+scmy M3 cos® Bsin

(4.46)
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also

62H _ 3Gm1m4
0r20r4_ 2 Kg

Gm1 my
——5— Mcicos(y +¢)

-(2r4 +2Mc1r2cO8(y + ) + 2M33r3C08 ) - (Mf1 r2+ M1 74€O8(y + ) + M3z M1 13 COSY)

— S ——— (214 +2M2r2coS(y + ) + 2Ms373c08P) - (M2, 12 + Mot cOs(y + ) + Mag Mo 308 Y)
m
+——5—Mccos(y +¢)

(4.47)
at the periodic solution:

0H Gmm

4 5 1
=—3————cos ﬁ-(64r—M3363r)-(—62r +0
012074 |y (1) roys 4
3G 5 B (car - Miscsr) (1 +0
—3————co0s’ B (cqr — c3r)-|=cor
5y5 4 33€3 1
3Gmmy 5 3Gmmy 5
=—= cos” B-(cg — M33¢3) o = —= cos’ f-|Mszytana + ytanf — M3zytana) -2
2 3y5 B-(cs—Ms3cs)-c2= =3 y5 B-(Mssy ytanf— Mszy )-2y
Gmm
= -3—3 34 cos* Bsin B
ry

(4.48)
Derivative with respect to y:

0%°H 3Gmimg . 2 Gmyms .
3107 R - =2Myprargsiny - (My,r2 + Maprscosy) + T'—Mzzrg siny
1 1
3 Gm1m4 . :
SR (=2Mgirarasin(y + ¢p) —2Msa3 M r2r3siny) - [Mg1 r2+ Me174€OS(y + ) + M3z M1 13 €0sY)
2
Gmyimy . .
e (=M1rasin(y + ¢p) — MazMcir3siny)
2
3 Gmyms . 2 Gmymg .
R -2Myprargsiny - (Mi,ra — Miar3cosy) + —a Mipr3siny
3 3
3Gmymy . .
3T (=2Mcararasin(y + ¢) —2Msz Mo rar3siny) - (Mf2 r2+ Mear4 cOs(y + ) + M3z Mo 13 COSY)
1
Gmymy . .
+T - (=Mcarasin(y + ¢) — M3z Mear3siny)
1
(4.49)
at the periodic solution:
0°H 3Gmms , 1 Gmms 4 1
=— 08’ ACrC3T - = CoT + ————COS> @ - = C3T
0207 |y p) 2 r3y° 4 r3ys3 2
3Gmm 1 Gmm 1 1
-5 r5y54 cossﬁ-(—czc4r2+M330203r2)-(Zczr +r3—y3400s3ﬁ-(—504r+M33503r)
3Gmmz 5 5 1 Gmmsz 4 1 (4.50)
——TCOS a-—C2C3r '—627+TCOS a-——C3r
2 ry 4 rey 2
3Gmmy 5 9 5 (1 ) Gmmy 4 (1 1 )
-= cos’ B+ (cacyr” — Mszcacsr®) - | —cor|+ —5——c0s” | —cyr — M3zz—-c3r
2 5y B-(c2cs 3323)42 7353 .524 33503

0
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Finally, the derivative with respect to ¢:

02H 3 Gm1m4

Gmymy )
- 73— Mcirasin(y +¢)
K
3 Gmymy ) ' ,
T (=2Mcararasin(y + ¢) —2Mszrarasing) - (M, 12 + Mcara cos(y + ¢) + Mz Mo 13 c0sY)
4
Gmymy .
- 57— Mcarasin(y +¢)
Ky
(4.51)
at the periodic solution:
0H Gmmy 5 1 , 1 mmy
=- oS’ B-—=cCocur? - —Cor — cos® B ~eur
0r0¢p yo 55 p 5C2CaT" 10 13y B 5C
Gmm m
-3 5y54 cos” CoCar” J €T = —3 34 08’ B-—=car (4.52)

We see that the partial derivatives of g—g = — R, with respect to the two angle variables y and ¢ are zero at the
periodic solution. This can be explained by the fact that, looking at Fig. 3.3, an incremental positive change
in Y would move the particle mg slightly upwards. As a result, slightly weaker upwards acceleration would be
exerted on particle m;, however a slightly stronger downwards acceleration would be exerted on particle m,.
The net result is that the rate of change of the relative distance r, remains constant, hence 65% " =0. This
is reflected in the equations by the fact that m;ms acceleration terms get an opposite sign fro:,n the myms
acceleration terms in Eq. (4.50) and cancel each other out, where the same thing also happens with m;m,
and mymy.

The same reasoning can be applied to the ¢ derivative, only now incremental increase in ¢ will move
the particle m4 slightly downwards. Because of the symmetry of the configuration, again m; my4 acceleration
terms cancel the mymy acceleration terms in Eq. (4.52).

We also need the derivatives with respect to the momentum variables:

0*H 0*H 0*H _[0]

= = (4.53)
6r26R2 0!‘20R3 67‘26R4

oH =[o] (4.54)

(91’26(1) B )
0*H _c-T1 w55

6r26F - M, g ’

at the periodic solution:
0H Moo 1 20 2w w
=2 = = =| — (456)
020 |y p) My &3 crd 2yr3 | rdy

Clearly, the derivatives with respect to R; and ® are zero, since, from Eq. (3.63), g—fz[ =-R depends only on
gravitational force terms, which, in turn, depend only of the relative positions of the bodies, and the centrifu-
gal force term, which depends on the rotation rate of u,, implicit in ¢ — I = ©,. Thus, out of the momentum
variables, only T has an influence on R,.

Moving on to the r3 equation:

[ T-®)% 1 +Gm1m3
- 3 3
M3 r3 Kl 2
0’H 0 Gmym Gmom
— = +#(r3—M12rgcosy)+#
ar;f ors3 K3 o

Gmimy 2 ]
— (M3573 + M3grscosp + Msz M 1 cOSY)

(r3+ Maarpcosy) +
(M323 I3+ M33ry oS+ Maz Mo 12 COSY)

+— (M2373 — M3r4cO8 )
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(F—(D)z 1 Gm1m3 2 Gm1m3
=3 — —3——— - (r3+ Mzracosy) + —5—
M3 r3 Kl Kl
Gm1m4 2 2 Gm1m4 2
-3 5_'(M33r3+M33r4COS¢+M33Mc172€OSY) +——s— Mz (4.57)
K2 K2
Gle’I’Z3 2 Gm2m3
—3———(rs— Mizracosy)” + —5—
K3 K3
Gm2m4 ) 2 Gm2m4 2
—3—5-(M33r3+M33r4cos¢+M33Mcgr2cosy) +——— Mz
Ky Ky
Gm3m4 2 2 Gm3m4 2
—3——— (Mg rs— Mracosp)” + ——— Mg,
K5 K5
Evaluated at the periodic solution:
2 2.2
0’H| _(Mscjo)” 1
2 - 4.4
org e Ms  cr
Gmmg Gmmsg
—3TC085£¥'C§I‘2+ 3.3 cos® a
vy ry
Gmmy 5 5 2 Gmmy 4 5
—3—5—— 05’ - (M33637 — Ms3a7)” + —5—— cos® - M3,
vy ry
Gmmsg Gmms
—3TCOSS(Z'C§F2+ 33 cos’a
vy ry

Gmmy 2 Gmm
5 2 4 3 2
-3 r5y5 cos ﬁ.(M3303r—M3304r) + rs—y?’cos ﬁ.M33

GH’Z3M4 2 GM3M4
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M4 (4.58)

r3y3 (tana + tan )’

2
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r rty riy
Gmmy 5 2 2 . Gmmy 4 )
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r
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2
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2
w Gmms Gmmy
=3Mz— - 2r3—y3 (2cos®* @ —3cos’a) - 2r3—y3M323 (2cos® B—3cos’ B)

Gmzmy _, tan®a (3 (Mg + Msgz)? — 1)+ 2tanatan (3 (Mcs + Msg) — 1) + 2tan® §
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r3y’ (tana +tan §)°



40 4. Convex cases

using the fact that M3 + Ms3 = M3+ M3 + M33 =1 we get

0°H w* _Gmms 3 5 Gmmy _ , 3 5
6_r§ =3M3—4—2r3—y3(2c0s a—3cos a)—zrs—ysMsg(Zcos B—-3cos’f)
y ()
Gmgmy _, 2tan’a +4tanatan$+2tan? 8
T T 33 3 5
y (tana + tan ) (4.59)
2
w Gmm Gmm
E‘»MgF—Zrs,—ygg(.’Zcos?’a—?wossa)—2rg—y34M323 (2cos® B—3cos’ B)
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y
Then, the derivative with respect to y:
0°H 3Gmyms (o iny) (s + M. )+Gm1m3 (oM iny)
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drs07 5 K? 22721381y 3 2212 Y K? 2272 8INYy
3Gmymy . - 2
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2
Gmyimy .
+ 3 - (=M33 M1 r28iny)
K3
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2 3 K
3 Gm2m4 . . 2
3T (=2Mcararasin(y + ) —2MazMcararssiny) - (M5,13 + Ms3ra coS¢h + Mz Mo T2 COSY)
1
Gmymy .
+ ——— - (~M33Ma128inY)
K
(4.60)

at the periodic solution:

0°H _3Gmms
0r30Y | (s 2 15y5

Gmm 1

5 2 3 .3

cos’ a-(—c2e377) - (c37) + cos’a-|=car
(—c2c3r7) - (e37) 353 (22)

3Gmmy Gmmy 1
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3Gmmg Gmmg 1
2 15y cos® a-(—cac3r?) - (c3r) + e cos®a- (—5027”)
3Gmmy Gmmy 1
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rvy r'y
(4.61)
The derivative with respect to r4:
62H 3 Gm1 my 2
=—= “(2rs +2Mcir2 cos(y + ) + 2Mszrz cos ) - (Ms, 13 + M3zrs cos + Msz M 12 cOSY)
0r30ry 2 Kg
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1
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e R et (2r4 —2M_3r3 008 ) - (M2 73 — Mc3racosh) + a3 (—Me3 cos )
5 5

(4.62)
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at the periodic solution:

*H Gmmy 5 2 Gmmy 4
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Gmmy 2 Gmmy
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_Gmmy 4 5 Gmmy 4
= 38 cos’ - Msztan” f—2 38 cos” B+ M33
Gmzm Gmzm
-3 S Mg+ M
r3y3 (tana + tan ) r3y3 (tana + tan )
Gmm Gmzm M
:23—34M33 (3cos® Btan® B — cos® B) — 2 33 3 4 c -
ry Y’ (tana +tanpf)
Gmmy 3 5 Gmzmy _3
=2 3,9 M33(2cos® B—3cos ﬁ)—zrg—ysMcg(tana+tanﬁ)
(4.63)

Next, the derivative w.r.t. ¢:

62H 3 Gm1 my

= “(=2Mc1rarasin(y + @) — 2Mazr3rgsing) - (M35 + M33rs cosp + Mag Mg 12 cos y)
67’36(!) 2 Kg

Gmimy

3 - (~Ms3r4sing)
K3
3 Gm2m4 . . )
3T o (=2Mcararasin(y + ¢) —2Mszrarasing) - (M5, 13 + Ms3r4 oS ¢h + Mz Mo 12 COSY)
4
szm4 .
= - (~Mz3rysin¢)
Ky
3Gmzmy . Gmsmy .
5T 5 (2Mc3r3rysing) - (Mgzrs — Mcsracos ) + ——5— - (Mcsrasing)
" N (4.64)
at the periodic solution
0°H Gmmy 1
drs0¢ o =3 r5y5 COSSﬁ : (502547'2) . (M32303r - M3304r) +0
Y
Gmm 1 4.
+3 r5y54 ossﬁ- (—5626‘47‘2) . (M§363r —M33(:4r) +0 (4.65)
+0+0=[0]
Then, for the momentum variables we have:
0’H  0*H _ 0°H _[0] w6)
67’30]?2 - 07‘301?3 B 6r36R4 - ’
0’H  T-91 W)
orsol’ - M; r3 :

3
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0*H Msciw 1 [0 w -1
= — 33 ==-2 3 = —ZT tan "« (468)
0rsor 0 M;3 (Y Cc3r ry
0°H _,r-o1 (4.69)
Ors0® = M; r3 '
PH| [, 9 g (4.70)
0r30® |y rdy '

Once again we find all derivatives with respect to R; are zero, since Eq. (3.64) depends only on the gravitational
forces, which are conservative and, thus, depend only on the positions, and on the centrifugal force, which,
in this case, depends on the rotation rate of u3, implicitinI' - ® = ©3.

Now the %—? terms:
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(4.71)
at the periodic solution:
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Gmm 3

3 . Gmmy .
= -6 cos® asin® @ — 6——— cos’ Bsin? B
ry

ry

(4.72)
Now the derivative w.r.t. r4:

0°H _3Gmymy

3vor. =2 = (274 + 2Mc1 72 COS(y + p) + 2Ms373COS P) - (M1 274 sin(y + p) + M3z M rar3siny)
YOT4 K5

Gmimy .
———3— Murzsin(y +¢)
K2

3 Gm2m4

5
2 K
Gmpmy .
———5— Mcr2sin(y +¢)
K4

“(2rs +2Mcara cos(y + ) + 2Mszrs cos ) - (Meararasin(y + ¢) + Msz Mo rarssiny)

(4.73)
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at the periodic solution:

0°H Gmmy (1 ) 1 2) Gmmy 4.1
=3—————¢0S8" B (47 — M3zc3r)-| =cocy7® — M3z —CoC31° | — cos” fB-—cor
3Y07s by o 5y5 B-(ca 33C37) 5C2Ca 337263 373 p 5

mmy 5 1 2 1 2) Gmmy 4 1 (4.74)
3 coS” B (car — M33c31) - | —=CoCaT“ + M3z —CoC37° | — cos” f-—=cor
r5y5 B-(ca 333)(224 335C203 33 p-—5c
Next, the ¢ term:

0*°H 3G
=22 (—2Mc1r2rasin(y +¢) — 2Mzzrsrasing) - (Merrarasin(y + ¢) + MagMei r2138iny)
d0ydp 2 x5
Gm1 my

37— Mcirarscos(y +¢)
K3

3Gmom
> % (=2Mcararasin(y + ) —2Msgrsrasing) - (Meararasin(y + ¢) + MazMear2r38iny)
4
3 Gmymy

3 ~Meorary COS(}/+¢7)
Ky

(4.75)
at the periodic solution:

0°H Gmmy 5 (1 5) (1 ) 1 )
=-3 cos ﬁ-(—czcu )-(—czcu — Ms3—coc3r )—0
0y0¢ |, royd 2 2 2

Gmmy 5 ( 1 2)( 1 2 1 2)
CcoS’ B|—=cCocyr® || —=cCoCar® + Mzz—coc3r“|—0
755 B 5 G204 5 G2 337 C2C3
3Gmmy 5 2
=—— cos’ B-c5¢4 - (c4 — M33cC:
2y B-cyca- (ca— Mszcs) (4.76)
3Gmmy

271y cos® B-4y* (Msztana +tan f) y - ((Masz tana + tan ) y — Mz ytana)
Gmmy

-3

= -6

cos” Bsin B (Ms3 tana + tan B)

Since %_I; = —I" does not depend on no momentum variables (Eq. (3.67)) we have

0°H  0°H vl = 0°H _ 0°H _[0] w7
3y0R, 0yoRs 10 T 3ydR. 0y0d '

Moving on, we have for the g—g terms:

@1 Gmymy
2n o |Tamat T (e Marcosty + )+ Myrscosg)
4 2

or2 or, Gmymy G
4 +T(r4+M02r2cos(y+(/))+M33r3cos¢)+ 3 (ra— Mcsrscos)
3 5
@2 1 Gmima 2, Gmimy
= 83— — —3——— (14 + Mcir2008(y + ) + Mszrzcos )™ + ——
M4 r4 1(2 Kz
Gmymy 2 Gmamy  Gmzmy 2, Gmamy
- K—Z(r4+M62r2cos(y+<p)+M33r3cos<p) + KZ -3 Kg (ra—Mcsrscose)” + 3

5
(4.78)
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evaluated at the periodic solution:

0’H M?ciw? 1 Gmm Gmm
~— —3_244 7 4—3 = 54cos5,6(04r—M3303r)2+ 3 34cosg,6
ory Yo My cr ry rly
Gmmy o 2, Gmmy 4
-3 5y cos® B(cqyr — M3zcsr)” + )3 cos” f
Gmzm Gmgm
-3 374 5 (C4T+Mcgc3r)2+ 374 3
r°y5 (tana + tan B) r3y3 (tana + tan )
Miw? Gmmy s Gmmy
=3 o -6 1y5 cos® f(yMsstana + ytan f— Ma3ytana)” +2 3, cos® 8
Gmzmy 2 Gmszmy
-3 = (yMsstana + ytan S+ Mgy tana)” + 3
r3y5 (tana + tan ) r3y3 (tana + tan f)
Muw? Gmm Gmm Gmsm Gmsm
=34—4—6 3 34cossﬁtan2,6+2 3 34cos3ﬁ—3 3 3 3 3
r r'y r'y r3yd (tana+tan )’  r3y3 (tana +tanf)
2
0} Gmm Gmzm
=3M4—4—23—34(3cos5/3tan2ﬁ—cos3ﬁ)—2 3T 3
r r'y r3y3 (tana + tan B)
2
w Gmm Gmsm -
= 3M47—2 r3y34 (ZCossﬁ—Z%cossﬁ)—Z#(tana+tan,6) 3
(4.79)
Next, we have the derivative w.r.t. ¢:
0’H 3Gmm . .
=—= 15 4. (=2Mcyrarasin(y + ¢) —2Mszrarasing) - (ra + Mei 2 cos(y + ¢) + Ms3r3 cos¢p)
0r40¢ 2 x
Gmim . .
# - (=M1 rzsin(y + ¢) — Mazrs sing)
K3
3Gmymy . .
-5 K—Z (=2Meararasin(y + ) — 2Mszrarasing) - (ra + Mear2 cos(y + ¢) + Mazrscos¢p)  (4.80)
Gmym . .
2 4. (=Mearasin(y + ¢p) — Mszrasing)
1
3 Gmgmy . Gmzny .
— = ———(2Mc3r3745in¢)) - (r4 — Mc373C08 ) + ——5— - M37358in¢h
2 x? Ky
at the periodic solution:
0’H Gmmy 4 ( 1 2) Gmmy 4 1
=— cos’ B-|—=cocar” |- (caT — M33c3r) + cos ﬁ-(——czr)
0rs0¢ |, s rdy5 2 r3y3 2
Gmmy 5 (1 2) Gmmy 4 (1 )
-3 €08’ B+ | =cocar® |- (ca7 — Mzgcsr) + ———cos” B-| = cor
r5y5 i 5 cecar” |- (cs 33C37) P p 32 (4.81)
-0+0

= [o]

Similarly to the situation for g—g and g—g, g—g =—Ry (Eq. (3.65)) does not depend on no momentum vari-
ables except ® = ©4 through the centrifugal force term, which depends on the rotation rate of u,.

0*H  0°H _ 0*H _ 0°H _

= = = 4.82
6r40R2 01’4(3R3 6r46R4 67’46F @ ( )
#H D1 083
oryd0® "My r ’
0°H Mycio 1 _
—_p 4 5 =2 a)3 = —2%(M33tana+tanﬁ) ! (4.84)
0ry0P |y (p) My  cr C4T ry
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Finally, we compute the linear coefficients for the equatlon Starting with the derivative w.r.t. ¢:

Gmym . .
2H —%(M01r2r4s1n(y+qb)+M33r3r4smgb)
_0 2
2 Gmom msm
o¢= 94 —#(Mcgr2r4sin(y+(p)+M33r3r4sin(p)+ 3 4Mcg,rgrllsin(p
Ky 5
3 Gm1 my . . . .
= 5 —5 (=2Mcyrarasin(y + ¢) —2Mszrsrasing) - (Mg rarasin(y + ¢) + Mszrarasing)
2
Gm1m4
-3 (Meirarscos(y + ) + Mazrarycos)
2
3 Gmamy ) , , .
5 — (=2Mgararasin(y + ¢) —2Mszrarasing) - (Meararasin(y + ¢) + Magrarasing)
1
Gmgm4
- (Mcararacos(y + ¢) + Mazrara cos¢)
1
3Gmgm Gmgm
—5%-2M63r3r4singb-M63r3r4singb+ 1<33 4-M63r3r4cosd>
5 5
Gmymy . .2 Gmimy
=— ST - (Me1rarasin(y +¢) + Masrsrasing)” — —5 (Mciraracos(y + ) + Mazrarycos)
2 2
Gmomy . .2 Gmamy
- 37 - (Mcararasin(y + ¢) + Magrsrasing)” — —a (Mcararacos(y + ¢) + Mazrara cos¢)
1 1
Gmgm, Gmgm,
_3%.(M63r3r4sin(,b)2+ K:; 4.M63r3r4cosgb
5 5
(4.85)
at the periodic solution:
0°H Gmm4 )2 Gmmy 2
0¢> =—3— r5y5 0s° B czcu ——5—3Cos B-(—=Msgcsear?)
y (1)
Gmmy 5 1 ,\2 Gmmy 2
-3 5,5 cos ﬁ‘(—g(,‘zcu’ - 13y cos® B+ (—~Mssczear?)
Gmsgm,
-0- s 3-M630304r2
r3y3 (tana + tan §)
3Gmm m
== —c 4 cos® B- (2yy (Msstana + tan ))* +2 e 4 cos® - Myzytanay (Msztana +tan ff)
Gmgmy

- 5 - Msytanay(Msstana + tan §)
ry3 (tana + tan f)

Gmmy

m
=—6——cos’ f- (Maztana + tan f)° +2———=
ry

cos® - Mz tana (Msz tan a + tan f8)

Gmsm
- 374 3-M63tana[M33tana+tanﬁ)
ry(tana + tan )

Gmm

=2 % (M3 tana + tan ) cos®  (~3 cos? B (Mss tan & + tan f§) + M3 tan )

Gmsm
- 3T 5 - Mcztana (Mss tana + tan §)
ry(tana + tan )

o Gmma (M33 tan a + tan B) cos® B (Msz tan a (1 -3 cos? B) — 3 cos Bsin f)
- Gy ma 5 - Mcztana (Msz tana + tan §)
ry(tana + tan )

(4.86)
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0H _

. o0H
Same as in the 3y case, 55 =

0%°H

0°H

_0°H  0*H _ 0°H

—® (Eq. (3.68)) contains no momentum terms and, therefore:

= = = = = 4.87
0yO0R, O0yOR3 0yol' O0yO6Ry 0yod @ (4.87)
Now we move on to the momentum equations:
*H 0 Rg]_ 1 (4.88)
OR?  OR, | Mz ] | M ‘
0°H  0*H _ 0°H _ 0°H _[0] (4.89)
OR20R3  OR,0T  OR,0R; OR,0D ’
*H 0 Rg]_ 1 (4.90)
OR? ~ ORs | M3] | Ms '
0°H  0*H _ 0°H _[0] (@.91)
OR30T  OR30Ry OR30D '
?°H 0 |T-c -0 1,1 11 L can-2 4.92)
- = = = = an “a .
02 OT | Myry  Masr2 | Mori  Mar?  Mocir?  Mscir? | AMar?y? - Msr?y?
0°H
- 4.93
OTOR, [o] (4.93)
#H 4 [T-c -0 1 1 can- (4.94)
- = — = — =| — an ~a .
0ro® 0@ | MorZ  Msr Mzr;  Mscir? | Mar?y?
0’H 0 [Ry ] 1 (4.95)
OR?  ORy |My] | M, ‘
0°H
- 4.96
OR40D [o] (4.96)
aZH_a<I>—r+<1>_1+1_1+1
002 9D Msrz  Myrg _M3r32 Myrs _Mgc§r2 Mycir?
RN R S A B 1 1
_r2 M3C§ M4Ci _rz (497)

+
Ms y2 tan® a M4_)/2 (M33 tana + tan ﬁ)z

7
r2y2

M;j

1, 1
—tan"“a+—
M,y

(Mz3 tan @ + tan ) >

Notice that the rates of change of the relative distances /> = Hg,, 3 = Hg,, f4 = Hg, only depend on the
respective momenta Ry, R; and Ry, while both angular rates y = Hr and ¢ = He depend on both I and ®.
Now that all individual terms have been developed and evaluated at the periodic solution y (), we refer

to Eq. (4.41) to produce the matrix of coefficients of the linearized system of equations of motion:

0*H *H *H #H *H *H 0*H 0*H #PH *H
OR,071> OR,0r13 O0R»0y OR,0r14 O0R20¢ 0R§ OR20R3 OR,0T OR20R, ORy0D
0*H *H *H #PH *H *H *H 0*H #PH *H
6R36r2 6R36r3 aRgaY 6R36r4 5R36(b 0R30R2 6R§ 6R36F 6R30R4 6R36<I>
*H *H *H *H *H *H 0*H *H *H *H
0ror, orors oray 0T ory GV OTOR, OTORs3 or2 OTORy Oro®
0*H *H PH #PH #PH *H 0*H 0*H #PH *H
6R46r2 6R46r3 6R40Y 6R46r4 6R46(b 6R40Rg 6R40R3 6R46F 6R§ 6R46<1>
0*H 0*H 0*H 0*H 0*H 0*H 0*H 0*H o*H 0*H
D2H = 00T, 0DIr3 0Dy 0DIry Do 0DOR, 0DOR;3 0DAT 0DOR, 002
J | _*H _9*H _0*°H _ ¢*H _@&H _ _0*°H _ _0*°H _0*H _ _0*H _ &H
6r§ 6r26r3 01‘26}/ 6r26r4 6r26¢ 01‘26}?2 6r26R3 0r26F 0r26R4 5}’20@
_ °H _0*H _9H _ ®H _9*H _ *H  _ *H  _9*H _ *H  _ °H
0rsory 6r§ 0r3dy 0rsory 0r30¢ 0rsoR, 0rsoRs orzol’ 0rs0Ry 0r30®
_0*H _9*H _9H _90°H _0*H _ *H _ *H _*H _ 0*H  _9H
0yOors 0yors ay? 0y0ry 0yop 0YOR, 0YOR3 dyor 0yORy 0yoP
__9*H _ 9*H _ 9*H _®H _9*H __9*H __8*H  _9*H _ _3*H  _ ®H
61‘461‘2 01‘461‘3 01‘46}/ arf 61‘40({) 01’4(3R2 6T46R3 6r46F 61‘461‘?4 6r4011>
_0*H _0*H _¢*H _¢*H  _*H _ *H _ #*H _¥#H __#*H _0*H
L ~ d¢or, 0¢ors dpoy 0pory 0¢p? O0pOR; O0pORs3 0¢poT 0¢pOR; 0o |

(4.98)
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Substituting the terms derived in this section we get the coefficient matrix evaluated at y (#):

JD*H(y (1) =
[0 0 0 0 0 3 0 0 0 0]
2
0 0 0 0 0 0 &= 0 0 0
3
ap —-ay 0 0 0 0 0 He 0 -a3
0 0 0 0 0 0 0 0 - 0
4
0 a) 0 —ap 0 0 0 —das 0 H(Dz
~Hgp ~Hpy 0 —Hpp 0 0 0 -a 0 0
_Hrs,rz _Hr32 0 _Hr3,r4 0 0 0 ay 0 —a
0 0 -Hp 0 -Hyy O O 0 0 0
~Hy,r, —Hpr O ~H, 0 0 0 0 0 a
0 0 -Hpy O -Hp O 0 0 0 0|
where
w1 w
o = 2
073, r3y
w -1
a1:2—3 =2 s_tan "«
r3es 3y
2w 1 2w
aAr) = 2L—— =
2T, r3y(Msstana + tan §)
1 1
Msr2c2  Mzr?y?tan?a
o L ( 1,1
r2_r2y2 4M, Mstan?a
i 1 1 N 1
2 =
r2y?\Mstan’a  pq, (Mg,g,tano;+tanﬁ)2
_ 0®> 1Gmm
_Hrzz——gMZF'l'er—y?)
1Gmm 1Gmm
ErB—JﬁS(3cos5a—cos3a)+E 3 34(30035,6—0033[3)
ms Gm
—Hi‘z.rsz_Hrs»rzz?’rg—y?,COS asin@—3——— M33COS psinf
mmy .
—Hyypy=—Hyyr, = 3r3—y3 cos? Bsin
2
_ W Gmmg 3 5
_Hrsz_—3M3—4+2r3—y3(Zcos a—3cos’ a)
Gmmy _ o Gmzmy _ ,
25 % M3, (2cos® B—3cos® ﬁ)+2—M03(tana+tanﬁ)
Gmm Gm -
—Hrs,r4=—Hr4’r3:—2 4M33 (2cos® B—3cos ﬁ)+2—y4M03 (tana + tan ) 3

cos® Bsin® B

Gmmg 3 .9 Gmmy
-H.=6 cos” asin“a+6
Y ry

Gmm
—-Hyy=—Hp,=6 2 cos* Bsin f(Maz tan a + tan )

w? Gmm

Gmzm. -
—Hy2=-3My— +2r3—y34 (2cos® B—3cos’ B) +2# (tana +tan§) >

Gmm.

~Hyp =-2 2 (M3 tana + tan ) cos® f (Mas tana (1 - 3cos® ) — 3 cos Bsin f§)

Gn’lg my

Mg tana (M tana + tan §)
ry(tana + tan )

(4.99)

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)

(4.111)

(4.112)

(4.113)

(4.114)
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Keeping in mind that y® o« Gm, the coefficients have the form:

1 1
Hrz :WKFZ(CZ,,B) = mw—4y2(1+ec059)2KFz(a,ﬁ)
1 1
H<I>2 = WKCDZ((X,ﬁ) = W(1+€COSQ)2K@2 (a,ﬁ)
m w? m 3
_Hr22 =3 [Krzz(a,ﬁ) + TW’§ (a,B)| = o (1+ecosf) Krzz(a,ﬁ) + Wrg (a,B) (1+ecosh)
m m
~Hy,ry = —5 Koy (@ ) =5+ ecos0)’ Ky, 1, (a, B)
m m
_Hr2,1’4 = ﬁKrg,m (a)ﬁ) = E (1 + ECOSQ)SKrZ,M (a,ﬂ)
H,=2 1k L =" 03[k w 1 0
~Hp=—3 rsz(a,ﬁ)+7 ,g(a,ﬂ) _E( +ecosd)” | K2 (a, f) + rg(a»ﬁ)( +ecos0) (4.115)
m m
~Hryry = —5 Koy ry (@ ) =5+ ecos0)’ Ky, 1, (a, B)
Gm? Gm?
-H,= K, (a,B) = (1+ecosO)K 2 (a, )
Y y w2y Y
="K, o(a ) _ G 14 ecosB) Ky la )
YY¢ - ry YK/’ 4 - a)zy 7'(/) 4
m w? m 3
_Hrf = P Krg(a,ﬁ) + TW’f (a,B)| = P (1+ecosB) Krf(a,ﬁ) + er (a,B) (1+ecosh)
Gm? Gm?
—H,;> = K , = 1+ 0) K s
e ry o2 (@, p) oty (1+ecosO) Ky (a, )

4.4, Further reduction

Having linearized the system, there is more room for reduction and simplification, but we need a few con-
cepts from the theory of linear Hamiltonian systems first.

To start, a matrix A is called Hamiltonian if ATJ + JA = 0 holds [17], where J is the canonical matrix,
as defined in Eq. (4.37). If and only if A satisfies A = JR, where R is a symmetric matrix, is A Hamiltonian,
according to Theorem 2.1.1. in [17]. Notice that the Hessian matrix D?> H(y(¢)) in Eq. (4.42) is symmetric,
therefore the matrix of coefficients of the linearized system JD? H(y(t)) is Hamiltonian. A linear system of
differential equations, whose matrix of coefficients is Hamiltonian (such as our system Eq. (4.41)) is known
as a linear Hamiltonian system.

Next, consider a linear periodic system of differential equations

z=Az (4.116)

with A(t+ T) = A(t) for all £ € R and let Z(#) be the fundamental matrix solution of Eq. (4.116) that satisfies
Z(0)=1.Then, Z(t+T)=Z(t)Z(T) holds for all t € Rand Z(T) is called the monodromy matrix of Eq. (4.116)
[17], while the eigenvalues of Z(T) are called the characteristic multipliers of Eq. (4.116) [17].

The values of the characteristic multipliers are indicators of the behaviour of the solutions [17]. To see this,
consider a characteristic multiplier p and its associated eigenvector s. X(¢) = Z(#)s is a solution of Eq. (4.116).
Then [33]:

X(t+T)=Z(t+T)s=Z()Z(T)s=Z(t)ps=x(t)p 4.117)

Therefore, |p| < 1 indicates a contraction of the solution after one period, |p| > 1 indicates expansion and |p| =
1 indicates an unchanged magnitude. Because of this, the characteristic multipliers can tell us something
about the stability of the system.

A symplectic matrix T is one, for which TTJT = J holds, where J is, again, the canonical matrix [17]. An
essential fact about linear Hamiltonian systems is that their fundamental matrix solutions are symplectic for
all ¢ (Theorem 2.1.3. in [17]) and, as a consequence, so are their monodromy matrices. The monodromy
matrix of the linearized Hamiltonian system Eq. (4.41) is, then, also symplectic. There are many well known,
useful properties of Hamiltonian and symplectic matrices that will be instrumental in further analysis of the
linearized problem.
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The linearized system still has two +1 characteristic multipliers left. One of them is because of the fact
that, as mentioned in Chapter 3, first integrals show up as +1 eigenvalues of the monodromy matrix [27] and
we have not eliminated the energy intergral, as explained in Section 3.6. The second one stems from the fact
that the derivative of the periodic solution y (#) satisfies the linearized equations Eq. (4.41). To show this fact,
we write the equations of motion at the periodic solution as

y(©) =JDH(y(1)) (4.118)

where D H(y(?)) is the gradient of the Hamiltonian evaluated at y(¢) and J is the canonical matrix (it can be
checked that this produces Hamilton’s equations in vector form). Now taking the derivative on both sides we
get (Jacobian matrix of the gradient of a function is the Hessian of that function)

() = ID*H(y ()Y (1) (4.119)

which shows that the time derivative of the periodic solution y(t) satisfies the linearized equations Eq. (4.41).
Note that, while it might be tempting to think that the periodic solution y (#) satisfies the linearized variational
equations Eq. (4.41), make no mistake - it does not. y(#) is a periodic solution of the full equations of motion
of our four-body system, around which we have linearized to arrive at Eq. (4.41). In the variational equations
Y (t) is represented by the zero vector solution (no variation from the solution), while y(¢) is now a non-trivial
periodic solution instead of y ().

Having established this, let W () be the fundamental solution of the linearized system Eq. (4.41) with
¥ (0) = I and let ¥(T) then be the monodromy matrix, where T is the period of our periodic solution y (%),
which, in turn, can be expressed as y () = ¥(#)y (0). Then,

Y+ T)=¥(t+ T)y0) = Y () ¥ (T)J0) = ()Y (0) =y (1) (4.120)

since y(t) is T-periodic. So, we find that W (7T)y (0) = 1y (0) must hold, which requires the multiplier associated
to the eigenvector y(0) to have value +1.

In this section we use a property of Hamiltonian matrices to decouple the linearized system such that
the 2 x 2 system with the remaining +1 multipliers is separated from the 8 x 8 system which determines the
stability. The procedure to achieve this is from [27] and we anticipate the separation of multipliers to be
produced by the decoupling since an analogous procedure for three bodies produces the desired result in
[27]. By isolating only the stability-determining part of the system we simplify the problem, but we also get a
clearer view of the variables that actually matter for stability.

Using the fact that for the Kepler orbit we have

Lot 1 ( 3w2+ 2). (@121)
f=——— r=|\———+—|r .
3 r2 rt 3
we take the time derivative of y(¢) (as defined in Eq. (4.38)) to get
L Coff
CZ,? c3i
Cc3r 0
0 ..
. CaT
a(;)r 0
2 .
L P I L (120
.. 2 .
M363I‘ MgCg _?)r%_{—r% r
0 0
Mycy¥ 2 .
404 M4c4(—3r%+%)r
0
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Combining Egs. (4.99) to (4.102) and (4.122) we find that

1 ..
1\/1[2 MgCgr sz
a5, Mscst c3F
2w - 2w :
cor’d 2T csrd =1 0
ML4M4C4f Cyl
) 2—“’3c‘3r'— 2—‘”364r' 0
JD"H(y®)y = car CaT, N o - ; (4.123)
vy —H,2c0F — Hpy €37 — Hyy ry CaT Hy2€oF = Hyy,ry €3 — Hy, ry CaT
2 . . .
—Hy, 1, Cof — H2¢37 — Hyy 1, Ca Tt —Hp, pyCoF — Hr§ c3F — Hpy p Cat
0 0
~Hyyry €2 = Hyy g3 = Hyz Ca —Hryry C2F — Hryyryc37 — Hy2 047
0 ! 0

According to Egs. (4.119) and (4.122) we should have
. ) . 30> 2.
—Hrzz(,‘gr — Hpy ryc3F — Hyy ryCaT = Moo A +—= |7
. . . 3w 2,
~Hry,r, CF = Hyz €37 = Hyy,r, €47 = MsCs (—7 + —) 7 (4.124)
4

: . : 30 2.
_Hr4,r202r_Hr4,r3C3l"—Hrzc4r:M4c4 -+ = F
4

Here we verify that this is indeed the case. Using

2 m mm mm
w Gm G 3 G 4
-H2=-3My— +2—— +4 (3cos’ @ —cos’a) +4 (3cos® f—cos’ )
r rt r3cs r3c r3c3

Gmmy

4 40 3
a-3 r3cg M33cos” Bsinftan” a

mms .
—Hy,y,ry =3—5—3~ cosasin
recg

Gmm
o r3c34 cos* Bsin f(Mss tan a + tan §)°
1

and Egs. (4.20) and (4.34), we have

- Hr22 Cof — Hy, pyC37 — Hpy py CaT =
2

w . Gmm . Gmms . Gmmy )
=—3My— CoF +2——F +4 (3cos® @ —cos® @) 7 +4——— (3cos® B — cos® B) i
r ric r3cs rics
2 2 2
Gmm . ., Gmmy . . Gmmy . 3,
+3 5 cosas1n4ar—3—2M33cos4,6s1nﬁtan3ar+3 5 cos4,6s1nﬁ(M33tana+tanﬁ) i
r3cs r3cs ric;
2

. 1Gmm . Gmmg 5 3 . Gmmy 5 3 o
=—3My—CF + ——— T+ ———(3cos’ a — cos F+———(3cos’ f—cos 7
25420 T, 352 r3y2 ( ) r3y2 ( B ﬁ)

Gmms Lo . ,Gmmy . . ,Gmmy . .
3Tcos3asm2ar—3 33 M3 cos* Bsin ftanar +3 33 cos4ﬁsmﬁ(M33tana+tanﬁ)r
ry ry ry
now using

3cos’® @ —cos® a +3cos® asin® a :cose'a:(f}coszcr—1+3sin2 a) =2cos’a

3cos® f—cos® B+3cos? Bsinftan f = 3cos® f— cos® B+ 3cos® Bsin? f=2cos® B
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and Egs. (4.26) and (4.29) we get

- Hrzz(,‘gf' — Hy, ryC37 — Hyy pyCaT =
2

w . 1Gmm Gmms 3 . Gmmy 3 ..
:—3M2—4czr+— T3 F+2 35 COS ar+2Tcos Br

r 2 rly roy roy

w* | ¢, Gmm . Gmms 3 . mmniy 3 ..
:—3M2—4czr+— 33 [ +C—3 3 COs"ar+c—5——Cos Br

r 4 roy rey rey

w* | cGmi 2 +mgcos®a+mycos® f w? | comi (4.125)
:—3M2—462r+ 3 m :—3M2—462r+—3

r r G4 +mgcos®a+mycos® ) r r

w2 . CzMgf‘
==3My— Gl +2——=—=

r r
M ( 3w 2 )
=MpCo|———+—5|T

A3

We use the property that a skew-orthogonal complement (defined below) to an invariant subspace of
a Hamiltonian matrix is also invariant [27] to come up with the bases for two invariant subspaces, together
spanning the whole 10-dimensional vector space. Denote by b; and b, the bases of two invariant subspaces of
a square matrix A and introduce the matrix P = [b;  b,]. Then, the coordinate change x = P¢ will decouple
the system x = Ax as follows:

P& = APE

E=P'APE

f _ p-1 apl  a b b

s a  ae [ ! Z]E

E=pP ' w]&

where 11 = Ab; and v» = Ab, are matrices containing vectors in the first invariant subspace and the second
invariant subspace, respectively, by definition of b; and b,. Note that £ = P~!x can be thought of as x written
in the basis of the columns of P, because mutiplying them by entries of £ yields x. In the same way P~! v; will
give the vectors v; written in the basis (by, by):

E-z [cll 0

0 C22

¢

where we have the block diagonal form, because v; written in the basis (b, by) will only have non-zero entries
that scale the columns of b, and, likewise v, will only have non-zero entries that lie in the second invariant
subspace and, hence are formed by a linear combination of basis vectors b,.

Define the skew-inner product of two vectors v, w € R10 as [27]

Qw,w)=v  Jw (4.126)

Two vectors are then called skew-orthogonal if their skew-inner product is zero. Given an invariant subspace
W of the matrix /D? H(y(t)), Lemma 3.1 in [27] then states that the skew-orthogonal complement of W,
defined as W+ = {v: Q(v, w) = 0,Yw € W}, is also an invariant subspace of JD?H(1).

Using the fact that y(¢) satisfies the variational equations (Eq. (4.119)) and looking at the expressions for
Y () and y () Eq. (4.122) we identify the basis vectors of our first invariant subspace:

[Co ] 0
C3 0
0 0
Cy 0
0 0
0 Moc, (4.127)
0 0
0 M3 C3
0 M4 Cq
| O | 0
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Looking at Egs. (4.122) and (4.123) we see that the first basis vector multiplying JD? H(y(t)) produces the
second basis vector scaled by
30w? 2
AT

To find the skew-orthogonal complement we take the skew-inner product of a general vector
w=lac, acs 0 acs 0 bMyc, bMscs 0 bMycy 0]7 from the first invariant subspace with an arbi-
trary vector v containing 10 unknowns:

and the second basis vector produces the first.

[ bMZ C2
ng C3
0
bM4 Cq
0

—acp (4.128)
—dacs
0
—acy
0

T
Quw) =v' Jw=[vr1 v» v3 vs Vs V¢ V7 Vg Uy Ui

=b (v Macy + vaMscs + vaMycy) — a(veCr + V73 + Vgcy) + 0 (V3 + U5+ vg + v19) =0
Thus we have to satisfy two equations with 6 unknowns:

i Myco + UzMgCg

viMocy +voMscs +v4Mycy =0 = vg4 = —
Mycy

(4.129)
VgCo2 + V7C3
VeC2+V7C3+ 1904 =0 > vg=————
Cy
We make a choice for vq, v, vg and vy:
V1=V =—-Mycy = v4=Mpoco+ Mscs
(4.130)

Vg =UVU7=—C4 = UV9g=C2+C3

We make four independent basis vectors out of the remaining four free variables and set them to v3 = v5 =
vg = v19 = 1. This gives us six basis vectors for the skew-orthogonal subspace:

—M4C4 0 [0] [0] 0 0
—M4C4 0 0 0 0 0
0 0 1 0 0 0
Mscr + Mscs 0 0 0 0 0
0 0 0 1 0 0

0 —C4 0 0 0 0 (4.131)
0 —C4 0 0 0 0
0 0 0 0 1 0
0 C2+C3 0 0 0 0
0 0 [ 0] [ 0] 0 1

We need two more linearly independent vectors to have a basis that spans an eight-dimensional subspace of
JD?*H (y(1)). Towards that end, we set v; equal to v4 in Eq. (4.129) and vg equal to vg:

ViMocy+ vaMycy
Vi =y = —MgC3 = = = M262+M4C4
Mjscs
VeC2 + U9Cy
Vg=UV9g=—C —> V7=———=C+C4
(&]

(4.132)
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This gives us the two desired extra basis vectors:
—M3 C3 0
M ey + Mycy 0
0 0
—M3 C3 0
0 0
0 ey (4.133)
0 Co+Cy
0 0
0 —C3
0 0

It can be checked that all vectors in Egs. (4.131) and (4.133) are linearly independent and, therefore, span an
eight-dimensional subspace of JD*H (Y (). Furthermore, by construction, any linear combination of these
basis vectors v will satisfy the criterion Q(v, w) = 0 (with w as in Eq. (4.128)) and, therefore, the subspace they

span is invariant by Lemma 3.1 in [27].

As explained above, we construct a matrix P out of the basis vectors of the two invariant subspaces (vec-
tors (4.127) being the basis of the first and vectors (4.131) and (4.133) making up the basis of the second

subspace) and introduce a coordinate change & = P~ ! x.

'Cz 0 —M4C4 —M363 0 0 0 0 0 O]
C3 0 —Mycy Mocy + Mycy 0 0 0 0 0 O
0 0 0 0 0 0 1 0 0 O
Cy 0 Mycr + Mscs —Mscs 0 0 0 0 0 O
0 0 0 0 0 0 01 0 0
P= (4.134)
0 MzCz 0 0 —C4 —C3 0 0 0 O
0 Mscs 0 0 —Cy co+cg 0 0 0 O
0 0 0 0 0 0 0 0 1 0
0 Mycy 0 0 Co+C3 —C3 0 0 0 O
0 0 0 0 0 0 0 0 0 1]
Inverting P with Mathematica we find:
pl=
co Mo c3M3 0 caMy 0 0 0 0 0
0 0 0 0 0 C2 c3 0 C4
2 2 2 2
o4 Mp+cg M3 +cy My (co—cy)c3 M3 c5 M +c5 M3+cpcy My
- > = 0 % 0 0 0 0
_ 5253M2+E§M3+52M4 c§M2+czc:M3+c£M4 0 (cz_pz)c4M4 0 0 0 0 0
0 0 0
w 02M3+02c4M4+c2M4 c3(cp Ma—cq My) 62M2+62L‘4M2+C2M3
el 0 0 0 0 0_3 3 4 3(epMp-cyMy 0 2 ! 3
c 0 0 0 0 0 - 52D3M3+E“7’26M3+C2M4 D%MZHZC?CMZHZM,; 0 54(62M2]C_03M3)
0 0 £ 0 0 0 0 0 0
0 0 0 0 i 0 0 0 0
0 0 0 0 0 0 0 ﬁ 0
0 0 0 0 0 0 0 0 0
co Mo (,‘3M3 0 cy My 0 0 0 0 0 07
0 0 0 0 0 () c3 0 c4 0
B 5-521‘/;2(02-64) 63M3](C02—C4) 0 £+041V;c4(02—f4) 0 0 0 0 0 0
0 0 0
B 3—52/\/;3@2-%) 5”3”;3(02-63) 0 04M4I(c02—63) 0 0 0 0 0 0
0 0 0
w GCca(caMp-cyMy)  c3(coMp—cyMy) & +ea(caMp—cqMy)
=— 0 0 0 0 0 - ¥ 0 =% 0] (4.135)
c w—C2(c2Mp—c3M3) g5 +cz(cpMp—c3Mz) ca(cpMp—c3 M3)
0 0 0 0 0-¢ z z . 0 2 0
0 0 5 0 0 0 0 0 0 0
0 0 0 0 % 0 0 0 0 0
0 0 0 0 0 0 0 £ 0 0
0 0 0 0 0 0 0 0 0 £ |

where we used definition (4.23) and introduced
k=cy+c3+cy
ko=co Mo+ c3Msz+ cy My

[=Ne)

(=]

gl © © © ©
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[ $1 ] [72]
$2 r3
$3 Y
¢4 Ty

Since & = ::5 =p! 1({/5 we have the expressions for the new variables:

6 2
$7 R3
$s r
$9 Ry

[$10 ] | D ]

CoMory +c3Msrs + cyMyry
CgMg + CgMg + C§M4
2Ry + c3R3+ c4Ry CoM>oTy + c3M3ig + caMyTy

w
¢1= " (coMarp + c3Msr3 + ¢y Myry) =

w
ér= " (c2Ro + c3R3 + c4Ry) =

My + c5 M3 + ci My B 5 My + 5 Mz + c2 M,

£ = w (_ = =M (c2—c4) . c3 M3 (co — ¢4) " Z+caMy(c2—cq) r4)
c\ cMoy+c3Mz+cyMy coMy + c3 M3+ cg My CoM>s +c3sMs3+ ¢4 My

£ = w (_ £~ oMo (2 - c3) ot = +c3Ms(c2—c3) . (cr—c3) caMy r4) (4.136)
c CoMy + cg M3+ c4 My CcoMy + c3 M3z + c4 My CoMy + cg Mg+ c4 My

£ = w (_ = —ca(caMz— cyMy) Ryt c3 (Co Mo — ¢4 My) Ryt =+ 4 (C2Mp — ¢4 My) R4)
c Co+03+Cy Co+c3+ey Cr+C3+cCy

o= w (_ = —co(c2Mp — c3M3) Ryt = +c3(caMp — c3Ms) Ryt ¢4 (C2 M5 — c3 M3) R4)
c Co+C3+Cy Co+C3+Cy Co+C3+Cy

§7=v

Sg=¢

§o=T

§10=0

Notice that the first six variables are divided by the moment of inertia of the four-body system ;. We see
that ¢; represents the scaling of the configuration, weighted by the first moments of mass of the kite config-
uration. ¢, is the time derivative of ¢;, e.g. its momentum. {3, {4 represent geometric deviations from the
central configuration in two independent directions, while {5 and g represent the respective momenta of
these deviations. Finally, {7 and g represent the angles y and ¢, while {9 and ¢;¢ are equal to the respec-
tive momenta I and ®. Expressing the periodic solution in the new variables (plugging in expressions from
Eqgs. (4.19) and (4.23) into expressions (4.136)) we have:

1
2 2 2
&1 = cSMor+csMsr+c;Myr)=r
c§M2+c§M3+c§M4 ( 2 3 4 )
1
2 2 2
622 csMoR+c5M3sR+cs;MyR) =R
5 My + ¢ M3 + c2 M, (2 3 4 )
wr 2 2 2 2 2 2 2
3= (oM + CaMs + CaMa) (—CZC4M2 —6302M3 —C4CZM4+ (co—cy) C3M3 + CZC4M2 +C3C4M3 +CZC4M4) =0
2112 3413 41Vi4
wr 2 2 2 2 2 2 2
&= SIS Mt D (=503 Mp — c5caM3 — cco My + €5 c3 M + ¢5 ¢ M3 + ¢y cs My + ¢ (¢ — ¢3) M) =0
21V12 31V13 41vi4
5=
R —C?%M?,CZMZ - C§M2(34M4 - CEM4(32M2 + C§M3C2M2 - C§M3€4M4 + C§M26‘4M4 + C§M402M2 + C32,M3C4M4
- clca+c3+cy)
=0
{6 =

R —C%MngMg - C§M362M2 — CEM462M2 + C%MgCgMg + C§M362M2 + C§M463M3 + C§M4CZM2 - C§M463M3
c(ca+c3+cy)
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T
Er=—— (4.137)
2
fg=m
2 2
g=w (M303 + M4C4)
2
¢10 = wMycy
The decoupled system in the new coordinates is
: -172
E=P JD°H(y()PE=V()& (4.138)
We will now compute the new coefficient matrix V. Starting with JD? H(y () P, we have:
2
JD"H(y(n))P =
0 o 0 0 ‘;742 —;4'—32 0 0 0
0 ¢ 0 0 - BEt o0 0 0
2 2 €4 €4 3 2 €4 1
-2 0 —2Mig G+2Magh —2M3 3 G -2Mp 25 -2Myh g 0 0 0 Hpo WL
0 o 0 0 % —1\% 0 0 0 0
2 2 €4 2 3 2 €4 3 1
_ rfg)—rfgj 0 —2M4E%—2Mga%—2Mgar% 2M2§%+2M4€%+2M3§r% 0 0 0 _M3c§72 Hq)g
asl 0 aes3 ag4 0 0 0 0 - cilru?’ 0
2w 2w
ary 0 ars ara 0 0 0 0 o 3 o 3
0 0 0 0 0 0 -Hp ~Hpp 0 0
agy 0 ags 94 0 0 0 0 0 CiL:S
0 0 0 0 0 0 ~Hpy -Hp 0 0
C4 3
0 o 0 0 -3~ 0 0 0 0
Cq 62+C4
0 ¢ 0 0 - Gt 0 0 0 0
w(c_¢ O (B2 g, e , 1
00 2My r3( 3 Cz) 2r3( Mz gy —Magg =My 03) 0 0 0 0 Hy2 Mzc2r2
CZ+C3 Cc3
0 o 0 0 T 0 0 0 0
c4 () ] 2 €4 3 1
_| 0 o2g(-MmE-mZomsi) 25 (MMM 2] 0 0 o Tz He?
N . 20
ag1 0 ass [ 0 0 0 0 v 0
20 _ 2w
ann 0 ars ary 0 0 0 0 o 3 p 3
00 0 0 0 0 -Hp -Hpp O 0
ag) 0 ags3 agy 0 0 0 0 0 0421’:3
00 0 0 0 0 —Hpy -Hp 0 0
(4.139)
where
ag) = —CzHrzz —c3Hy, rs —C4Hyy py ags = M4C4Hr22 + MycyHy, rs — (Mac + Mscs) Hy, ry
an =—CcHpyr, — C3Hrsz —C4Hpy az3 = MycqHyy r, + M4C4H,32 —(Mzcz + Mscs) Hy, ry
agy = —Ca2Hy, r, —C3Hpy s — C4Hr§ ags = Mycq Hyy r, + MycyHyy ry — (MaCo + M3c3) Hrf

agy = M3C3Hr22 — (Mzcz + Mycy) Hyy ry + M3c3 Hy, 1,y
a7q = M3c3Hyy r, — (Mo Co + Mycy) Hr32 + Msc3Hpy r,y

g4 = M3C3Hry,r, = (M2Co + Maca) Hy s + M3cs H, 2
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The coefficient matrix of the transformed system is then:

where

K
U21

Us1

S o o

0
V23
0
0
Us3
Ug3
v73

Ug3

oo o oooooogQ
)

(=)

1)
V21 =% (coag) + c3az + caa91) =

- 2.2 2
c5 + s M3+ cyMy

Us1 =

0
V24

Usg
U4
V74

Vg4

0
0

0 0 0 0 0 0
0 0 0 0 0 0
V35 V3g 0 0 0 0
Va5  Use 0 0 0 0
0 0 0 0 Us9 Us,10
0 0 0 0 Vg9 V6,10 (4.140)
0 0 0 0 Hl—lz - % -
0 0 0 0 —3pzz  He
0 0 —Hp -Hyy 0 0
0 0 =—Hpy -Hg 0 0

W
2 2 2
-2 [cz Hr22 +2¢2¢3Hy, py +2C2¢4 Hyp s+ C5 HT32 +2c3C4 Hyy py + C4Hrf]

w
- ? [CZ (CZHrzz + CerZ,r3 + C4Hr2'r4) +C3 (CZHrs,I‘z + CgHr§ + C4Hr3,r4) +Cy (CZHT4,T2 + C3Hr4,r3 + C4Hrf)]

w

2
- — _CM —
C[ 2 2(

1

3w?

r4

2
3

c(ca+c3+cy)

w

3w 2 2
—Tt |- GMs|-

2

= (C%Mg + C%Mg + CEM4) (—

3w2+2) CZM( 3w2+2)
4T3 a4\ T T s

3w? 2
r4 +ﬁ

[(C§M3 + ¢4 (2 + €1) My) agy — ¢3 (C2Mp — caMy) a7y — (c2 (c2 + ca) Mo + C§M3) ag1 |

w
= [—Hrzz K1 = Hiryko = Hyy ry ks = Hyaka = iy ks = Hyz kG]

k=cy+c3+cy

ki=c (—MgC§ —Mycy(co + C4))

ko =c3 (MzC% —Mycy 2cr + c4) — Mgcg)
ks = Mac5 (ca + 1) + M35 (ca — c4) — Myci (c2 + C4)
ky = 5 (Macy — Mycy)

ks = Mg()g - M4(,‘3(,‘i + Mjycocs (Co +2c4)

ke =y (MzCz (o + c4) + M3 Cg)

(4.141)

)
Vg1 = — * [(c3(c2+c3) M3 + C§M4) ag1 — (c2 (c2+ c3) Mo + CiM4) an — ¢y (c2Mz — c3M3) ag1 | =

w

ck

[—Hrg k7 — Hy, ry kg — Hy, r, kg — Hp k10— Hpy,r k11— Hp klz]

k7 =C (—M3Cg (c2+c3) — M4C£)
kg = Mac3 (¢ + c3) — M35 (ca + €3) + My i (c2 — c3) (4.142)

kg =cy (MzC% —Mjsc3 (2¢p + c3) — M4C§)

klO =C3 (MZCZ (co+c3) + M4C§)
ki1=c¢ (MZCZ (co+2c3) — Mgc§ + M4Ci)

k12 = ¢ (Macp — M3 c3)

Vi2 =

w
c

(Mac3 + Mzc3 + Myc?) = (4.143)
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w
V23 =% (c2ap3 + c3a73 + C4a93) =
w
=< Hy2kis + Hyy,rykra + Hry ry K15 + Hy2 ke + Hig ry k17 + Hy2 kg
ki3 = Mycsco
k14 = Mycy (co + c3) (4.144)
kis = 2 (~Maco — M3cs) + Myc;
k16 = Mscscs
k17 = c3 (~Mac — Mc3) + Myci
kig = c4 (=Mzcr — M3c3)
W o2 2
Uss == = [(€5 M5 + c4 (2 + c4) Ma) ags — c3 (c2Ma — ca M) az3 — (c2 (€2 + €4) Mo + ¢5 Ms) g3 ]
w
=| — |~H,2k19 — Hy, rs koo — Hy, ry ko1 — Ho2 koo — Hyy ry k23 — Hy2 kg
ck 2 3 4
k19 = Mycy (M3C§ + Mycy(c2 + C4))
koo = Moy (—Mycacs) + M2 c2k + M ci Mycy (4.145)
kgl = MZCZ (—2M4C4 (Cg + C4) - Mgcé) - M363M4C4k - Mgcg
koz = Mycy (—Macac3 + Mycycs)
kzg = Mg()g()g - M262M4C4]C + MgC§ (Mycy —2Mycy)
k24 = Mgcg (c2 +cy) + M262M363k+ M%cg’
w
ves == [(c3(co+c3) M3 + C§M4) ags — (c2 (c2 + c3) Mo + CfM4) 73— €4 (C2 M — c3M3) ags]
w
= % [—Hrzz kos — Hy, r, koo — Hy, r, ko7 — H, kog = Hrs,ry k20 — H,2 k3o]
kos = Mycy (MgCg (co+c3)+ M4CZ)
kog = Mycy (—Moco + Mscs) (co + €3) (4.146)
ko7 =—M>co (2M4Ci + M3cs (¢ + 63)) - M%C% (€2 +c3)
kag = —Mycs (Macy (ca + c3) + Myc?)
kog = Mo co (Mo cp + M3cs) (ca + c3) + 2 M3 C3M4C§
kso = ca (M3 c5 — M5¢c3)
w(c ¢
V73 =|2My— (—4 - —4)
r C3 C2
(4.147)
w cs co c3
Vg3 =|2— (—M4— -My— - Ms—)
r 3 Cy Cy
)
Vas = [C2Gpa + C3a74 + Caa94] =
w
=< Hp k31 + Hy, r, k3o + Hy, 1, k33 + Hp2 k3a + Hpy r, k3s + H,» k3e
k31 = Mzcsco
k32 = —Mgcg + Mg(/‘g — Mycyco (4.148)

k33 = M3zcs (c2 + c4)
k3a = —M>cocs — Mycycs
2 2
k35 = M?,CS —M4C4 - M26264

k3g = Mzc3cy
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Uss

V45

Usg

V46

w
Usy = — . [(C§M3 + ¢4 (C2 + €4) My) ags — c3 (M — Mycy) azs — (c2 (c2 + ca) Mz + C§Ms) ags| =
w
= [—Hrg ks7 = Hy,ry k38 = Hry,ry k3o = Hy2 kao = Hiy,ry ka1 = H,2 k42]
k37 = M3c3 (Mg C§ + Mycy (o + C4))
ksg = M35 (—2Ma ) — Mycy (Maco + Mycy) (C2 + Ca) (4.149)

k3g = M3zc3 (—Mac + Mycy) (c2 + c4)
kao = c3 (M3¢5 — M2 c3)
ka1 = Macs (Macp + Mycy) (c2 + €4) +2Msc3 (Myca)

k42 =—-MscoyMscz (o +cyq) — M§C§

w
Vs =~ [(c3(co+c3) M3 + C§M4) ags — (c2 (c2 + c3) Mo + CiM4) az4 — ¢4 (Mo co — M3 c3) Aga | =

w
p [—Hr§ kag — Hy, rykaa — Hy, r, ka5 — Hp kag — Hpy r, ka7 — Hp k48]

ka3 = Mzcs (Mscs (ca + ¢3) + Myc3)

kaa = (c2 + ¢3) (~2Maca M3 c3 — Myca Mz c3) — Myci (Ma o + Mscs + Mycy) (4.150)
kas = Mzcs (~Macacy + Mscsk + Myc?)

kag = Mic5 (Ca + c3) + MacoMycak + Mz 3

kg7 = MZZC§C4 + Mo (M4C§ — Mjscs k) — Mjcs (2M4Ci)

kag = —MocoM3c3cy + M§C§C4

w C3 Co Cyq
Vg = 2—3 —M3——M2——M4—
r C C:

2 3 3
(4.151)
w Co Cy C3
Vg4 = 2—3 (M2—+M4—+M3—)
r C3 C3 Ca
» ) s o Mg+ My My (ci+cies)+ Mz (3 +cacl)
= C2Cy + C3C5 + C5Ca + +
c (CzMz + 63M3 + C4M4) M2 M4
_ (C2+c3) Mp + ¢4 My | (ca+c3) Mo+ caMy
B M2M4 (62M2+63M3+C4M4) B M2M4k(]
5 3 ) 3 (4.152)
w 9 2, Msczes+ Myc;  Macycq+ Mycy
= c5c4 — C5C. —
c(coMy + c3Ms + c4 My) 2™ 3% M, Ms
_ cq4 (—Ms + M3) _| ca(=Ma + Ms)
M2M3 (C2M2 + 63M3 + C4M4) M2M3 k()
_ w c (32 (32 N M3€§ + M4Ci MzC% + Mgc§
B Cc (CzMg + CgMg + C4M4) 31%2 4 Mg M4
_ c3 (=M + M) _| e3(=Mz+ M)
MMy (co Mo + c3 M3 + ¢4 My) M>Myko
3 ) ) ) (4.153)
w 5 5 5 M363+M463C4 MgC2 (02+C4)+M4C4 (€2 +cyq)
= CoC5+C5C3+C5¢s + +
C (CzMg + 63M3 + C4M4) M2 M3
B (C2+ ¢4) Mo + c3 M3 | (c2+¢4) My + c3M3
© MoMs(caMa+c3sMs +caMy) M> M3 ko
207 (65 s % s oty | =| 222
Usg = —= — c = ——
M7 3k Co 3 C 4T r3 ook
) ) (4.154)
20> C3 Cy Co Cy 2w Ccp +C3
Vo9 = —=— | —(2+c3) M3+ —My+—(c2+c3) Mo+ —My|=| —
cr3k | ¢ C c3 c3 r3 o3k
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20 1
r3 C4IC
20? (c§ c2 )_ 2w 1

4
U6'10=——3 —M2+—M4+C3M3
crik | c3 c3

U510 = 37
cri3k

202 c c
cyMy+ =Moo+ —=M;s| =
Cy4 Cyq

(4.155)

r3 o3k

Using Eq. (4.124) we get

Vs1 == Hy2k1 = Hry, g k2 = Hry,ry k3 = Hp ka = Hyy,r, ks — Hy2 ke
=- Hr; C2 (—MgC§ —Mycy(co + 04)) - Hrg,rg C3 (MzC% —Mycy 2cr + c4) — Mgcg)
— Hpy r, (MZCS (c2+ca)+ MsC§ (c2—ca) - M4Ci (c2+ 04)) - H,g C§ (Maca — Mycy)
- Hrg,r4 (Mgcg - M4Cgci + Mscocs (c2 +ZC4)) - Hr‘%C4 (MZCZ (co+cy) + Mgcg)
ZMZC§ (_Hr4,r2 C)— Hr4,r3 C3 — Hrf 04)
+ M3 (Hy202+ Hyyyry €5 = Hiry (62— C3) = Hyy €5 = Hy20a) + Ml (Hy200+ Hyyyry 5+ Hiry )
+Mpcocs (_Hr3,r2 Cr— H,g c3— Hp, p, 64) +Mpcocy (_Hr4,r2 ¢ — Hyy ryc3— H,4z 64)

+ Mycyco (Hrg Cy + H,«Z',«3 c3 + Hr21r4 04) + Mjycycs (Hrs,rz Co + Hr32 Cc3 + H,«.h,”,«4 64)

2 30?2 ) 30?2 2 ) 302 2
—MzcsMsc _7+ﬁ + Msc3 Mycy —7+ﬁ —Mycy Moo —7+ﬁ

2

5 3w 2
=M2€2M4C4 —7 + E

3w? 3w 2
+ Mycoc3Mscs —7+ﬁ — MycycoMyco —7+F

3w? 2 302 2
+ MacacaMycy Tt — Mycyc3Mscs Tt

=[0]
(4.156)

Similarly,

Vo1 =~ Hy2k7 = Hry,ry kg = Hry,ry ko = Hy2 kno = Hiy ry k11 = Hy2 Kz
=—H,zc2(~Mscs (co +3) = Myc2) = Hyy ry (M2 3 (c2 + €3) — M35 (co + €3) + My i (c2 — c3))
—HpyryCa (MZCS —Mscs(2c2+¢3) - M4C£) - Hrg c3(Maco (o + c3) + M4ci)
~ Hyy,ry €4 (Mac2 (c2 +2¢3) = M3 + Myci) = Hy2 ¢ (Maco — Mscs)
ZMgcg (_Hrg,rZCZ = Hr3263 = Hr3,r4c4) + MgC?% (HrZZCZ + Hrz,r3 c3+ Hrz,r4 04)
+ M4c§ (Hr§ Co+ Hy, roc3+ Hyy pyCa— Hpy €2 — Hr§ c3— Hpy r, 04)

Macacs (_Hr3,r2 C2— Hr,g ¢c3—Hpy r, 04) + Mascocy (—Hr4,r2 C2— Hyy 3 — Hrf 04)
Mscsco (Hrzz Co+ Hi‘z,rs c3+ Hrg,r4 64) + Msc3cy (Hr4,r2 C+ Hr4,r3 c3+ Hrf 64) (4.157)
2

w 2
— 2 - 4=
_M262M363( 1 + 3

) 3w 2
+M363 (—Ms o) —7+ﬁ

w? 2
2
+ M4C4 (-MzCz + M3C3) (—7 + ﬁ)

3w?

30?2
+ MzCngMg,Cg —7 +

2
ﬁ)+M2(,'ZC4M4C4(——r4 +ﬁ

30?2 2 30?2
+ Mscsca (—Ma o) _7+ﬁ + Msczcq (—Mycy) —7+—

0
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and
v23 = Hy2 ks + Hry,ryk1a + Hy, ry Kis + Hyz kie + Hry ry k17 + Hy2 i

=Hr22M4C402 + Hrz’r3M4C4 (cp+c3)+ Hrz,r4 (62 (=M>scy — Msc3) + M4C§)
+ Hr32M4C463 + Hr3,r4 (03 (=M>scy — M3c3) + M4C§) + Hrf c4 (—Mjycp — M3cs)

=Mycy (Hrzng + Hrz,r303 + Hrz’r4C4 + Hr3,r262 + Hr3263 + Hr31r4(,‘4) — (Mjyco + M3c3) (HTZCZ + Hr4,r3 c3+ Hrg (,‘4)

2

30w* 2 30w® 2
(=M = M3cs) = (MaCp + Mzcs) | ——- + 3

=M4C4 (—7 + 3

o]

(—Mycy)

(4.158)
and
V24 = Hy2 k31 + Hyy,rs k32 + Hiy ry Kaz + H, ksa + Hrs,ry K35 + H,2 ks
= HrzzMgcgcz + Hrg,r3 (—MzCS + MgC?% — M4C4Cg) + Hrz,r4M363 (€2 +cy)
+ Hrz (=Mjycoc3 — Mycycs) + Hr3,r4 (—MZCZC4 + MgC§ - M4Ci) + Hr2M36364
3 4
=Mz ¢ (—Hr3,r2 2= Hy203 = Hyy 04)
4.159
+M3€3 (HrZZCZ+Hr2,r303+Hr2,r4c4+Hr4,r202+Hr4,r363+HrfC4) ( )
+ Mycy (—Hrs,r2 Cco— Hr32 cs—Hp, p, 04)
302 2 302 2 30> 2
=M2€2 - + 3 M363 +M363 - + 3 (—MgCg —M4C4) + M4C4 T + 3 Mgcg
r r r r r r
We find that, as expected, the new system is decoupled into 2x2 and 8x8 systems
£ 0 1 0 0 0 0 0 0 0 0 e
1
& ~%+Z 0 0 0 0 0 0 0 0 0 5;
53 0 0 0 0 V35 Usg 0 0 0 0 63
5'4 0 0 0 0 Va5  Use 0 0 0 0 54
> 20 1 20 1
55 B 0 0 Us3 Usa 0 0 0 0 zr—‘é)cq]g %a‘—lf 55 1160
&Gl 0 0 ves vsa 0O 0O 0 0 Foat “PaE| | (4.160)
& 0 0 vz vy 0O O 0 0 Hre 7 % Z| | ¢7
S8 0 0 wvgs vgae O O 0 0 e Hoe <8
G 0 o0 0 O O 0 -H. -H 0 o ||
10 r re 10
a 0 0 0 0 0 0 =-Hyy -Hp 0 0 10
The 2x2 system is
1=¢82
X 302 2 (4.161)
§2= (—7 + ﬁ) 1
Making use of Eq. (4.121), we find as a solution
&1(0) = ki (1) 4.162)
&a(1) = ki (1) '
If we set the initial conditions to &;(0) =0, £2(0) = 1, we obtain
4
W

Since our solution is periodic we have that x(T) = x(0) = 0 and X(7) = X(0) = 1. We set the fundamental
matrix at initial time X(0) to the identity matrix. Then,

1 0

0 1 (4.164)

X(O)=[ ] X(T)=

* 0
* 1
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because we know that (0,1) is the initial condition of the periodic solution. Further, we know that the mon-
odromy matrix X(7) is symplectic and, therefore has 1 as its determinant. That means

X(T) = (4.165)

1 0
* 1

and we have that the two eigenvalues are both 1. So, we confirmed that the two remaining +1 characteristic
multipliers are contained in the 2x2 system and linear stability is determined by the remaining 8x8 system:

- 53 [ 0 0 U35 Usg 0 0 0 0 &5 ]
é4 0 0 Va5 Use 0 0 0 0 f
20 _1 20 1 4
5'5 Us3 Usg 0 0 0 0 r—L3U Y r—‘;’ wk 55
: Vg3 U 0 o0 0 0 2w eFe 20 1
&g | | 763 B4 3 cac3k r lcak & 4 166
%‘7 “|VU3 Vs 0 0 0 0 Hp _W & (4. )
6:8 Ug3 Uga 0 0 0 0 _W H@Z 68
& 0 0 0 0 -Hp =-Hyy 0 0 &
6wl o 0 0o 0 -Hyy -Hp O o | Lew
From Eq. (4.115) we see that all radius double derivatives take the form
m w?
= |K(a, )+ —Wl(a,p)
r r
while the v coefficients are scaled by
Coefficient | vs3 Vg3 Usy Ue4
Term kig-24 | o5 | k2530 | 2% k3z-a2 | &% kaz-a8 | 2%
Scaling m?y3 mLy?, m?y3 mLﬁ m?y3 m;ys m?y3 mLyf;
Thus the coefficients take the forms
2 2 2 2
m w m w 1
vss = —3 | Kai(@, f) + War (@, f)— vsa = —3 | Ksa(@, ) + Wsz(a,ﬁ)T] vss = 3 Kis(a, p)
2 2 2 2 1
_ m w _ m w = —Kxnla ﬁ)
U3 = — | Ka1 (a, B) + Wy (a, B) — Ups = — | Kaz(a, B) + Waa(a, B) — Vas = — 5 Kaslat,
63= "3 [ n(a, B) + Wa (a, B) . 61 = —3 | Kaal B) + Waz(a, ) . ] m 4.167)
mw mw -
V73 = 7K51 (a,ﬁ) V74 = r—3K52 (CZ,,B) V36 = m2 Kl4(a"6)
1
mw mw
vg3 = —-Ke1(a, f) vgs = —Kez(a, ) vag = —7 Ko (@, )
r r m
while
2w 1 w Ky (@, B) 2w 1 w Kss(a, )
UVs9g= —F——=—2— a, Us10=—5—— =55 a,
Pk By P07 ok 3y 8 11 Keo(@. B)
Wete @ oo 5 v 20 1 © o) MsZr?  myPr? ap
1Y = — = —— , == y
BT ok 32 Y GO T gk By

(4.168)

To summarize, we have obtained an 8x8 linear periodic system of differential equations which describes

the stability-determining part of the linearized dynamics of perturbations from the periodic solution. We

have conveniently collected all geometric terms involving trigonometric functions of @ and f into dimen-

sionless K and W variables, while the dimensional quantities are all pulled out as factors multiplying the K

and W coefficients in Eqs. (4.167) and (4.168). This suggests a possibility to cancel out some of the dimen-
sional factors by linear coordinate changes, as done in the next section.

4.5. Simplification
A linear change of variables does not change the characteristic multipliers [27]. In this section an attempt is
made to simplify the reduced system (4.166) as much as possible to make visible only the essential factors



62

4. Convex cases

that determine the stability. To that end, we change the independent variable from ¢ to 8 and scale the eight

state variables by appropriate factors.
From Eq. (4.7)

é_drf_dfde_dfw_ ;W
S dt dodt dor?: g2
Plugging it into Eq. (4.166) gives
r El 3 [0 0 U35 Usg 0 0 0 0
gr;°’ 0 0 ws we O 0 0 0
gr;1 Uss Usq O 0 0 0 Mor B
5
677 - E V73 V74 0 0 0 0 Hrz _M3c2 2
! 1
g;; Vg3 Vg4 0 0 0 0 M; Cg 2 H(Dz
9 0 0 0 0 -Hp —-Hyy 0 0
510 [0 0 0 0 -Hy, -Hp 0 0
0 0 Zoug ’—l;vgﬁ 0 0 0
20 20 % V45 % Vse 0 0 0
21
%21/53 2)—21/54 0 0 0 0 ok
2 o+
~ %leeg Z}—2U64 0 0 0 0 7;:2031?
- %U73 %V74 0 0 0 0 %Hrz
2o 2 1
) Vg3 © Uga 0 0 0 0 Macko
3
2 2
0 0 0 0 -H, -LH 0
S Y
0 0 0 0 -LHyy, -ZHp 0
Using Egs. (4.115) and (4.167) we obtain the coefficient matrix
0 0 I Kiz(a@) 5 Kia(@)
22w 13 m22w 14
0 0 - Kaz(a) - Kos(a)
w mew
2 2 2 2
o K@+ Wa (@)% | 2= | Kaa(a) + Wiz (@) - 0 0
2 2 2 2
o | Kn(@) + Wi (@)= 25 | Kyz (@) + Wiz (@) - 0 0
2Kz (a) 2 Ksz(a) 0 0
T Ke1 (@) T Kez(@) 0 0
0 0 0 0
0 0 0 0
Introducing
2 2
m® . me .
5= Tfs §6 = 756
and applying the chain rule we get
2 2.1 2 2.
me ., m°r . me. m°r .
G=—b-—b  G=—b-— b
and thus
. r r . . r r .
5’5=W5/5+755 fézw%ﬂL?fs

S o o © o

(4.169)
(4.170)
0
0
Ks7
ry?
K;g
K2
moy?
Ko7
moy?
Ky 0
K(pZ 0
(4.171)
(4.172)
(4.173)
(4.174)
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the matrix for é variables is then
0 0 %Klg (a) £K14 (a) 0 0 0
0 0 TKy(@) L Kp(a) 0 0 0
2 2 !
LK@+ W@ | 1| Kep(@)+ Wa (@ ’7 0 0 0 e i
2 2 !
LK@+ W@ | 1| K@) + Wi ()2 0 L 0 0 T i
K,
%Km (a) %KSZ (a) 0 0 0 0 moy? mlif)s;/z
K,
Ky (@) ™ Koo () 0 0 0 U T
Gm? Gm?
0 0 0 0 J’fg rKyz J’Z’Zr Ky 0
G G
0 0 0 0 WL Ky SE Ky 0
(4.175)
Introducing
fg=mPy*éy  Eo=mPyPEy
! 2.2%1 / 2. 2% (4.176)
Co=m"y<&g  Gp=mTy&y
gives
0 0 K@) LK@ 0 0 0o 0
0 0 TKp(@) LKu(@ 0 0 0o 0
2 2 !
LIKg1 (@ + Wi (@ | 1 |Ksz(a)+ Wap(@) 2 = 0 0 0 K37 Ksg
LIKn@+Wan@<| L |Kip(@) + Wip(@) 2 0 z 0 0  Kiy Kis
2 Ks1(a) 2 Ks2 (@) 0 0 0 0 @ mKez
2 Ko (@) 2 Ke (@) 0 0 0 0 Mo el
0 0 0 0 Lk, YKy 0 0
PR
0 0 0 0 SLKyp SoKp o0 0
(4.177)
and setting
. r.
{3= 553 §a= ;54
r # r ! (4.178)
/:_A/_’__A /:_A/_’__A
’53 © 53 53 54 o 54 © 54
gives
[ -z 0 Kis K 0 0 0 0
0 - Kz K 0 0 0o 0
K+ W1 SKpp+Wse T 0 0 0 K37 Ksg
ZKn+Wn  5Kp+We 0 L 0 0 Kyz Ky
mKr2  mKg; (4.179)
G ~ K2 0 0 0 0 L Bra
Ly M Ko 0 0 0 0 LA 2
0 0 o o k. LrK,g o0 0
Y
| 0 0 0 0 Yo Ky Vo Ke2 0 0
Finally, setting
m., m s
&7 = 557 {g = 558
4.180
&= ﬂé/ &= ﬂé/ ( )
7= 57 8=, 8




64 4. Convex cases

we obtain
-z 0 Kis Ku 0 0 0 0
0 -z Kas Ko 0 0 0 o0
2K+ Wa 5Kpp+Wee T 0 0 0 K37 Ksg
T T r
2K +Wy 5K+ Wy 0 . 0 0 Ky7  Kyg 4.181)
K51 K52 0 0 0 0 KFZ K67
Ke1 Ke> 0 0 0 0 K7 Koo
m r m r
0 0 0 0 & LKy P Ky 0 0
0 0 0 0 LK, SmLky 0 0|
where
Gm (1 m m -1
? = Z+W3cossa+74coss,6

is a function of the angles a, § only and

r
— = 1+ ecosH)_1
w

together with

r’ esinf

r  1+ecosf

are functions of e and 6, which means that the matrix (4.181) and, in turn, the linear stability of our system
depends only on the eccentricity e and the angles @, 8 (6 is the independent variable). It is notable that,
similarly to the case of the elliptic Lagrangian triangle [27], w and G are eliminated and do not affect lin-
ear stability. Actually, the fact that G is irrelevant to stability can easily be seen, as changing G effectively
only changes the units of length and mass and the relationship between size and mass of the configuration
Eq. (4.26). The irrelevance of w can be explained by the fact that for a choice of r(0) (the simplest choice is
1, which sets the initial positions to r2(0) = ¢;, r3(0) = ¢ and r4(0) = ¢4), and a choice of eccentricity e, w is
uniquely determined by Eq. (4.18) (assuming w > 0).

4.6. Circular square case

So far, linearized variational equations have been developed for the assessment of stability of general convex
kite central configurations. Before turning to that, it is insightful to take a look at a special case: the circular
square configuration. Owing to the symmetry of the square configuration, the equations of motion become
relatively simple and the linear stability of the circular solution has already been determined analytically,
allowing us to validate our equations and methods.

Towards that end, we set the angles to a@ = 8 = 45°, such that the four bodies are positioned at the corners
of a square. In that case, from Fig. 4.2 and Egs. (4.27) to (4.29) we find:

2
=myg=m M03=M13+M23=§

1 m; =mp=ms
G3=)y=-C 1
2 Mz = M3 = - _2
i 4 3 Mz =Z2m (4.182)
C4=3)Y=306=70C 3
3773 Mz = My=2m
4
Furthermore, Equation 4.26 becomes
3 1 3 3 I 1
¥y =Gm Z+COS a+cos” B|=Gm Z+_2 (4.183)
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m m

Figure 4.2: The square configuration. Rotated 45° w.r.t. previous plots.

The double derivatives then become, from Egs. (4.106) to (4.108)

Mm1+6-273-2.27346.2"3-2.273 3m m 1
= - ———(1+ecos(9)+——(2+3\/§)
3 273 r3 14

3m
_Hr22 = =373 (1+ecos0O) +

3 3
1+4-272+4-272

m3.272.272-272.272 _[m1
—Hpyry = —3 1 3 3 = _3_(4_\/5)
r T+272 4272 r7
Gm? m cos* Bsin m 3.277.272 m 3
—Hrz,m=3ﬁcos4,3sinﬁ=3—31 psinp == ; - = —3—(4—\/5)
rey 1P g+cosda+cos3f  1Po-242-2 4273 [1°14
(4.184)
From Eqgs. (4.109) and (4.110)
2 w* _Gm? 3 5 Gm? 1 3 5 Gm? 4 -3
_Hrgg_—ngF +2r3_y3(2COS a—3cos a)+2r3y3§(2005 B—3cos ﬁ)+2r3y3§(tana+tanﬁ)
3 5., 20038_Lanbp, 4 -3
:_me_z_’_ZﬂZCos a—3cos’a+ 5 cos’ f—3cos’ f+ 5 (tana +tan f)
v 1+cosda+cos® B
m m2-272-3.273 422073 1075 4 4573
=-2—=(l+ecost)+2— 3 3
r r 27242724272
m m 2
=|-2— (1+ecosf +——(18—\/§)
r3( ) r3 63
Gm? 1 3 5 Gm? 2 -3
~Hpyp, = —2r3—y3§(200s B—3cos ﬁ)+2r3y3 g(tana+tanﬁ)
1 m —4cos’ f+6cos’ f+4(tana+tanf) > 1m-4-272+6-272+4-23 [m 1 ( 6 5\/5)
= - — = - — = ——|—0+
373 1+cosda+cos® 3rs %+2—%+2—% r3 21

(4.185)
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From Egs. (4.111) and (4.112)

2 Gm? Gm? Gm?3
—Hp = cos® asin’a+6 cos® Bsin’ f=6 (2_E 275 42 %-2_%): -
ry ry ry 2
(4.186)
Gm? 1 2 1 Gm?
—Hy =6 cos ﬁsmﬁ( tana+tanﬂ) 6-27%.272 (—+1)= m V2
ry 3 ry
From Eq. (4.113)
3 w* Gm? Gm? _3
~H,>=-3 mﬁ+2r3_y3(ZCOSSﬁ_3COSSﬁ)+2r3y3 (tana + tan )
_ 4.187
9 w2 m4cos®f—6cos’ f+2(tana +tanf) 9m 1m ( )
=--m—+— T = ———3(1+ec050)+——3(3+\/§)
4 o 1 +cosda+cos®f 4r 7r
From Eq. (4.114)
Gm? (1 1
~Hy =-2 (3tana+tanﬁ)cos ﬁ( tana (1-3cos® B) - 3cosﬁsin,6)
ry
, , . T (4.188)
_ m?
+ (tana + tan §) 3-—tana(—tana+tan,6) ( 10\/_)
3 3 ry
From Eqgs. (4.104) and (4.105)
oo L (1 v )1 o4 [ 2
Tz 2m Zmtan2a) r?y?2m | r2y?m
(4.189)
H 1 1 N 1 1 ( 3 N 3 ) 9 1
P2 = = —_— —_ = -—
r2y? | Zmtan®a %m(%tana_’.tanﬁ)z r2y?\2m  4m) |471r%y’m

With the values for ¢y, c3, ¢4, M2, M3 and M, the k coefficients from Eqs. (4.145) to (4.147), (4.149) and (4.150)

become:
13
k=—
3 y
c 2
—=4m
o y

kig =4m*y kos = %mzys
koo = 4m*y kog = —m®y*
ko1 = _%mzyg ko7 = —6m®y®
k2o =0 kzs——Emzy
kog = —4m*y® kg = %mzys
kz4—23—0’712y3 kgo—gm a

8
k37 = =m’y’

kssg

3

k3g =0

kao=0

ka1

8
ki = ——m?y3
42 3 y

=-8m?

y3

=8m?y?

k43_?m e
k44——£;—6m ¥’
52
k45_Em 2y’
k46—23_6m e
kiz = —2m*y
k48—_28;7m ¥

The relevant v coefficients follow from Eqgs. (4.145) to (4.147) and (4.149) to (4.155) using the values of the
radius double derivatives in Egs. (4.184), (4.185) and (4.187) combined with the k coefficients above:

1/53:_2 _(_8+9\/§)_§(1+90089) Ve3 =
r3 | 182 52
2
=— |—(-163+18V2| - —ecosO Vs4 =
3 364( ) 52
2
me |1 3 =
U63:7 _3( 7+3\/§)+%(1+ecos(9)
1 3 Vgs =
= —( 11+6\/§)+—ec059 64
3 |26 26
wm
=) i

14 wm
_dom V=3
2 3 3 r
27 3 _gm
——(—40+17v§)+-—(1+ecos6) BTV
1 26 5
1 3 Vs =52
— —59+34\/§)+—ecost9 m
2( 26 Lo
45 = —
10 15 4m?
—(3+\/§)——(1+e0056) 1
3 13 Vag = —
4m?
5 \/— 15 21
— |-57+2V2|— —ecosO
3 ( ) 13 Vg = —

(4.190)
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and
3 w 9 o
TR T e I 3
_Y o 6 o _Mgc§r2 T 2my?r? (4.190)
¥ 713 73y2 7610 =73 r3y?

Comparing Egs. (4.190) and (4.191) with Eqgs. (4.167) and (4.168) and Egs. (4.186), (4.188) and (4.189) with
Eq. (4.115) we find the K and W coefficients:

P P o] o, 21
13—2 14_4 23_4 24 — )
3 63 1 3 3 9
K =——8+9\/§) Wy =—— K _—( 40+17\/_) Wi =~  Kiy=— Keg=—
31 182( ™75 Mg 272 713 ¥ %6
1 3 15 9 6
K. _—(—7+3\/§ Win=— K _—3+\/§) Wi =-— Kgp=— =
41 13 ) 41 26 42 73 ( 42 13 47 13 48 13
K =1 K: 14 = Kep =5 Kogr = —>
51 = 52 = 3 61 — 2 62 — 67 — 2
3 1+10v2
Kz =3v2 Kpp=v2  Kp=—0— Kpz=2 Kz =~

Using the K and W coefficients and the angle double derivatives Eqs. (4.186), (4.188) and (4.189), the 8x8
linear system (4.181) becomes:

5 1
-L 0o 3 1 0 0 0 o0
0 -L 1 4 0 0 0 0
3 63 1 ! 3 9
sz (-8+9v2) -5 Lgr(- 0+17\/_) £ 0 0 0 B %
1 3 10 ! 9 6
75 (T332t Lap (3+\/_) o 0 0 3 1
1 -4 0 0 0 0 2 -3
-3 5 0 0 0 0 -3 2
0 0 0 0 BLIV2Z LVZ 0 0
0 0 0 o Gmryy Gmrlrlvz o
(4.192)
Taking e = 0 and, therefore, r = v? ,— = 0 and plugging in Eq. (4.183) we get
0 0 % i 0 0 0 0]
0 0 : 2 0 0 0 0
3 1 3 9
3641( 163 +18v/2) @( 59+34v2) 0 0 0 0 g%
x(-11+6v2) 2 (- 57+2\/') 0 0 0 0 5B 4193
1 -4 0 0 0 0 2 -3
-3 5 0 0 0 0 -3 2
0 0 0 0 -5(-4+v2) 2(-4+v2) 0 o0
0 0 0 0 -%(-4+v2) —Gi( -39+8v2) 0 0 |

Eq. (4.193) is a constant, exact Hamiltonian matrix, which means we can obtain the exact eigenvalues of the
square circular case. Calculating the characteristic equation with Mathematica gives:

s (11+8v?2) +5(7+6\/§)/14+5(75+4\/§)A2+—2160+4194\/§_
9+4v/2 9+4v/2 7(9+4v/72) 49(9+4v2)

(4.194)

We see that the characteristic polynomial is even, as expected of a Hamiltonian matrix [17].

We now exploit this evenness and apply the technique of a reduced characteristic polynomial where we
substitute a new variable, conventionally 7 = —A2, into the characteristic equation, which reduces the order
by half [12]. If the equilibrium is spectrally stable all eigenvalues have to lie on the imaginary axis and thus all
roots of the reduced characteristic equation have to be positive real numbers. Spectral stability is a weaker
form of linear stability, where eigenvalues are allowed to have algebraic multiplicity larger than the geomet-
ric multiplicity, meaning that the system can be on the verge of losing stability: as we will see later, stability
can only be gained or lost from a point of repeated eigenvalues. So, determining the roots of the reduced
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polynomial is enough to determine spectral stability. The reduced characteristic equation of the square con-
figuration is:
s (11+8v2) 5 5(7+6v2) , 5(75+4v2)  —2160+4194v2

- T+ 77— T+ (4.195)
9+4v2 9+4v2 7(9+4v2) 49(9+4v?2)
This is a fourth-degree polynomial equation whose roots can be found analytically. The roots are:
1 1
;(—1+2\/§—2i\/56—14\/§) ﬁ(7—i\/—625+648\/§)
(4.196)

1 1
= —1+2\/§+2i\/56—14\/§) m

7+i\/—625+ 648\/5)

The eigenvalues are then found by the relation A = (—T)% and by virtue of the fact that the eigenvalues of a
real Hamiltonian matrix are symmetric across the real and imaginary axes [17]:

—7+i\/ —625+648v2

1 1
Asq = \/§ (1 -2V2-2i\/56- 14\/5) Asq6 = \/ﬁ (_7_ i\/—625 + 648v/2

1 1
)LSC,,IZ\/;(l—z\/Ewi 56—14\/5) Asq’sz\/ﬁ

|
|

(4.197)
1 1
Asqs = —\/; (1 —2v2+2i\/56- 14\/5) Asq7 = —\/ﬁ (—7 +1\/—625+ 648\/5)
1 . 1 .
Asga =~ = 1-2v2-2i\/56-14V2 Asqs==\/1; -7 1 —625 +648v/2
In decimal approximation the eigenvalues for the square configuration are:
Asg,1 =—0.859533 + i Asq,5 = —0.639481 +0.9533811
A =+0.859533 - i A =+0.639481 —0.9533811
542 545 (4.198)

Asg3 =—0.859533 — i Asq7 =—0.639481 - 0.953381:
Asga = +0.859533 + i Asq,8 = +0.639481 +0.9533811

Thus, as is well known [5, 9, 14, 29, 39], we find that the square configuration is unstable in the circular case.
The eigenvalues match with the ones obtained in [18] for the restricted five-body configuration of a square
with a small mass in the middle. Figures 4.3 and 4.4, taken from [18], show the eigenvalues of the configu-
ration for a varying mass of the small body. The marked points correspond to 0 central mass, which is just
our square central configuration, but with an additional body of no mass and, therefore, no effect on the dy-
namics of the bodies on the vertices. As a result, eight of the eigenvalues match and there are four others,
which correspond to the additional degrees of freedom introduced by the 0-mass. These matching eigenval-
ues verify that the derived system of equations (4.181) and our procedure to obtain eigenvalues are correct.

4.7. Circular cases
As Eq. (4.181) depends only on the angles a, 8, the eccentricity e and true anomaly 0, by setting e = 0 we
obtain a constant matrix of coefficients of our linear system of differential equations, whose eigenvalues can
be calculated to directly determine the linear stability for the full range of @ and .
If p is an eigenvalue, then we know that e?”” is a characteristic multiplier [27]. For a complex eigenvalue
p =a+ib,we have
e2m(atib) — g2ma (oq(27rh) + i sin(27 b))

and, therefore, in order for the characteristic multipliers to lie on the unit circle, we must have €% = 1, which
requires that a = 0. Hence, all the eigenvalues have to be purely imaginary for linear stability [12]. Strictly
speaking, all imaginary eigenvalues only guarantee spectral stability, whereas for linear stability it is also re-
quired that the matrix be diagonalizable, i.e. that the geometric multiplicity of each eigenvalue is not less than
its algebraic multiplicity [12]. In other words still, the eigenvalues must have as many unique eigenvectors
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Figure 4.3: Eigenvalues +0.859533 + i of the square from [18].
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Figure 4.4: Eigenvalues +0.639481 + 0.9533811 of the square from [18].
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Figure 4.5: Top view of the sums of the magnitudes of the real parts of the eigenvalues sampled from the convex domain. The coloured
region denotes the zero-plane.

associated to them as is their algebraic multiplicity, so there must be eight imaginary eigenvalues with eight
distinct eigenvectors to have linear stability. If all eigenvalues are unique then their algebraic and geometric
multiplicity is necessarily one and spectral stability implies linear stability. In the case of repeated eigenval-
ues on the imaginary axis, resonance type instabilities with linear growth rates may occur if the solution is
only spectrally stable [11]. Because of the symmetry of the characteristic multipliers around the unit circle,
stability is only gained or lost at a collision of two multipliers, therefore the boundary of linear and spectral
stability coincides.

4.7.1. Mathematica procedure

We calculate the eigenvalues for a sampling of the convex domain with Mathematica. Sums of the real parts
of these eigenvalues are plotted in Figs. 4.5 to 4.8. In Figs. 4.6 to 4.8 we see that some eigenvalues near the
edge of minimum S lie on the zero-plane. This implies that the real parts are all zero, which implies linear
stability. The line of minimum f corresponds to the case where all the mass of the system is in a single body,

6 L . -
—— 4 E ¢ ¢ g § ¢
1‘ i y”‘» i 1 B 1
4 + 3 y
Z | Re(ll)l | t‘u 7 J y .p‘ .;u*‘»‘
2R le b ¢ e“f U
[ « p
[ © ¢ g éﬂ f
o - = i 4‘§} =
30 40

Figure 4.6: Front view of sums of magnitudes of real parts of the eigenvalues of RE’s sampled from the convex domain. The coloured
region denotes the zero-plane.
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Figure 4.7: Sums of magnitudes of real parts of the eigenvalues of RE’s sampled from the convex domain. The coloured region denotes
the zero-plane.

while the three other bodies have zero mass. We have divisions by zero if we attempt to find the eigenvalues
on this line. Close to it, however, we have cases where most of the mass of the system is in one body, while
the other three have relatively small masses. It makes sense that we find stable solutions in this region, since
every known example of a linearly stable RE has a dominant mass [19], such as in the cases of Lagrangian
triangle central configurations [27, 28] and planetary rings. The stability region near the line of minimum g
will be explored and analyzed in higher resolution in Section 4.9.

4.8. Perturbations in eccentricity

In this section we develop a method to determine the effect on linear stability of four-body central config-
urations when small perturbations to the eccentricity e are applied. The basis of the method is a naive ex-
pansion perturbation method, which is used to estimate the coefficients of the characteristic equation of the
monodromy matrix.

4.8.1. Method

The monodromy matrix of a Hamiltonian system is a symplectic transformation, because it takes a state of
the system to a future state, according to the phase flow of the system, which is volume preserving [3]. The
characteristic polynomial of a symplectic matrix is always reciprocal (also called symmetric or reflexive in
literature) [3], meaning that coefficients of the polynomial

Qo+ a1 X+ arx’ + ...+ apx"
satisfy
a=ap—j, Vi

A key property of reciprocal polynomials is that if A is a root, then so is % [3]. Combined with the fact that
complex conjugates A are also roots we get the following relationship between eigenvalues
1 1 a—ib

1 1 -
= = - __(a-ib=—2A 4.199
A a+ib a?+b? Rz(a ib) R2 ( )

where R = |A]. For linear stability, we require that the characteristic multipliers p lie on the unit circle in the
complex plane, |p| = 1. Inthatcase R=1and A = %
In our problem the characteristic equation of the 8 x 8 monodromy matrix will take the form

p()=p8+ap’ +bp®+cp®+dp*+cp+bp* +ap+1=0 (4.200)
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Figure 4.8: Zoom view of sums of magnitudes of real parts of the eigenvalues of RE’s sampled from the convex domain. The coloured
region denotes the zero-plane.
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We would like to derive relations between a, b, ¢ and d for which we have roots on the unit circle, |p| = 1.
However, this polynomial equation is of the 8-th degree, which is impossible to solve analytically. Still, we can
use yet another property of reciprocal polynomials, namely that for every reciprocal univariate polynomial f
of even degree 2n:

f=33" apt*

where ay,_i = ay for all k € {0,...,2n}, there exists a univariate polynomial (polynomial in one variable) g [1]:

n
gw):=an+)_2an-;T;j(ul2) (4.201)
j=1
such that
fy=t"gt+th (4.202)

where J; is the j-th Chebychev polynomial. We use this fact to write our 8-th degree characteristic equation
in the form p*g(p + p~!) where g is a 4-th degree polynomial.
The first five Chebychev polynomials are:

Jo(u) =1

TJiw=u

Fo(u) =2u* -1 (4.203)
T3(u) =4u®-3u

Ta(w) =8u* - 8u* +1
Applying Eq. (4.201) to Eq. (4.200) we get

gw) = ay+2%_2a4- T (ul2)

2 3 4 2
= d+2cE +2b(2u— - 1) +2a(4u— —32) +2(8u— —8”— + 1) (4.204)
2 4 8 2 16 4

=ut+all+ -+ (c-3a)u+d-2b+2

It was checked that indeed
p*glo+p™) =plp)

We also know that if 7 is a root of g, then p and p~! which satisfy T = p + p~! are roots of p [1]. Therefore,
we can analyze the four roots of g to find out about the characteristic multipliers p, since we assume that
p # 0. For stability we require |p| = 1 and thus:

p+p l=p+p=1€R (4.205)
So, the roots of g must be real for linear stability. Writing g as
gw) =u*+Bud+Cu*+Du+E (4.206)
the discriminant of this quartic polynomial is then:

A =256E> -~ 192BDE* - 128C*E* + 144CD*E - 27D* + 144B*CE*
~6B*D*E —80BC*DE +18BCD® + 16C*E — 4C>D* - 27B* E* (4.207)
+18B°CDE-4B>D® - 4B*C*E + B*C*D?
Now our goal is to find expansions for the coefficients B(e), C(e), D(e), E(e). We start by naive expansion

of our linear system:
& =(Ag+eA () +e*Ar(0) +---) & (4.208)

and we substitute an expansion of the solution

£0) = &0(0) +e&1(0) + 2E2(0) (4.209)
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into Eq. (4.208) to get:
& =Aodo
&1 = Aod1+ A1(0)&o (4.210)
&, = Apéa+ A1(0)&1 + A2(0)&0

Now writing the fundamental matrix solution as
X =X0(0)+eX1(6)+er2(9)+~- (4.211)
with X (0) = I4, X;(0) =0, X,(0) =0, .... Solving the system differential equations Eq. (4.210) we obtain
Xo(0) = e?

6
X1(0) = e™? fo e~ M5 Ay (s)e™ds 4.212)
X5(6) = e? fo ’ e~ 05 (A1(8) X1 (5) + Az (s)e™%) ds
The coefficients of the characteristic polynomial of the monodromy matrix M (Eq. (4.200)) are given by
the Newton’s identities:
a=-Tr(M)=-Tr(X@2n))
b= % (Tr(M)? - Tr(M%) = % (Tr(X(2m)? - Tr(X(4m)))

1 5 1 b 1 s (4.213)
o= = Tr(M)® + S Tr(M)Tr(M?) = S Tr (M)

_i 4_1 2 2 1 3 l 22_1 4
d= S TrM)* =2 Tr(M*Tr(M?) + S Tr(M)Tr(M?) + 2 Tr(M*)* = 2 Tr(M")

Then, we have that:
B=a=-Tr(X(2n))
1 , 1
C=b-4= ETr(X(Zn)) - 5Tr(X(4n)) -4

3+ %Tr(X(47[))) - %Tr(X(GJ‘[))

D=c-3a= —%TT(X(ZTII))?’ + Tr(X(2m))
E=d-2b+2 (4.214)

iTr(X(Zﬂ))4 —- Tr(X(@2n)? (1 + leTr(X(4n))) + %Tr(X(ZT[))Tr(X(GT[))
+ Tr(X(4m)) (1 + %T?’(X(‘lﬂ))) - ;lTr(X(8ﬂ)) +2

To expand the matrix (4.181) in a Taylor series we find partial derivatives of the e-dependent terms:

r'| _ esin@ o
T leeg 1+€c0S0|ep
or sinf esinf cosf ) )
- - — 5 =sinf
0e 1 |p=p 1+ecosf (1+ecosh))|.—g
0% r' sinf cosf esinf cos26 )
3ZT == as o7 + n )3 =-2sinfcosf
e=0 ecosf) ecos8)’ Jle.—o (4.215)
U S
w?le=0  1+ecosf |,
0 r B cosf _
Sou7 = =—cosf
e w? | o (1+ecosO)” |o—0
0% r cos?0 2
SE T =2 =2cos“0
€% W |e=p (1+ecosB)’|.—¢
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which gives
0 0 Kis Kig 0 0 0 0]
0 0 Kys Koy 0 0 0 0
K31+ W31 Ko+ Wsp 0 0 0 0 Ks7  Ksg
K41 + W41 K42 + W42 0 0 0 0 K47 K43
A= Ky Ks» 0 0 0 0 K2 Kgr (4.216)
Kgl ng 0 0 0 0 K67 Kq)z
0 0 0 0 Sk, g, 0 0
0 0 0 0 y—’;’KW gnK(pz 0 0 |
—sinf 0 0 0 0 0 0 0]
0 —sinf 0 0 0 0 0 0
—cosfK3; —cosfKz, sinf 0 0 0 0 0
—cosOKy; —cosOKy 0 sinf 0 0 0 0
A= 0 0 0 0 0 0 00 (4.217)
0 0 0 0 0 0 0 0
0 0 0 0 —cosfZFK, —cos@C;—g"Ky,¢ 0 0
0 0 0 0 —cosHy—’snKNb —cosQGy—’S”K(pz 0 0]
[sinf cosO 0 0 0 0 0 0 0]
0 sinf cos@ 0 0 0 0 0 0
cos?0Ks, cos?0Ks» —sinfcosf 0 0 0 0 0
cos?0Ky  cos?0Ky 0 —sinfcosO 0 0 00
Ay = 0 0 0 0 0 0 00
0 0 0 0 0 0 0 0
0 0 0 0 cos?0 G—Q"Kyz cos®0 (;—TK%(p 0 0
0 0 0 0 cos? 055 Ky cos? OGy—gnK(pz 0 0]
—sinf 0 0 0 0 0 0 O]
0 —sinf 0 0 0 0 0 0
—cosOK3; —cosfKsz, sinf 0 0 0 0 0
—cos0Ky; —cosOKy 0 sin@ 0 0 0 0
=—cosf 0 0 0 0 0 0 00 =—COSHA1
0 0 0 0 0 0 0 0
0 0 0 0 - COSHG—TKYZ - COSQC;—gnK%(p 00
0 0 0 0 —cosHy—TKnb —cosHC;/—TK(Pz 0 0]
(4.218)

Now we will obtain expressions for the traces of the fundamental matrix (4.211) appearing in expressions
(4.214). Starting with Xj:

2n
Tr(Xi@2n)=Tr (eAOan e—AosA1 (S)eA"S) ds
0

2n
=f Tr (@9 Ay (s)e™%) ds
0

2m
- f Tr (A (s)eAOSeAO(Z””)) ds
0

2n 2n
= f Tr (e™* Ay (s))ds=Tr (eAOZ” f A (s)ds) =0
0 0

= Tr(Xi@m)=Tr(X;(6m)=Tr(X;8m)=0

(4.219)
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since f02” A(s)ds= 04”A1(s)ds= 06” A(s)ds= [f”Al(s)ds = 0. Moving on to traces of X,:

2n
Tr (Xa2m) =Tr X027 [ =0 (Ay(5)X1 (9 + Aa(5)e™) ds
0

21 N
erznf e‘AOsAl(s)eA”Sf e %A (e duds
0 0

21
—eAOZ”f e 05 cos(s) A1 (s)e™%ds
L 0

2n
=fTr
0

2n
—f Tr [e%0%7 =405 cos(s) Ay (s)e™%] ds
0

N
eA()ZT[ e—AoSAl (s) erSf e—A()uAl (u) eA()udu
0

ds

21 N 21
=Tr eA"Z”f e‘AUSAl(s)eAOSf e MU A (e duds| - Tr eAOZ”f cos(s)Al(s)ds]
0 0 0
(4.220)
now using A; () = A;(0)cosO + A; (r/2)sin6:
2 s
Tr(X@2m) = Tr eAOZ”f e‘AOsAl(s)ersf e MU A (e duds
0 0
2n 2n
-Tr eAOZ”Al(O)f cosz(s)ds] -Tr eAOZ”Al(n/Z)f cos(s) sin(s)ds]
0 0
2n N
= Tr eAOz”f e‘AOsAl(s)ersf e~ Ay (we duds| - Tr [e2%7 A1(0)]
0 0 4.221)

4n N
= Tr(X;(m)]= Tr|el'" / e~ 05 A (s)eh0’ f e~ Ay (we duds| —2nTr [e™* A, (0)]
0 0

67 N
= Tr(X;6m)]= Tr|e®" f e~ 05 A (s)e M0’ f e~ Ay (we duds| - 3nTr [e™5 A, (0)]
0 0

87 N
= Tr(X;@®m]= Tr|e®" f e~ 05 A (s)e M0’ f e~ Ay (we duds| - anTr [e™% A, (0)]
0 0

Finally, combining Eq. (4.211) with Egs. (4.219) and (4.221), we find the expansions in e for the traces of the
fundamental matrix at multiples of 27:
Tr[X(@2m)] = Tr [Xo@2m)] + € Tr [X2(2m)] + O(e®)
Tr[X(4m)] = Tr [Xo(4m)] + € Tr [ X2 (4m)] + O(e®)
Tr [X(6m)] = Tr [Xo(6m)] + € Tr [X2(6m)] + O(e)
Tr[X(8m)] = Tr [Xo(8m)] + € Tr [X2(8m)] + O(e)

(4.222)

Notice that, because the X; traces vanished in Eq. (4.219), there are no linear terms in e in these expansions,
meaning that the coefficients of the reduced characteristic polynomial A, B, C and D (Eq. (4.214)) and, in
turn, the discriminant (4.207) also depend on e only quadratically plus higher orders. Perturbing from e =0,
this means that the effect of eccentricity on stability is weaker than linear.

Having obtained the expressions for the traces Eqs. (4.219), (4.221) and (4.222) we are now able to estimate
the coefficient multiplying e® in expanded discriminant, which then determines whether the influence of
increasing eccentricity for circular cases is stabilizing or not.

4.8.2. Application

After having derived general expressions, we apply the above method to assess analytically the effect of orbital
eccentricity on the stability of a circular periodic solution. To this end, we search for a configuration at the
border of a stability region, one whose eigenvalues just collided on the imaginary axis and thus, a multiple
eigenvalue is present. This border corresponds to the points where the real parts of the eigenvalues land on
the zero plane in Fig. 4.8. In such a case, the discriminant is zero and we are "on the fence" in terms of linear
stability, in other words, the solution is spectrally stable. Then, the e? term in the expanded discriminant
will show whether an increment in eccentricity pushes the solution into the stability region or out of it. We
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Figure 4.9: Eigenvalue collision on the imaginary axis as § = 24° is held fixed and « is decreased from 42.308° to 42.3° in steps of
—0.0002°. An accurate collision point is given in Table 4.1

a 42.3°
Eigenvalue 1 | 0.731397831942222453414124645614 i
Eigenvalue 2 | 0.672029334754486791749030031617 i

a 42.3022276245°

Eigenvalue 1 | 0.702312251207510903616061876761 i

Eigenvalue 2 | 0.702299941824885747567900087799 i

a 42.3022276245959672481377022533790053372863448005888953166°
Eigenvalue 1 | 0.7023060965416562437844648655273426 i

Eigenvalue 2 | 0.7023060965416562437844648652833694 i

a 42.3022276245959672481377022533790053372863448005888953166376994462°
Eigenvalue 1 | 0.7023060965416562437844648654053561 i

Eigenvalue 2 | 0.7023060965416562437844648654053559 i

Table 4.1: Bisection results of varying a for f = 24° and e = 0 to find a configuration with a multiple eigenvalue.

choose to fix f = 24° and find the a for which we have all eigenvalues imaginary with two pairs of multiple
eigenvalues (two because of symmetry w.r.t. the real axis). This configuration corresponds to the collision
point in Fig. 4.9 where the eigenvalues are plotted in the top half of the complex plane for § = 24° and a
range of a that crosses the stability border. Our task is equivalent to finding a root of the discriminant of
the characteristic equation, as the discriminant is zero when multiple eigenvalues are present. However, the
characteristic polynomial, even if reduced to a quartic, is messy and complicated with a ton of trigonometric
functions of different powers involving « and thus, finding a root of the discriminant analytically is extremely
difficult and may be impossible.

Therefore, we have to find an estimate for « numerically. We do this by a simple bisection method using
the difference between the eigenvalues as a minimization goal. The results are shown in Table 4.1.

With Mathematica we calculate for e =0, f = 24°,
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a =42.3022276245959672481377022533790053372863448005888953166376994462°:
K31 =1.88199515012320499097330147648285560586395197579148262
K32 = —-1.50761230982951233084305573533596662179756795536262772
K41 =-0.102241967240333138505435018169711918909057761685896786
Kyp =—-0.91261064709329328148882183103853456795964532112434182
K75 =2.684386506372517090614383756899770388829767503250749261910609332
K76 =0.0388843337756305826935083826793570568734024665467100480878273335
Kgs =0.0388843337756305826935083826793570568734024665467100480878273335
Kge =0.1024871234073476485873703102716732115958866873736937637178541492

(4.223)

The traces are then:
Tr(Xo(2m)] =-0.324093415190300922768448987870301410195605398425761432769649
Tr(Xp(4m)] =—-2.819285767208687380460852587201525054169650316329901569738407
Tr[Xy(67m)] = 6.008009854783563581196003096400628915152066276811439609581758
Tr[Xo(8m)] =0.592728146816084503378691814092313738600809253176266193129046

(4.224)

Surprisingly, all double integrals in expressions (4.221) turn out to be zero and the X, traces are determined
solely by the trailing terms. They turn out to be:
Tr(Xo(2m)] =17.653002671864455374282529019648468723765434234894850
Tr(X2(4m)] =—136.479179551810618417985172826411999523038722541834465
Tr(X,(6m)] =211.810019800417577449363278552445856918932260952628530
Tr(X,(8m)] =274.12948395782508851235804340139054369890658276858652

(4.225)

We have kept all numbers after the comma, because through a series of multiplications while calculating the
discriminant the precision quickly diminishes, as one can see from the amount of certain digits that are left
in the expression for A below. Plugging in the trace values into Eqgs. (4.214) and (4.222) we obtain the reduced
polynomial coefficients B, C, D, E and calculate the discriminant with Eq. (4.207):

A =0-1800.48887¢> — 492276.94407¢* + O(e%) (4.226)

We used automatic precision tracking functionality in Mathematica (discussed more in depth in the next
section) to leave in our discriminant expression only the significant digits of which we are certain, such that
we eliminate any random errors associated to machine precision. Notice that for e = 0 the discrimintant is
zero, which verifies the calculations at the multiple root point, because A = 0 if and only if at least two roots are
equal. Recall that for stability we require all roots of the reduced characteristic polynomial to be real. This tells
us with certainty that increasing eccentricity by any positive amount will cause the discriminant to become
negative, meaning that we will have two real and two complex conjugate roots of the reduced polynomial,
which means four characteristic multipliers lie on the unit circle and four in the complex plane - instability
by a Krein bifurcation. Therefore, eccentricity causes a destabilizing effect and whereas in the circular case
at this configuration we are at the edge of stability, eccentric cases move into the unstable region, effectively
shrinking the stable boundary later seen in Figs. 4.11, 4.15, 4.19, 4.22 and 4.24.

4.9. Eccentric cases

For the eccentric cases the coefficient matrix (4.181) of our linearized system of equations is no longer con-
stant, but periodically varying, so we turn to Floquet theory and numerical simulation to assess the linear
stability. The method we use is standard: we integrate the linear system for one period with the identity ma-
trix as the initial state matrix [33]. This yields a fundamental matrix which tells us how each unit vector is
mapped from the initial time to one period later. As discussed in Section 4.4, this matrix is the monodromy
matrix X (27), which transforms any state vector to a state vector one period later:

X@2m)x(0) = x(0 +2m)

The eigenvalues of the monodromy matrix are called characteristic multipliers and for linear stability we
require that each of them has magnitude exactly 1, that is, they lie on the unit circle in the complex plane (the
monodromy matrix also has to be diagonalizable, otherwise we have spectral stability).



4.9. Eccentric cases 79

Method Time [s] | Precision | Accuracy
Implicit RK10 1.14 14 26
RK9(8) 1.03 12 26
RK5(4) 7.59 12 26
RK8(9) 1.38 13 26
Adams 0.52 14 26
BDF 8.34 16 26

Table 4.2: Integration method comparison. The identity matrix is propagated by one period with each method for the square linearized
system (4.193) and the characteristic multipliers are compared with analytically computed ones, resulting in precision and accuracy
evaluations. We let the optimal order for Adams and BDF methods be automatically chosen by Mathematica.

4.9.1. Method of integration
We use the built-in Mathematica function NDSolve to numerically integrate the linear system of ODEs (4.181).
We have a number of built-in integration methods to choose from [26]:

¢ explicit Runge-Kutta methods with adaptive embedded pairs 2(1) through 9(8),

e predictor-corrector Adams method, orders 1 through 12

¢ implicit backward differentiation formulas (BDF), orders 1 through 5

e families of arbitrary-order implicit Runge-Kutta methods

¢ symplectic partitioned Runge-Kutta methods for separable Hamiltonian systems

Even though the linearized system is Hamiltonian, the Hamiltonian function is not separable anymore into
kinetic energy, which depends only on momenta, and potential energy that depends only on position vari-
ables. Therefore, we cannot use the symplectic partitioned Runge-Kutta methods in this case [37]. The other
four methods are tested by integrating the linearized system for the square configuration with zero eccen-
tricity. We set the initial states to the identity matrix, such that integration for one period produces the mon-
odromy matrix. Then, the numerically obtained characteristic multipliers are compared with the analytically
computed ones to obtain the precision and accuracy of the numerical method. Adapting the conventions
used within Mathematica, by precision we mean the number of correct significant digits and by accuracy we
mean the number of correct digits after the comma. These results along with the speed of each method are
shown in Table 4.2. We see that the most precise method seems to be BDE however it is also the slowest.
We can sacrifice a couple of digits of accuracy for speed, as we will need to generate monodromy matrices
for hundreds of cases. The second-most accurate methods seem to be the Implicit Runge-Kutta (IRK) and
Adams methods, which we choose as our candidates to investigate further.

Next, we compare some settings of the integrators. Among the parameters we can choose is WorkingPre-
cision, AccuracyGoal and PrecisionGoal. These choices will impact the precision of the end result. As arbitrary
precision numbers are being used (this is the name within Mathematica for numbers that carry precision in-
formation with them), Mathematica keeps track of the error internally and estimates the precision of these
numbers after calculations automatically. The significant digits of arbitrary precision numbers within the in-
tegrator are set by WorkingPrecision parameter. In contrast, were we to use machine precision, the digits that
are affected by rounding error are kept and can often be completely random, because all machine precision
numbers are padded to 16 digits if some of the digits are unknown. With arbitrary precision numbers in Math-
ematica only the known digits are kept and if no digits are known with certainty anymore, a 0 is displayed with
a warning that no digits are known. We cross-verified the computed precision and accuracy results from Ta-
ble 4.2 with the ones estimated by Mathematica and found perfect agreement. The PrecisionGoal setting tells
the integrator how many correct significant digits to aim for (relative precision), while AccuracyGoal tells how
many digits after the floating point should be correct (absolute precision). Both of these settings are half the
WorkingPrecision by default. The results for various settings combinations for the IRK and Adams integrators
are shown in Tables 4.3 and 4.4 respectively.

We see that in all cases, the Adams integrator produces results of the same or better accuracy than IRK
and, therefore, we choose it as our integrator with the settings as in the last row of Table 4.4 (a smaller Start-
ingStepSize is required for higher precision integration for convergence).
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WorkingPrecision | AccuracyGoal | PrecisionGoal || Time [s] | Precision | Accuracy

15 10 10 0.58 5 11

20 10 10 0.58 10 16

20 15 15 1.09 4 16

30 15 15 1.14 14 26

30 20 20 1.67 9 26

Table 4.3: Implicit RK integration precision comparison.
StartingStepSize | WorkingPrecision | AccuracyGoal | PrecisionGoal || Time [s] | Precision | Accuracy
1/10 15 10 10 0.28125 5 11
1/10 20 10 10 0.265625 | 10 16
1/10 20 15 15 0.53125 5 16
1/10 30 15 15 0.484375 | 14 26
1/20 30 20 20 0.875 10 26
1/20 40 20 20 0.875 20 36
Table 4.4: Adams integration precision comparison.
4.9.2. Results

The monodromy matrices are symplectic maps, since a state transition matrix of a Hamiltonian system is
always symplectic [3]. A known property of symplectic matrices is that their determinant is exactly 1. This
provides a way to check the accuracy of our integrations. The determinants of the monodromy matrices are
shown in Tables 4.5 and 4.6. We consider the number of significant digits to which the determinants round to
exactly 1 as the precision of the matrices. By finding the maximum and minimum determinants of a given set
of monodromy matrices we obtain the highest errors in the set and conclude that the monodromy matrices
in this set must be at least as precise as the least precise determinant.

The characteristic multipliers of the coarse sampling of the convex configurations domain are shown in
Fig. 4.10 for a range of eccentricities. We see that generally, the configurations become more unstable with
increasing eccentricity. As we saw before, the stable cases are only plausible near the line of minimum g.

We zoom in to the region near the limit line and calculate the characteristic multipliers for a dense sam-
pling of this region. The multipliers are rounded to 16 digits, as that is the minimum precision of all the
monodromy matrices. Then, we simply label each configuration as stable or unstable based on whether the
magnitudes of the multipliers are 1 or any other value. This yields the binary plots Figs. 4.11, 4.15, 4.19, 4.22
and 4.24 showing the stability regions for our sampling.

To verify the results shown in Figs. 4.11, 4.15, 4.19, 4.22 and 4.24 we plot the characteristic multipliers
along each of the horizontal lines containing stable configurations in Figs. 4.12 to 4.14, 4.16 to 4.18, 4.20, 4.21
and 4.23. We see that in each case stability is lost either through a Krein bifurcation (two multipliers collide

Eccentricity | Precision Max determinant Min determinant
0 17 | 1.000000000000000002009 | 0.9999999999999999990040
0.1 17 | 1.000000000000000000805 | 0.9999999999999999974418
0.2 17 | 1.000000000000000001528 | 0.9999999999999999983374
0.3 17 | 1.000000000000000000792 | 0.9999999999999999974800
0.4 17 | 1.000000000000000002048 | 0.9999999999999999977990
0.5 17 | 1.000000000000000002894 | 0.9999999999999999982603
0.6 17 | 1.000000000000000003231 | 0.9999999999999999978438
0.7 17 | 1.000000000000000002396 | 0.9999999999999999982907
0.8 16 | 1.000000000000000004703 | 0.9999999999999999946127
0.9 16 | 1.000000000000000011508 | 0.9999999999999999768746

Table 4.5: Precision of the monodromy matrices of the coarse sampling of the convex cases, corresponding to Fig. 4.10.
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Eccentricity | Precision Max determinant Min determinant
0 18 | 1.000000000000000002652 | 0.9999999999999999995163
0.1 17 | 1.000000000000000001199 | 0.9999999999999999962165
0.2 17 | 1.000000000000000004228 | 0.9999999999999999961145
0.3 17 | 1.000000000000000003863 | 0.9999999999999999969099
0.4 17 | 1.000000000000000002929 | 0.9999999999999999962863
0.5 17 | 1.000000000000000004979 | 0.9999999999999999961157
0.6 17 | 1.000000000000000003779 | 0.9999999999999999966292
0.7 17 | 1.000000000000000004709 | 0.9999999999999999973380
0.8 16 | 1.000000000000000013746 | 0.9999999999999999892503
0.9 16 | 1.000000000000000060294 | 0.9999999999999999562027

Table 4.6: Precision of the monodromy matrices of the fine sampling of the convex cases near the line of minimum S, corresponding to

Figs. 4.11, 4.15, 4.19, 4.22 and 4.24.
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Figure 4.10: Sums of absolute values of characteristic multipliers for a sampling of the possible convex cases for eccentricities from 0 to
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Figure 4.11: Stability diagram for the convex cases near the limit line for e = 0. Red means instability and green indicates linear stability.
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Figure 4.12: Characteristic multipliers along the bottom-most stable line for e = 0, 15.1° < § < 29.2°,59.9° = a = 31.7°. Stability is lost at
B=29.1°, @ = 31.9°.
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Figure 4.16: Characteristic multipliers along the bottom-most line of Fig. 4.15.

on the unit circle and split off to the complex plane) or a period-doubling bifurcation (two multipliers collide
at -1 and split off onto the real axis) [27]. In theory, there is another possibility, which is when two multipliers
collide at +1 and split off onto the real axis, but this bifurcation does not seem to appear in any of our cases.

These plots verify that inside the green regions we have 8 multipliers travelling along the unit circle, a
qualitative result that was expected and could not possibly be produced by numerical error, i.e. we could
not see the multipliers moving in such a fashion were they not actually on the unit circle, which serves as
a convincing verification. Moreover, we now see that throughout the absolute majority of the regions we
have eight distinct multipliers and the only places where we have multiple eigenvalues is at the collisions,
that is, at the boundaries of the stability regions. This means that all the green cases in the stability plots are
linearly stable, since none of them are exactly at a collision. Were we to consider a case that was exactly on
the boundary, we would have to investigate the dimension of its eigenspace to conclude linear stability, as
such cases may only be spectrally stable.

In conclusion, we find that up until at least e = 0.3 there is a thin region of stability near the limit case
where a single body has all the mass. Increasing the eccentricity generally has the effect of destabilizing the
configurations, as is clearly seen from Fig. 4.10 and from the shrinking green region in Figs. 4.11, 4.15, 4.19,
4.22 and 4.24. Even still, we find an anomaly for eccentricity e = 0.2, where one isolated sample is stable,
as seen in Figs. 4.19 and 4.21, while the same configuration is unstable for lower eccentricities. That region
seems to be very sensitive to changes in the parameters, as characterized by the rapidly changing eigenvalues
in Fig. 4.21, and so seems to be an almost accidental stable island, for which we can’t provide a clear reason.

It is proven in [27] that for the elliptic Lagrangian triangle configurations, there is also a region of mass
ratios, which are linearly stable in eccentric cases, but not in the circular ones. Therefore, it is a phenomenon
known to occur in central configurations. In our case, however, the stable configuration is isolated from the
main region of stability, which makes this result even stranger, but true nevertheless, as seen from Fig. 4.21,
where we find eight distinct eigenvalues on the unit circle, with significant digression from the boundary of
stability.
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Figure 4.17: Characteristic multipliers along the second bottom-most line of Fig. 4.15, e = 0.1, 15.2° < § < 27.8°,59.8° = a = 34.6°.
Stability is lost at § = 22.2°, @ = 45.8° (top right image), then regained at § = 26.9°, @ = 36.4° (middle right image), lost again at § = 27.1°,
a =36° (bottom left image), regained again at f = 27.3°, @ = 35.6° (bottom left image) and finally lost at § = 27.5°, a = 35.2° (bottom right
image).



86 4. Convex cases

1.5 ] 150 T ]

1.0F 1 1.0f 1

0.5¢ 1 0.5f 1
< i 13 :

g 0.0re b ‘é 0.0 o, 1
—-0.5¢ {1 -0.5} 1
-1.0f 1 -1.0F ]
~1.5 | ‘ ‘ ‘ ‘ 1 -l5} ‘ ‘ ‘ ‘ ‘ ]

-15-1.0-0.5 0.0 0.5 1.0 1.5 -15-1.0-0.5 0.0 0.5 1.0 1.5
R Rl

1.5F 1 1.5} 1
i ] g ‘.

1.0r b 1.0t ot 1

0.5 1 0.5} 1

= r 12 i

é’ 0.0r b E 0.0 1
—-0.5F 1 -0.5] 1
~1.0f 1 -1.0" ° ]

: ] : S
-1.5 | ‘ ‘ ‘ ‘ 1 -l5) ‘ : ‘ ‘ ‘ ]
-15-1.0-0.5 0.0 05 1.0 1.5 -15-1.0-0.5 0.0 05 1.0 1.5
Re(p) Re(p)

Figure 4.18: Characteristic multipliers along the third bottom-most line of Fig. 4.15, e = 0.1, 15.2° < < 25°, 59.9° = a = 40.3°. Stability is
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Figure 4.19: Stability diagram for the convex cases near the limit line for e = 0.2. Red means instability and green indicates linear
stability.
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Figure 4.20: Characteristic multipliers along the bottom-most line of Fig. 4.19, e = 0.2, 15.1° < f < 27.5°, 59.9° = @ = 35.1°. Stability is lost
at f=27.1°, & = 35.9° (right image).

4.10. Closing remarks

To summarize, we have found that a region of linearly stable solutions exists in the convex case for eccentric-
ities from 0 up to at least 0.3. Each of these solutions describes four bodies moving on Keplerian ellipses in
a plane about the common center of mass. Note that we only considered the stability of the planar motion,
however, it is an established fact that when considering the out-of-plane perturbations of planar relative
equilibria, the variational equations decouple into the part governing the planar motion and another part
governing the out-of-plane motion, the latter of which is always linearly stable [29]. This is also intuitive from
observations, as many body systems, for example, planetary systems, such as our own Solar System, or rings
around planets generally tend to planar motion, therefore out-of-plane motion gets diminished over time.
Thus, our linear stability result extends to kite central configurations in three-dimensional space.

A very important observation is that all linearly stable configurations that we found are located within
0.4° from the a +2 = 90° line, which, recall from Chapter 2, corresponds to the convex coorbital case with all
mass in body 3 with other bodies situated on a 'lumpy ring” around it. The fact that we only find linearly stable
solutions near this configuration agrees with the general pattern for stability of relative equilibria, which is
that all known examples have a dominant mass and are ring-like, that is the small masses are situated near a
circle around the big mass [19]. In fact, it is proven in [29] that RE of four-body problem are only stable in the
planetary case, i.e. when there is a dominant mass. Hence, these facts verify that indeed our linear stability
assessment produced sensible results and our results, in turn, add to the existing evidence for R. Moeckel’s
conjecture that all stable relative equilibria are ring-like [19].

Lastly, we remark that our results extend beyond the theory of RE, because we also assessed the linear
stability of eccentric cases, which are not equilibria in a rotating frame. The linearly stable eccentric cases
that we found are also situated near the co-orbital line, in fact even more so than the circular cases, since the
stability region shrank for increasing eccentricity (see Figs. 4.11, 4.15, 4.19, 4.22 and 4.24). This, along with
the largely matching trend of multipliers for different eccentricities in Fig. 4.10 suggests that the dominant
mass and ring-like structure may also be required for stability of eccentric cases.
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Figure 4.21: Characteristic multipliers along the third bottom-most line of Fig. 4.19, e = 0.2, 15.2° < § < 26°, 59.9° = a = 38.3°. We have
instability until a linearly stable sample at § = 25.3°, a = 39.7° (middle right image) is encountered, after which the configurations are
again unstable.
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Figure 4.22: Stability diagram for the convex cases near the limit line for e = 0.3. Red means instability and green indicates linear
stability.
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Figure 4.23: Characteristic multipliers along the bottom-most line of Fig. 4.22, e = 0.3, 15.1° < $ < 25°, 59.9° = a > 40.1°. Stability is lost at
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Figure 4.24: Stability diagram for the convex cases near the limit line for e=0.4, e=0.5, e= 0.6, e=0.7, = 0.8, ¢ = 0.9. Red means
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First concave cases

So far, we have developed the procedure to compute the eigenvalues analytically (be it with the help of a
computer algebra system) for the circular periodic solutions and characteristic multipliers for the elliptical
solutions with the help of numerical integration. Having applied this to the convex cases, we now move on to
the second of the three types of kite central configurations, as described in Chapter 2 - the first concave type.
In these configurations, body mj lies inside the triangle defined by the other three bodies, while the center
of mass lies inside the kite geometry described by all four bodies (see Fig. 2.4). The procedure to determine
linear stability is the same, with only some sign changes in the computations, as we will see shortly.

5.1. Linearization

The mass ratios in the first concave case are given by [34]

ms _mz _mz tanﬁ(tana—tanﬁ)z(1—8cos3ﬁ)

o mym 4[(sina—cosatan,6)3—1]

, 5.1)
ms my my tana(tana—tanp)”(1-8cos’a)

myomym 4[sin,6—cos,6tana)3+1]

where a and  must satisfy Eq. (2.2) The initial distances between the bodies are expressed in terms of y, a
and B as

y
d = =
1=yseca=——
d> = = (5.2)
2= ysech cosf3

dss = y(tana —tan f)

where the expression for the distance between the third and fourth bodies differs from that for the convex
case by a minus sign, because now both bodies are on the same side of the vertical datum line (Fig. 2.4) and
we have to subtract the distance to the inner body from the distance to the outer body. The time-dependent
distances between the bodies are again obtained by multiplying with the scaling factor r(#):

ry
K1 =K3=Trp3=r3=rd =
cosa
r
K2:1(4:r24:r14:rd2: y (53)
cosf

K5 =rdss = ry(tana —tan )

o1
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The canonical coordinates of the linearized system are then

ro=cr=2yr Ro=DMcoR
r3=c3r=ytanar R3= M3c3R
ra=cyr=y(Msztana —tanf) Ry=MycyR (5.4)

s 2 2
Y:_E I'= M3csw+ Mycjw
$=mn ¢)=M4ciw

where 14, the length between the center of mass of the first three bodies and the fourth body, now has a minus
sign, because, similarly to ds4, the two points are now both on the same side of the datum line (see Fig. 2.4),
hence we have to subtract the distances.

The expressions for the mass parameters in terms of the masses remain the same:

mg ny 1
m; + my m+m 2
-1
m my  mp mg mz\~1
Miz=My=———=[—+ =4+ 2= =(2+—) (5.5)
my + my + ms my my my m
-1 -1
ms ny ny ms m
M33=—=(—+— —) =(2—+1)
m; + my+ ms ms ms ms ms

however, the values of M3, M3 and M33 depend differently on a and f compared to the convex case, because
of the different mass-geometry relationships Eq. (5.1).

The double derivatives for the first concave case are given below. Since the periodic solution of the first
concave case differs from the convex case only by the sign change in variables x5 and c4, only the derivatives
which involve these variables will be different. They are marked orange to make tracking the changes easier.
Meanwhile the derivatives not involving these variables are the same as in the convex case and are simply
repeated here.
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Finally, the coefficient matrix for the linearized system is given by:

JD*H(y (1) =
[ 0 0 0 0 0 MLZ 0 0 0 0 ]
0 0 0 0 0 0 MLS 0 0 0
ap —a) 0 0 0 0 0 Hrz 0 —das
0 0 0 0 0 0 0 0 M% 0
0 a 0 - 0 0 0 -a3 O (5.30)
~H,: 0 - 0 0 0 -a 0 0
— — 0 — 0 0 0 ay 0 —ay
0 0 ~Hy 0 - 0O 0 0 0 0
- - 0 - 0 0 0 0 0
0 0 - 0 - 0 0 0 0 0 |

Having obtained these coefficients, the rest of the procedure to arrive at Eq. (4.181) is exactly the same as in
the convex case. The v coefficients are expressed in terms of the double derivatives and the k coefficients in
terms of the mass and length variables M;, c;. Therefore, all we have to do is substitute the new coefficient
values into expressions for the terms of the transformed matrix (4.140) in Mathematica and the reduced 8x8
matrix for the first concave case is obtained. Then, performing the linear coordinate changes from Section 4.5
we arrive at the final matrix in the form of Eq. (4.181), but with new coefficients.

5.2. Circular cases

Linear stability of the circular cases may once again be analyzed using only algebraic computations of the
eigenvalues of the coefficient matrix Eq. (4.181) made constant by setting e = 0. The domain of the first
concave cases is sampled as shown in Fig. 5.1. Throughout most of the region the eigenvalues have real parts
whose magnitudes total up to 8. Similarly to the convex case, the real parts are diminished as we approach
the line 2a — 8 = 90°. This line corresponds to the limit case where all the mass is concentrated in body 4 (the
interior body). Therefore, we increase the sampling resolution in the 8 direction near this line, as can be seen
in Fig. 5.1. Although the real parts of the eigenvalues approach the zero plane (coloured plane in Figs. 5.1, 5.3
and 5.4) as we move towards the limit line, contrary to the convex case, they do not reach it. At 0.1° in § away
from the line the real parts still have magnitudes of order 0.1 (see Figs. 5.2 and 5.4). Hence, we conclude that
all circular cases in the first concave domain are linearly unstable.

5.3. Eccentric cases

The monodromy matrices are again found by numerical integration of the identity matrix for one period.
The settings given to the NDSolve function in Mathematica are the "Adams" method with starting step size
of 1/200, working precision 40, precision and accuracy goals 20. We estimate the monodromy matrices for
a sampling of the first concave region with 1° resolution for eccentricities 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8
and 0.9. The sums of the magnitudes of the characteristic multipliers for a range of eccentricities are shown
in Fig. 5.5.

The precision of the generated monodromy matrices is checked in the same way as for the convex cases.
For each eccentricity, the determinants of the 196 monodromy matrices are calculated and checked for the
biggest deviation from 1. In this way we obtain a precision estimate for the monodromy matrices for each
eccentricity, because they must be at least as precise as their determinants. The results are shown in Table 5.1.

The characteristic multipliers for the coarse sampling of the first concave region are shown in Fig. 5.5
for all eccentricities. We see that, again, eccentricity destabilizes the configurations, because the multipliers
grow in magnitude.

Zooming in near the line 2a — f = 90° and checking the magnitudes of the characteristic multipliers in
the same way as in the convex case, we are unable to identify any stable configurations for any eccentricities
(Fig. 5.6).

5.4. Closing remarks
One can clearly see from Figs. 5.3 and 5.4 that the real parts of the eigenvalues for the circular solutions of the
first concave type are diminishing as the configurations approach the 2a — = 90° line. On the line, we have
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Figure 5.1: Top view of the total magnitudes of the real parts of the eigenvalues for the first concave domain.
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Figure 5.2: Front view of the total magnitudes of the real parts of the eigenvalues for the first concave domain.
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Figure 5.4: Zoom view of the total magnitudes of the real parts of the eigenvalues near the limit line of the first concave domain.
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99

Eccentricity | Precision Max determinant Min determinant
0 18 | 1.000000000000000004381 | 1.0000000000000000000000
0.1 17 | 1.000000000000000003714 | 0.9999999999999999956707
0.2 17 | 1.000000000000000003429 | 0.9999999999999999966389
0.3 17 | 1.000000000000000007273 | 0.9999999999999999960632
0.4 16 | 1.000000000000000010725 | 0.9999999999999999775570
0.5 16 | 1.000000000000000049886 | 0.9999999999999999770063
0.6 16 | 1.000000000000000226624 | 0.9999999999999999788055
0.7 14 | 1.000000000000000950938 | 0.9999999999999991438185
0.8 14 | 1.000000000000004880508 | 0.9999999999999968522191
0.9 13 | 1.000000000000026174559 | 0.9999999999999882456815

Table 5.1: Precision of the monodromy matrices of the coarse sampling of the first concave cases, corresponding to Fig. 5.5.

Eccentricity | Precision Max determinant Min determinant
0 17 | 1.000000000000000009914 | 0.9999999999999999994023
0.1 17 | 1.000000000000000003849 | 0.9999999999999999970506
0.2 16 | 1.000000000000000004927 | 0.9999999999999999944167
0.3 16 | 1.000000000000000008575 | 0.9999999999999999942616
0.4 16 | 1.000000000000000007012 | 0.9999999999999999888213
0.5 16 | 1.000000000000000009889 | 0.9999999999999999842099
0.6 16 | 1.000000000000000019174 | 0.9999999999999999740597
0.7 16 | 1.000000000000000023999 | 0.9999999999999999839609
0.8 15 | 1.000000000000000113540 | 0.9999999999999999357822
0.9 15 | 1.000000000000000924879 | 0.9999999999999998295364

Table 5.2: Precision of the monodromy matrices of the fine sampling of the first concave cases near the line of maximum g,

corresponding to Fig. 5.6.
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Figure 5.5: Sums of absolute values of characteristic multipliers for a sampling of the possible concave cases of the first kind for
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eccentricities from 0 to 0.9. The coloured plane has height 8, which would be the sum of 8 multipliers on the unit circle.



100 5. First concave cases

PL°]

.5B+46

.5p+45.9
.5p+45.8
.5p+45.7
.53+45.6
.53+45.5
.5B+45.4
.53+45.3
.5p+45.2
.5B+45.1

aof’]

[==j=Re kol o o Y]
Qoo g al

0.1 2.1 4.1 6.1 8.1 10.1

121 141 16.1 181 201 221 241 261 281

Figure 5.6: Stability diagram for the concave cases of the first kind near the limit line fore=0,e=0.1,e=0.2,e=0.3,e=0.4, e= 0.5,
e=06,e=0.7,e=0.8,e=0.9.

the concave coorbital situation, as discussed in Chapter 2, where three massless bodies orbit the inner body
my4 on a common circle. Similarly to the convex case, linear stability increases when approaching a config-
uration with a dominant mass and ring-like positioning. However, interestingly, this time linear stability is
not reached, not even 0.1° away, as seen in Fig. 5.6. In Fig. 5.4 we see that the real parts of the eigenvalues
increase for increasing @ and decrease for increasing 5. Looking at Fig. 2.6, we see that increasing « (going
top to bottom in Fig. 2.6) diminishes the mass of the central body, thus destabilizing the configuration, while
increasing 3 (going left to right in Fig. 2.6) increases the central mass and moves it towards the middle, thus
providing a stabilizing effect. However, as we can see the balance works out to instability’s side for all sampled
concave cases of the first kind and even if for linear stability was found for some very fine sampling of the 0.1°
gap near the limit line, for all practical purposes one would already be looking at the degenerate case of three
infinitesimal masses orbiting one big mass.



Second concave cases

Finally, we are left with the last type of kite central configurations, that is the second concave type. Recall that
in these configurations we have body 4 positioned inside the triangle defined by the other bodies, however,
differently from the first concave case, the center of mass this time lies outside of the kite described by all four
bodies, as shown in Fig. 2.7. We once again apply the procedure of linearization and eigenvalue calculation
for the circular cases, complemented with the numerical estimation of characteristic multipliers for the el-
liptic cases. Also similarly to the last chapter, we encounter a sign change when comparing the expressions
developed below with the ones in the previous two chapters.

6.1. Linearization

This time we have the variables ¢ and ¢, that are different from both the convex case and the first concave
case. The endpoints of ¢4 are now switched, because the center of mass of the first three bodies now switched
places with the fourth body. This leads to a ¢4 which is negative of the expression for the first concave case
and ¢ becomes zero, because r4 now points in the same direction as r3.

¢4 = y(tanf— Msstana)

6.1
$=0 (6.1)

All other variables and mass coefficients are the same as in the first concave case, including the mass ratios
Eq. (5.1).

Once again, the double derivatives are given below with the changed variables marked in green, for con-
venience of tracking the changes.
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at the periodic solution:
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at the periodic solution:
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The first four terms change sign, while the last two terms are zero, as before, which gives
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Having obtained these coefficients, the procedure to reach Eq. (4.181) is again exactly the same as before
and is executed using the same Mathematica code with the new coefficients substituted.

6.2. Circular cases

The eigenvalues of the circular cases are obtained with the same procedure as before. The totals of the mag-
nitudes of the eigenvalues for a sampling of the second concave region are shown in Figs. 6.1 to 6.4. We
find once again that the real parts are diminished as we approach the line 2a — § = 90°, however, just like in
the first concave case the real parts do not vanish, not even 0.1° away from this line, as shown in Fig. 6.4 and
below in Fig. 6.6.

6.3. Eccentric cases

The monodromy matrices for the eccentric cases are generated with the same integration technique as intro-
duced in Section 4.9. The precision of the generated monodromy matrices is checked using the same method
as for the convex and first concave cases. For each eccentricity, the determinants of the 196 monodromy ma-
trices are calculated and checked for the biggest deviation from 1. In this way we obtain a precision estimate
for the monodromy matrices for each eccentricity, because they must be at least as precise as their determi-
nants. The results are shown in Tables 6.1 and 6.2.
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Figure 6.2: Front view of the total magnitudes of the real parts of the eigenvalues for the second concave domain.

BI°]

Eccentricity | Precision Max determinant Min determinant
0 17 | 1.000000000000000006126 | 0.9999999999999999999997
0.1 17 | 1.000000000000000002338 | 0.9999999999999999985516
0.2 17 | 1.000000000000000002559 | 0.9999999999999999982572
0.3 17 | 1.000000000000000002598 | 0.9999999999999999973959
0.4 16 | 1.000000000000000004759 | 0.9999999999999999904998
0.5 16 | 1.000000000000000015420 | 0.9999999999999999740633
0.6 16 | 1.000000000000000030069 | 0.9999999999999999559660
0.7 15 | 1.000000000000000288767 | 0.9999999999999999208465
0.8 15 | 1.000000000000001595564 | 0.9999999999999996372316
0.9 14 | 1.000000000000009919441 | 0.9999999999999972347007

Table 6.1: Precision of the monodromy matrices of the coarse sampling of the second concave cases, corresponding to Fig. 6.5.
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Figure 6.4: Zoom view of the total magnitudes of the real parts of the eigenvalues near the limit line of the second concave domain.
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Eccentricity | Precision Max determinant Min determinant
0 17 | 1.000000000000000006782 | 0.9999999999999999999977
0.1 17 | 1.000000000000000002112 | 0.9999999999999999975577
0.2 17 | 1.000000000000000003825 | 0.9999999999999999964100
0.3 17 | 1.000000000000000003528 | 0.9999999999999999963131
0.4 17 | 1.000000000000000003991 | 0.9999999999999999965337
0.5 16 | 1.000000000000000004011 | 0.9999999999999999948461
0.6 16 | 1.000000000000000004375 | 0.9999999999999999944293
0.7 16 | 1.000000000000000012308 | 0.9999999999999999890511
0.8 16 | 1.000000000000000023135 | 0.9999999999999999750982
0.9 15 | 1.000000000000000207090 | 0.9999999999999998990869

Table 6.2: Precision of the monodromy matrices of the fine sampling of the second concave cases near the line of minimum g,

corresponding to Fig. 6.6.
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Figure 6.5: Sums of absolute values of characteristic multipliers for a sampling of the possible concave cases of the second kind for
eccentricities from 0 to 0.9. The coloured plane has height 8, which would be the sum of 8 multipliers on the unit circle.
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Figure 6.6: Stability diagram for the concave cases of the second kind near the limit line fore=0,e=0.1,e=0.2,e=0.3,e=0.4,e=0.5,
e=06,e=07,e=0.8,e=0.9.

The absolute values of the characteristic multipliers are plotted in Fig. 6.5. Clearly, none of the configu-
rations from the coarse sampling are linearly stable. The linear stability results of a fine sampling near the
line of minimum p are represented in Fig. 6.6 for ten values of eccentricity. Given that none of the samples
are linearly stable in the circular case and noticing the destabilizing effect of eccentricity in Fig. 6.5, it is not
surprising that we do not find any linearly stable configurations for any value of eccentricity.

6.4. Closing remarks

We see that in the second concave case, similarly to the first, linear stability increases as the configurations
appoach the coorbital line 2a — 8 = 90°. This time however, increasing « is stabilizing, since it increases the
mass of the central body (Fig. 2.8), while increasing f moves the central body away and reduces its mass,
therefore is destabilizing. It is interesting to note that, not unlike for the first concave cases, the eigenvalues
in Fig. 6.4 almost become imaginary, but do not quite reach linear stability. Even the bottom-right most
configuration in Fig. 6.6, a = 74.9°, f = 59.9°, is unstable, which may be surprising looking at the dominant
center mass and surrounding body positions in Fig. 2.8.

The instability of the bottom-left corner ties in with the previously known result that the configuration
with three equal masses at the vertices of an equilateral triangle with a body of arbitrary mass in the middle is
unstable for all mass ratios [39]. Since the middle body is right in the center of mass, this central configuration
is right on the border of the first and second concave cases of the present work (the singular configuration
marked 'S’ in Fig. 2.5), both of which are found to always be unstable.

The results also tie in with the analysis of the restricted four-body problem in [5], where the author finds
that the libration points, obtained by setting either of the masses on the symmetry line in the concave con-
figurations equal to zero, are unstable for any finite masses of the remaining three bodies. Our results show
that this property is extended to the non-restricted cases as well.






Verification and validation

7.1. Verification of linear stability

While moving through the computations laid down in Part I various verification steps were performed to
ascertain the correctness of intermediate and final results and expressions. This section lists the main checks
that were performed.

7.1.1. Coefficients of the Hessian

In assessing the linear stability, the linearization procedure is fundamental and, admittedly, a step where
mistakes are easy to make due to the big number of similar double derivatives that have to be taken. The
correctness of the expressions for the linearization coefficients obtained by evaluating the partial deriva-
tives at the periodic solutions in Sections 4.3, 5.1 and 6.1 was verified with the aid of Mathematica. Using a
FullSimplify routine the equivalence of each of our expressions with the partial derivatives independently
evaluated by Mathematica was checked.

Furthermore, having obtained the linearized matrix JD? H(y (1)) for the convex cases, the fact that y sat-
isfies the linearized system was exploited to check in Egs. (4.123) to (4.125) thatindeed y = J D*H (y(®)y. This
identity only holds if the linearization has been performed correctly.

7.1.2. Decoupling

Next, the v coefficients constituting the transformed matrix (4.140) produce exactly the decoupling which

V12

was anticipated, with the two by two matrix containing exactly the two +1 multipliers that were

V21
needed, as shown in Egs. (4.161) to (4.165). This is evidence that the matrix V(¢) = P~'JD?H(y (1)) P was
computed correctly, otherwise the terms would be very unlikely to cancel and produce just the decoupling
that we were after.

7.1.3. Final matrix

The simplified final form of our linearized equations, given by the coefficient matrix Eq. (4.181) is validated in
Section 4.6. It produces the correct eigenvalues for the square circular solution, as demonstrated in Figs. 4.3
and 4.4 through comparison with independently computed eigenvalues in [18].

7.1.4. Perturbation method

The correctness of expressions in Section 4.8 is verified through the fact that the expressions for the coeffi-
cients of the reduced polynomial in terms of traces of the fundamental matrix plugged into the disriminant
expression (4.207) results in 0 for the zero-degree term in Eq. (4.226) when evaluated at a multiple eigenvalue.
At first this was not the case and a mistake was detected using this check, since the discriminant is zero if and
only if at least two roots are equal.
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7.1.5. Numerical integrators

As mentioned in Section 4.9.1, the precision and accuracy estimates are verified by numerically computing
the monodromy matrix for the circular square case and comparing the multipliers with analytically obtained
ones.

7.1.6. Monodromy matrices

We exploit the fact that the monodromy matrix of a Hamiltonian system is symplectic and, therefore, has
determinant 1 to check the precision of the numerically generated monodromy matrices. The maximum and
minimum determinants for all cases are listed in Tables 4.5, 4.6, 5.1, 5.2, 6.1 and 6.2. The biggest detected
deviation from 1 in a determinant is 2.6 x 10~'4 in the first concave case.

7.1.7. Characteristic multipliers

Plotting the characteristic multipliers for the linearly stable configurations in Figs. 4.12 to 4.14, 4.16 to 4.18,
4.20, 4.21 and 4.23 verifies that eight unique multipliers lie and travel along the unit circle in exactly the
symmetric fashion which is expected of eigenvalues of a symplectic matrix. Furthermore, at the places where
stability is lost we see multipliers colliding and splitting off into the complex plane (a Krein bifurcation),
which again confirms that these numerically computed values are behaving according to their mathematical
properties. Finally, seeing that throughout most of the identified linearly stable regions we have eight distinct
multipliers on the unit circle offers assurance that our solutions are truly linearly stable: because stability can
only be lost through a collision and our coefficient matrix is continuous in terms of a and f, we have that a
sudden instability cannot occur until the multipliers traveled on the circle and collided. This is in contrast to
if we were to have spectral stability.

7.1.8. Linear stability

As discussed in Sections 4.10, 5.4 and 6.4, the linear stability results are validated by the fact that they show
exactly the kind of behaviour as is described in literature (for instance [19, 29]), that is, increased stability
around configurations with a dominant mass and ring-like positioning.

Furthermore, the results in Part II serve as validation of the linear stability results. There we numerically
integrate the 10-dimensional, non-linear equations with a symplectic integrator for up to 200 periods and
compare the observed stability properties with those of Part I. Perfect agreement is found between the re-
sults obtained with these two independent approaches, even for the unusual result of the sole linearly stable
solution in Fig. 4.19.
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Long-term numerical integration

In the previous chapter, the linear stability of a range of central four-body configurations was assessed. In
that sense, the conclusions were quite clear. However, some results suggest to have an alternative look at the
stability behaviour, if only to verify that results are as they were found. To this aim, we perform direct, long-
term numerical integrations of the reduced non-linear system of differential equations (Egs. (3.62) to (3.68))
for several cases found to be stable or unstable by the linear analysis. This independent approach serves
to verify the stability conclusions drawn in the previous part and gain confidence that indeed our periodic
solutions behave as expected.

8.1. The system

As explained in Chapter 3, our non-linear system is a conservative Hamiltonian system with the Hamiltonian
function Eq. (3.61) constant for all time. The center of mass, linear momentum, rotational symmetry and
angular momentum have been eliminated, therefore the system of differential equations Egs. (3.62) to (3.68)
has 10 dimensions, represented by the state variables r», Rz, 13, R3, ¥, I, 14, Ry, ¢ and ®. As explained in
Chapter 3 all relevant dynamics of the entire four-body system are described by the reduced system, therefore
we can get our stability results by integrating just the 10 state variables above. Furthermore, for simplicity we
choose units such that G = 1 and omit them from the rest of this chapter, since the focus here is on the
qualitative behaviour of the solutions, on which units have no effect.

8.2. Numerical integration technique

Since we have a Hamiltonian system, a symplectic integrator would be well suited, as, by design, the integra-
tion steps yield symplectic maps, which adhere to the rules of Hamiltonian dynamics, namely, the symplec-
tic 2-form (3.6) is preserved between states. When applied to Hamiltonian systems, these integrators keep
a nearby Hamiltonian approximately conserved for exponentially long times [37]. This property results in
more accurate long-term qualitative behaviour of the solutions, as is especially clear by looking at the phase
portraits of Hamiltonian systems obtained with conventional and symplectic integrators [37].

Unfortunately, the built-in SymplecticPartitionedRungeKutta methods do not work with our system, be-
cause the canonical coordinate changes we used to arrive at the 10-dimensional system made the new mo-
mentum variables depend on the position variables, which destroyed the separability of the system (at first
the kinetic energy only depended on the momentum variables and the potential energy only on the posi-
tion). However, there is still a built-in symplectic integrator option, which does not require separability of the
kinetic and potential energies. This is the Gauss implicit Runge-Kutta method [37].

115



116 8. Long-term numerical integration

0.20 — . , . , 0.20 p
0.15 ] 0.10[ ] 0.15
0.10} ] 0.10
0.05f ]
0.05 ] 0.05
L 0.0 L 0.00f L 0.00
541 R ~
-0.05 ] -0.05
-0.05 ]
-0.10 1 -0.10
-0.15 {1 -o10} 1 -015
-0.20 b . : —0.20 b
20 22 24 26 28 10 1.1 12 13 14 13 14 15 1.6 1.7 1.8 1.9
r2(-1 r3[-1] r4(-1
4_
25}
3T 2.0}
'T' —_
=0 . eL 15¢ o
1.0f
1,
0.5}
ot . 0.0F .
~1.57079633 3.14159265
y(rad] ¢p[rad]

Figure 8.2: Phase portraits of the e = 0.2 square case integration with 4th-order Gauss implicit Runge-Kutta method for 47.
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Figure 8.1: Values of the Hamiltonian function at each time step of the Gauss implicit 4th-order Runge-Kutta integration on the left and
12th-order Adams integration on the right.

For comparison we perform a short integration of the square configuration with e = 0.2 with the 12th-
order Adams method and 4th-order implicit Gauss Runge-Kutta technique. The Hamiltonians for both cases
are plotted in Fig. 8.1, while the phase portraits (a dot is placed in phase space at every time step of the
integration) are shown in Figs. 8.2 and 8.3. We see clearly how the value of the Hamiltonian fluctuates around
the true value with errors as large as 0.004 for the Adams integration, whereas with implicit RK we have only
deviations smaller than 10~'4. This is reflected in the quality of the phase portraits, which for the symplectic
integration show nicely periodic behaviour: the position variables trace out a repeating circular shape and
the angle variables stay a constant dot. With the non-symplectic integrator the circular figures are distorted
and the angle variables fail to stay constant. Therefore, all the subsequent integrations in this chapter are
performed with the Gauss implicit Runge-Kutta method of 4th order. The exact settings are the following:

NDSolve [
Method -> {"ImplicitRungeKutta", "DifferenceOrder" -> 4},
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Figure 8.3: Phase portraits of the e = 0.2 square case integration with 12th-order Adams method for 47T.

StartingStepSize -> 1/100, MaxSteps -> Infinity,
WorkingPrecision -> 20, PrecisionGoal -> 10, AccuracyGoal -> 10]

In principle, to prove non-linear stability with this straight-forward method we would have to run the
simulation for an infinite number of periods. However, as mentioned in the introduction to this chapter, we
would like to make use of an independent approach to gather evidence that our linear stability analysis has
been executed correctly. For this, it will suffice to run the simulations for 200 periods, after which, if the
periodic solution has remained bounded we will consider it as stable. Propagating a seemingly stable kite
solution for 200 periods on the author’s machine takes around 1.5-2 hours.

8.3. Convex configurations
In this section we perform long-time integrations of selected cases from the convex domain and compare
the resulting behaviour with the linear stability results of Section 4.9. Since all of our cases are periodic,
the symplectic integrator produces nice periodic behaviour like seen in Fig. 8.2 for more than 650 periods,
possibly indefinitely. Therefore, to test the stability of the configurations we introduce perturbations in the
initial conditions and see whether the bounded periodic behaviour is maintained or broken.

For convenience, we set the nominal initial conditions to be at the periapsis of the periodic solution
(Egs. (4.7) and (4.19)), 8(0) = 0, which, in turn, means that R(0) =0 and

2

r(0) = —
T 1l+e

Without losing generality, we also choose the initial scaling to be r(0) = 1. This gives the relation w? = 1+ e
along with the following unperturbed initial state variables:

T2 =€ Ry =0

r3k0 =0 R3k0 =0

Tagy = Ca Ry, =0 8.1)
__n _ 2 2

Y= =5 Tio = (Msc + Mycy)w

2
Gro=7 Do = Mycjw
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In the following, we will use Eq. (8.1) as nominal initial conditions, to which we will introduce perturba-
tions as a test of non-linear stability.

8.3.1. Square configuration

We choose to start our numerical analysis with the square configuration, shown in Fig. 8.4. Since the square
solution is well known to be unstable (see Section 4.6) we use it as a ground case to verify that the numerical
simulation produces the expected behabiour.

o=45°% =45°

1.00 A [ )

0.75 1
0.50
0.25 1
0.00{ @ o

~0.25

~0.50
~0.75

-1.00 A [ )

-1.0 -0.5 0.0 0.5 1.0

Figure 8.4: The special case of the square central configuration with all masses equal. Periodic solutions in this configurations are
well-known to be linearly unstable. Unit radius is chosen for optimal viewing in each case and is not to scale. Unit distance is chosen to
be the distance from the axis of symmetry to one of the equal masses.

e = 0.44, perturbationin r, The period in this case is

T =210 (1-¢) > =27v1+044" (1-0.442) "% = 14,9933 (8.2)

We apply a slight perturbation in the r, initial value, r2(0) = ro,, (1 + 1079), and just after 100 time units
or 6.6 revolutions we see the solutions becoming unbounded, as seen in the phase portraits in Fig. 8.5. This
agrees with the fact that the square configuration was found to be unstable.
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Figure 8.5: Phase portraits of the e = 0.44 square case integration with perturbation r5(0) = r2;, (1 + 1079) over an interval of ¢ = 100.

e = 0.2, compensating perturbations in y(0) and I'(0) As a second case we attempt to "compensate" the
perturbation to the angle variable by dividing the conjugate momentum variable by the same factor. To this
end we apply y(0) = yxo (1 +107%), ['(0) = T'xo/ (1+ 107%). The hypothesis here was that perhaps a perturba-
tion which mimics a symplectic transformation might retain stability. However we see in Fig. 8.6 that stability
is lost after four periods.
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1.6 1.8 2.0 2.2 2.4 26 238 1.0 15 2.0 2.5 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
r2 I3 Ta
' ' ' 15F
241
1o}
221
—
2.0}
1.8}
1.6 - . A e
_25 -20 ~15 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
Y ¢

Figure 8.6: Phase portraits of the e = 0.2 square case integration with perturbations y(0) = yo (1 + 10_9), T0)=Tgo/1+ 10_9) over an
interval of t =4T.
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e = 0.2, Hamiltonian preserving perturbationsin r, and R,  As a third experiment, we apply a perturbation
such that the Hamiltonian function is left unchanged. We use the expression for R, in terms of &, given
in Eq. (3.73) to calculate the R, initial value which compensates the perturbation r2(0) = rz,, (1 + 10’9) and
keeps the original Hamiltonian value. The hypothesis that this might preserve stability does not hold up and
we again see divergence of the solution just after four periods (Fig. 8.7).

0.2F ———————————
0.15 1
0.1 0.2t
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0.0 >' 0.1f
o1l _ 005 .
: = = oo}
—02}: 0.00 i .
—03} ¢ -0.05 odl
_o4lb -0.10
. . . . . -0.2L . ., ; , . . . .
1.0 1.5 2.0 2.5 3.0 1.0 1.2 14 16 1.8 14 16 1.8 2.0 22 24 2.6
T2 T3 T4
2.2+¢
3.0r ! 2.0t
1.8}
—~ L=
25+t
1.6}
14}
2.0+
-24 -22 -20 -18 -16 -14 0 1 2 3 4 5 6
Y ¢

Figure 8.7: Phase portraits of the e = 0.2 square case integration with perturbation r(0) = ro w0 a+ 10’9), R2(0) = /-~ over an interval
of t=4T.

Hence, we see that all three perturbations result in divergence of the solution just after a few periods,
agreeing with the strong linear instability of the square solutions.

8.3.2. Case @« =59.9°, f =15.1°,¢=0.3

The first linearly stable case we consider is the bottom left case in Fig. 4.22, illustrated in Fig. 8.8. As the
solutions generally seem to be more strongly stable in the bottom left direction in the stability plots Figs. 4.15,
4.19 and 4.22 we expect that this solution should pass our test and keep its periodicity.
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«=59.9° p=15.1°

1.0 A ([ J
0.5
0.0 1 .
-0.5 1
-1.0 {
-0.5 010 015 liO 115 210

Figure 8.8: The case @ =59.9°, f = 15.1°. The radii of the bodies are proportional to cube roots of the masses, such that the volumes
would be directly proportional to the masses. Unit radius is chosen for optimal viewing in each case and is not to scale. Unit distance is
chosen to be the distance from the axis of symmetry to one of the equal masses.

The period in this case is

_ 3 _
T =20 (1-¢?)* =27v1+03 (1-0.3%)"* =10.7283 (8.3)

Perturbationin r2(0) We start by perturbing the initial value r2(0) = r2,, (1 +107%). Running the simulation
for 200 periods confirms the hypothesis and we see nicely periodic motion in the position variables and
semi-periodic motion in the angle variables in Figs. 8.9 and 8.10. The perturbation causes the angle variables
to not stay constant anymore, but wiggle around the initial values, however around 199 periods at ¢ = 2130
the motion has remained bounded with the angles oscillating in a neighborhood of about 0.00000001 rad.
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Figure 8.9: Phase portraits of the e = 0.3, @ = 59.9°, § = 15.1° case integration with perturbation r2 (0) = r2,, (1 + 10~9) over an interval of
t=2130.
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Figure 8.10: Phase portraits of the e = 0.3, @ = 59.9°, § = 15.1° case integration with perturbation r»(0) = 240 1+ 10’9) over an interval
of t=10T.

Perturbation in r3(0) Applying the perturbation r3(0) = r3,, (1 + 10‘9) we find the same behaviour as when
2(0) is perturbed, see Figs. A.1 and A.2.

Perturbation in y(0) Applying y(0) = Yo (1 +107?) we find the same behaviour as when r,(0) is perturbed,
however now the ¢ angle seems to follow even more irregular oscillations, see Figs. A.3 and A.4.

Perturbationin r4(0) Applying r4(0) = 4, (1 + 10~%) we find again the same behaviour, except now ¢ oscil-
lates with a bigger amplitude, in a neighborhood of about 0.0000003 rad, see Figs. A.5 and A.6.

Perturbationin ¢(0) Perturbation ¢(0) = ¢y (1 + 107%) results in the usual behavior, with angle oscillations
in a region of about 0.00000001 rad around the initial values, see Figs. A.7 and A.8.
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Perturbation in R,(0) Now perturbing the momentum variable, we have to add 1079 to it, because the
initial value is 0 and cannot be scaled, R,(0) = 10~°. The resulting behaviour is again similar, this time almost
identical to the r3(0) perturbation, see Figs. A.9 and A.10.

Perturbation in R3(0) Perturbation R3(0) = 1072 produces almost identical results as the perturbation to
R»(0), see Figs. A.11 and A.12.

PerturbationinT'(0) ApplyingT'(0) = I'xo (1 + 107%) results in almost identical behaviour as the perturbation
in y(0), see Figs. A.13 and A.14.

Perturbation in R4(0) Perturbation R4(0) = 107° results in almost identical behaviour as the perturbation
in r4(0), see Figs. A.15 and A.16.

Perturbation in ®(0) Applying ®(0) = @y (1+ 10‘9) results in almost identical behaviour as perturbation
in ¢(0), see Figs. A.17 and A.18

We see that perturbations in all 10 initial conditions resulted in retention of the periodic orbit even after
199 periods, with only small bounded oscillations persisting from the perturbations. This is in accordance
with our result of linear stability for this configuration.

8.3.3. Case a = 39.7°, § = 25.3°%, ¢=0.2

Now we turn to the peculiar case of the isolated stable island in Fig. 4.19, illustrated in Fig. 8.11.

o=39.7°, p=25.3°

1.0 4 [}
0.5 1
0.0 4 [ ] ‘
-0.5 1
-1.0 A [}
—ll.O —(;.5 010 015 110

Figure 8.11: The a = 39.7°, § = 25.3° configuration. The radii of the bodies are proportional to cube roots of the masses, such that the
volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing in each case and is not to scale. Unit
distance is chosen to be the distance from the axis of symmetry to one of the equal masses.

The period in this case is
3 -
T=21v1+02 (1-0.22) "% =8.78102

Once again, we perturb each initial condition by 10~ and integrate the system for 200T.

Perturbation in r2(0) Applying r2(0) = rp,, (1 +107%) we find again the nice periodic motions of the radius
variables, this time on different scales though, as the geometry is different. The angle variables also follow
familiar oscillations, this time y oscillates in an interval of around 0.00000003 rad, while ¢) moves about in an
interval of about 0.00000015 rad around the initial value, see Figs. 8.12 and 8.13.
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Figure 8.12: Phase portraits of the e = 0.2, @ = 39.7°, f = 25.3° case integration with perturbation 2 (0) = r» X0 1+ 10’9) over an interval
of t =1756.
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Figure 8.13: Phase portraits of the e = 0.2, & = 39.7°, § = 25.3° case integration with perturbation e = 0.2, r2(0) = 2, , (1 + 1079) over an
interval of t =107

Perturbation in r3(0) Perturbation in r3(0) = r3,, (1+ 1079) produces very similar patterns, this time y
varies in a region of around 0.00000001 rad, while ¢ moves about in a neighborhood or around 0.00000003
rad, see Figs. A.19 and A.20.

Perturbation in y(0) Perturbation y(0) = Yo (1 +107°) produces similar results to the r,(0) perturbation,
with the angle variations of the same magnitude, see Figs. A.21 and A.22.

Perturbation in r4(0) Applying r4(0) = r4,, (1 +107%) we find very similar results to the r3 case, with ¢ mov-
ing in a neighborhood of around 0.00000007 rad, see Figs. A.23 and A.24.

Perturbation in ¢(0) Perturbing ¢(0) = ¢pgo (1+ 1079) produces the familiar patterns, but this time the
range of motion of the angle variables is larger. Not surprising, as we directly perturbed one of the angle
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variables. y now moves in a region of around 0.0000009 rad, while ¢ moves about in a neighborhood of
around 0.000001 rad, see Figs. A.25 and A.26.

Perturbation in R;(0) Applying R, (0) = 10~ produces almost identical results to the perturbation in r(0),
see Figs. A.27 and A.28.

Perturbation in R5(0) Perturbation R;(0) = 107 produces almost identical results to the perturbation in
r3(0), see Figs. A.29 and A.30.

Perturbation in I'(0) Perturbation I'(0) = I'yo (1+ 107%) produces almost identical results to the perturba-
tion in y(0), see Figs. A.31 and A.32.

Perturbation in R4(0) Setting R,(0) = 10~° produces almost identical results to the perturbation in r4(0),
see Figs. A.33 and A.34.

Perturbation in ®(0) Perturbation ®(0) = @y, (1 +10~7) produces almost identical results to the perturba-
tion in ¢(0), see Figs. A.35 and A.36.

Once again, the long-term integrations confirm the linear stability results for the convex cases, as assessed
in Section 4.9, and the perturbed solution in each case remains in the neighborhood of the original solution
for 2007T.

8.4. Concave configurations of the first kind

The concave cases of the first kind were all found to be linearly unstable, therefore we expect all solutions to
diverge from the periodic solution as perturbations are applied. In this section we choose an arbitrary sample
and perform the numerical integration.

8.4.1. Case @ =50°, f=5° e=0.1
We choose to test the geometry shown in Fig. 8.14 for eccentricity 0.1.

a=50° p=5°

1.0 1 ()

0.5 1

0.0 1 ® [

—0.5 1

1.0 (]

-0.5 0.0 0.5 1.0 1.5

Figure 8.14: The unstable @ = 50°, § = 5° configuration of the first concave type. The radii of the bodies are proportional to cube roots of
the masses, such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing in each case
and is not to scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses.

The period in this case is
T=27vI+0.1 (1-0.12) " =7.35895 (8.4)
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Unperturbed £ =11T No perturbation needed in this case, as only after 11 periods we see divergence from

the periodic solution, see Fig. 8.15.
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Figure 8.15: Phase portraits of the e = 0.1, @ = 50°, 8 = 5° case integration over an interval of t =117.

Unperturbed ¢ = 200 Integrating for a slightly longer time shows the solutions becoming chaotic and un-

bounded, see Fig. 8.16.
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Figure 8.16: Phase portraits of the e = 0.1, a = 50°, = 5° case integration over an interval of ¢ = 200.
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8.5. Concave configurations of the second kind

For the second concave cases we again found instability for all periodic solutions. In this section we pick a
couple cases and test them against non-linear integration.

8.5.1. Case a =74°, f =59° e =0.1

The first geometry we try is shown in Fig. 8.17, for which we set e = 0.1.

o=74° B=59°
1.0 o
0.5 1
0.0 - o
-0.5
1w @
T T T T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 8.17: The unstable a = 74°, f = 59° central configuration of the second concave type. The radii of the bodies are proportional to
cube roots of the masses, such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing
in each case and is not to scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses.

The period for e = 0.1 is again

T =7.35895

Unperturbed £ =3007 Without perturbations this case remains periodic at least for 300 periods, as seen in
Fig. 8.18.
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Figure 8.18: Phase portraits of the e = 0.1, & = 74°, f = 59° case integration over an interval of  =3007.

Perturbation in 72(0) Applying the perturbation r2(0) = r2,, (1 + 10‘9) we quickly see the instability arise,

with the solutions diverging just after seven periods, see Fig. 8.19.
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Figure 8.19: Phase portraits of the e = 0.1, a = 74°, f = 59° case integration with perturbation r2(0) = r2,, (1 + 1e — 9) over an interval of
t=7T.

Compensating perturbation in y(0) and I'(0) We once again attempt here to "compensate" the perturba-
tion to the angle variable by dividing the conjugate momentum variable by the same factor. To this end we
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apply y(0) = yro (1 + 10‘9), I'0) =Tko/ (1+ 10‘9). We see that after around 30 periods the solutions are fully
chaotic, as shown in Fig. 8.20.
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Figure 8.20: Phase portraits of the e = 0.1, a = 74°, § = 59° case integration with perturbations y(0) =y (1 + 10_9),
[(0) =T/ (1+1079) over an interval of ¢ = 218.

8.5.2. Case @« =65°, f =55° e=0
We try another concave case of the second kind, this time for zero eccentricity, with geometry as shown in
Fig. 8.21.

®=65° p=55°
o @
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Figure 8.21: The unstable a = 65°, f = 55° central configuration of the second concave type. The radii of the bodies are proportional to
cube roots of the masses, such that the volumes would be directly proportional to the masses. Unit radius is chosen for optimal viewing
in each case and is not to scale. Unit distance is chosen to be the distance from the axis of symmetry to one of the equal masses.
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The period is

Perturbation in 72(0) Applying r2(0) = rp,, (1+ 10‘9) perturbation results in chaos just after four periods,
see Fig. 8.22.

03
0.6
0.2F S 0.10
0.1} F \{ oos} 4 04 ,
T 00} ) {— 000 iTo02p o
o — 1= ; —————
£ _oql 12 -0.05 £ 00 (\D@
o -0.10
' ~0.15} ‘ -02p
-0.3Ff :
~0.20} . 1 -04 .
12 14 16 18 05 10 15 20 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
r2[-] r3l-] ral-1
0.6}
0.6}
04}
04t A
T
= 0.2}
0.2} )
0.0}
0.0 1 o
) -02}
-35 -3.0 -25 -20 -15 -3. -2, -1 0.
ylrad] ¢plrad]

Figure 8.22: Phase portraits of the e = 0, & = 65°, § = 55° case integration with perturbation r(0) =z, (1+ 10’9) over an interval of
t=4T.

Perturbationiny(0) We get the same outcome for the y(0) = yxo (1 + 10‘9) perturbation as well, see Fig. 8.23.



8.6. Conclusions 131

0.2~ : S
A 0.12}
1 o010}
0.1} :
{008}
T 0.0»f gOAOG-f
= ! 17 004}
—oaf 0.02f
o.oo-h
—02be T
0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 1 2 3 45 6 7 8 2 4 6 8 10 12
r2[=] r3-] ral-1
05} 1 030 ]
0al 0.25} /
0.20} /o
— 03} | 1_ /
< eL 0.15
0.2} : ]
0.10}
0.1t 0.05}
0.0k i3 0.00E . . . ]
-16-14-12-10 -8 -6 -4 -2 2 -1 0 1 2
ylrad] ¢[rad]

Figure 8.23: Phase portraits of the e = 0, & = 65°, § = 55° case integration with perturbation y(0) = yo (1 + 10’9) over an interval of
t=4T.

8.6. Conclusions

To review, every case we put to test using non-linear long-time numerical integration behaved as predicted by
the linear stability analysis. While the linearly stable cases remained bounded for at least 200 periods for all
perturbations, every unstable case subjected to the same perturbations started diverging from the periodic
solution just after a few revolutions. The single concave case of the first type that was tested was especially
unstable, diverging by itself without any perturbation to the initial conditions (Fig. 8.15). All other solutions
needed a perturbation to distinguish the stable or unstable characteristics. Looking at Fig. 8.14, we see that
this solution has all four masses of a similar magnitude and is not ring-like in structure. This connects to
our remarks in Sections 4.10, 5.4 and 6.4, where we suggested these two properties are the recipe for stability
of circular and eccentric orbits alike. Perfect agreement of the linear stability results with the independent
approach of this chapter provides validation that the linear stability analysis has been performed correctly.
Furthermore, the combined results suggest that the linearly stable convex cases might possibly exist in the
universe, as they seem to be robust against various perturbations, whereas the concave cases could not pos-
sibly remain in a periodic orbit for long.
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Conclusions

9.1. Research questions

To summarize, we have provided answers to the main research question, "What are the stability properties
of kite central configurations of four bodies?” using two independent approaches. One of them focused on
linear stability, which we determined for samplings of the domains of all three types of kite central config-
urations. We did this for both the circular and elliptic periodic solutions. The circular ones were treated
using an analytical approach (only some algebra was done with the help of Mathematica), whereas numeri-
cal integration was employed to compute the Floquet multipliers to determine linear stability of the eccentric
orbits. These results answer research sub-question 1 in Section 1.3, ”Are the homographic solutions provided
by the kite central configurations linearly stable?”. Our answer is for the most part not, except a region near
co-orbital configurations in the convex case.

The second approach to assess the stability properties was a long-time numerical simulation of the non-
linear 10-dimensional system, defined after using first integrals to constrain the phase space. This approach
let us to put under test some of the solutions that were found to be linearly stable. Perfect aggreement was
found between the two approaches, where two of the convex solutions from the discovered stability region
that we tested under perturbations in initial conditions succesfully stayed near the homographic solution
until the simulation was stopped after 200 periods. In contrast, the tested unstable configurations usually
lost stability after less than 10 revolutions. These results are progress towards definitively answering research
sub-question 2, "Do the homographic solutions provided by kite central configurations possess non-linear
stability?”. The results we obtained do not prove a positive answer to this question, but they do hint that
the linearly stable convex periodic solutions, pinpointed in Section 4.9.2, are resilient to perturbations even
under the true non-linear dynamics.

Finally, we have decent evidence to attempt to answer the third research sub-question from Section 1.3,
"Can kite central configurations occur in real astronomical systems?”. Looking at the results from our two
stability investigations, it certainly seems possible that, provided four bodies of correct masses were started
on one of the stable convex kite homographic solutions, they would stay moving on or in a neighbourhood
of this periodic solution. The evidence we have to suggest that is the robustness against perturbations of the
two stable test cases, as well as the region of linear stability in the configuration space shown in Figs. 4.11,
4.15, 4.19 and 4.22. Having found not one linearly stable case, but a region, we can more strongly suggest that
real life occurence of convex kite periodic solutions is possible. First, because the probability of occurence
is simply higher when there is a continuous array of possible configurations, second, because stable neigh-
bouring configurations increase the structural stability of a solution (a perturbation in « is intuitively easier
to handle when the neighbouring orbits are also stable). Our analysis for the eccentric cases revealed that the
stable region has continuity also in the e direction, further reinforcing the integrity of these solutions.

That being said, celestial bodies have to first find their way into the somewhat thin strip of stability near
the co-orbital solutions. The fact that these solutions include a dominating mass, such as the two solutions
pictured in Figs. 8.8 and 8.11 help our case, because, as we know from observations, it is very common for a
massive body to catch smaller objects from its surroundings, be it asteroids, moons or ring material.

Another promising option for a real manifestation of a kite four-body solution was discussed in Chapter 1,
namely a binary star system in a kite central configuration with two other bodies, as proposed in [34]. How-

135



136 9. Conclusions

ever, upon comparing the obtained stability results, it turns out that such a system cannot be stable in a kite
configuration. The reason for this is that the only feasible convex kite configurations for such a system were
identified in [34] to be close to a rhombus configuration, which we identified as an unstable region. That is,
unless two of the masses are so small as to effectively be in the singular configuration, marked 'S’ in Fig. 2.2.
We have not investigated the stability of such limit cases in the present work.

In any case, we can reasonably expect three satellites to be orbiting a star in a 1:1 resonance close to the
co-orbital configuration, or three moons orbiting a huge planet. For instance, in the Solar system, Janus and
Epimetheus - moons of Saturn - constitute the largest co-orbital objects [34]. Another co-orbital example
is the minor planet orbiting white dwarf WD 1145+017 [34], which has been torn apart by the star and co-
orbiting with its scattered fragments. Thus, there are certainly possibilities. Thinking even more broadly, any
number of the stable cases may also apply to massive objects on a very large scale, such as star clusters, black
holes, galaxies or galaxy clusters, as long as the interaction between them may be approximated as Newtonian
gravitational attraction between 4 point masses (and one of them is dominating).

9.2. Research objective

The main objective we set out to achieve in the present work is to contribute to the body of knowledge of
celestial mechanics through a stability assessment of the four-body kite central conguration family. We have
succeeded in this goal inasmuch as we have the following results:

¢ Regions of linear stability have been found for the convex kite central configurations for circular as well
as eccentric cases.

* No stable cases were found for our sampling of the domains of the first and second concave cases for
any eccentricity.

¢ The linearly stable cases agree with the dominant mass and ring-like linear stability hypotheses.
» Exact eigenvalues were provided for the square central configuration.
¢ Binary star systems in kite central configurations with two planets were determined to be unplausible.

¢ A perturbation method utilising properties of reflexive polynomials to allow an analytical assessment
of an impact of a parameter on the stability of an eight-dimensional Hamiltonian system.

The perturbation method was developed closely following the method in [27], but nonetheless, it con-
tains new elements which allow an analytical application to an eight-dimensional planar four-body problem
by use of special properties of symplectic matrices and reflexive polynomials. This method allows an analyti-
cal assessment of the impact of the move to an eccentric orbit from a circular one on the stability of four-body
solutions. The author has not seen this or an equivalent method applied to solutions of the four-body prob-
lem in literature.

Finally, the correctness of these results has been ensured by validating with existing results and various
verification checks, listed in Chapter 7. It must be noted that the stable convex cases found all have one
dominant mass, which falls in line with the common axiom that configurations tend to be stable only when a
dominant mass is present.

9.3. Recommendations

There are several promising directions from this point, where worthwhile research could be done. First, as
mentioned in the previous section, we have not provided absolute proof for non-linear stability of any of
the kite configurations. Pursuing such a proof would pose a truly challenging, but exciting endeavour. As
mentioned in the present work, Lyapunov methods are known to fail in assessing stability of central configu-
rations [19]. Attempts to apply KAM theory around central configuration periodic solutions could chart new
territory.

A second improvement upon this research could be to analyze the limit and singular cases at the borders
and vertices of the domains of kite central configurations Figs. 2.2 and 2.5, as in the present work only sta-
bility of four-body configurations with all finite masses was considered. The limit cases, however, may offer
different possibilities for orbits of small masses or man-made satellites and should be investigated.
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Even yet, the results of the present research could be placed in the context of, for example, investiga-
tions of the restricted five-body problem, or limit cases of five-body central configurations, similarly to how
Lagrangian triangles play a role at limit cases of the kite CCs.

Finally, those well-versed in astronomy can certainly improve on answering our third sub-question, namely
whether kite central configurations can be observed in the universe.
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Non-linear numerical integration plots

In this appendix we put the figures with numerical integration results for the two stable convex test cases
investigated in Section 8.3 that were too redundant to include in the main body of text. In particular, the
following shows the results of long-time integration for perturbations of initial conditions in all other state
variables apart from r». All of them reinforce the verdict of stability.

A.1.Case @ =59.9°, =15.1°,¢=0.3

A.1.1. Perturbation in 3(0)
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Figure A.1: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation r3(0) = r3,, - (1 + 1079) over an interval
of t=2130.
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Figure A.2: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation r3(0) = 340" a1+ 10_9) over an interval
of t=10T.

A.1.2. Perturbation in y(0)
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Figure A.3: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation y(0) = y4o - (1 + 1079) over an interval of
t =2130.



A.1. Case @ =59.9°, f=15.1°, e =0.3 145

190.9480000 03232795565 |
190.9479995 [ 0.3232795565
0.3232795564 |

190.9479990 [
- — 0.3232795564 |

= 190.9479985 | © 0.3232795564

190.9479980 [ 0.3232795564 |
0.3232795564 |
190.9479975 [
0.3232795563 |
-1.57079633 -1.57079632 3.14159265 3.14159266
ylrad ¢lrad)]

Figure A.4: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation y(0) = y4o - (1 + 10_9) over an interval of
t=10T.

A.1.3. Perturbation in r4(0)
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Figure A.5: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation r4(0) = rg, - (1 + 1079) over an interval
of t=2130.
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Figure A.6: Phase portraits of the e = 0.3, & = 59.9°, f = 15.1° case integration with perturbation r4(0) = r4, - (1 + 1079) over an interval
of t=10T.

A.1.4. Perturbation in ¢(0)
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Figure A.7: Phase portraits of the e = 0.3, a = 59.9°, f = 15.1° case integration with perturbation ¢(0) = ¢ - (1 + 1079) over an interval of
t =2130.
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Figure A.8: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation ¢(0) = ¢z - (1 + 10_9) over an interval of
t=10T.

A.1.5. Perturbation in R, (0)
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Figure A.9: Phase portraits of the e = 0.3, @ = 59.9°, § = 15.1° case integration with perturbation Ry (0) = 10~ over an interval of £ = 2130.
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Figure A.10: Phase portraits of the e = 0.3, & = 59.9°, = 15.1° case integration with perturbation R, (0) = 10~? over an interval of £ = 107

A.1.6. Perturbation in R3(0)
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Figure A.11: Phase portraits of the e = 0.3, & = 59.9°, f = 15.1° case integration with perturbation R3(0) = 10~ over an interval of
t =2130.
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Figure A.12: Phase portraits of the e = 0.3, a = 59.9°, = 15.1° case integration with perturbation R3(0) = 1079 over an interval of £ = 10T.

A.1.7. Perturbation in I'(0)
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Figure A.13: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation I'(0) =T'z¢ - (1 + 1079) over an interval
of t=2130.
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Figure A.14: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation I'(0) =T'z¢- (1 + 10_9) over an interval
of t=10T.

A.1.8. Perturbation in R4 (0)
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Figure A.15: Phase portraits of the e = 0.3, & = 59.9°, f = 15.1° case integration with perturbation R4(0) = 10~ over an interval of
t =2130.
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Figure A.16: Phase portraits of the e = 0.3, & = 59.9°, = 15.1° case integration with perturbation R4(0) = 10~? over an interval of £ = 107

A.1.9. Perturbation in ©(0)
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Figure A.17: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation ®(0) = ®y - (1 + 1079) over an interval
of t=2130.
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Figure A.18: Phase portraits of the e = 0.3, @ = 59.9°, f = 15.1° case integration with perturbation ®(0) = @y - (1 + 10_9) over an interval
of t=10T.

A.2.Case @ =39.7°, =25.3°% e=0.2
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Figure A.19: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation r3(0) = r3,, - (1 + 1079) over an interval
of t=1756.
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Figure A.20: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation r3(0) = 30 a1+ 10_9) over an interval
of t=10T.

A.2.2. Perturbation in y(0)
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Figure A.21: Phase portraits of the e = 0.2, @ = 39.7°, = 25.3° case integration with perturbation y(0) = y 4o - (1+ 1079) over an interval of
t=1756.
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Figure A.22: Phase portraits of the e = 0.2, a = 39.7°, § = 25.3° case integration with perturbation y(0) = y 4o - (1+ 1079) over an interval of

t=10T.

A.2.3. Perturbation in 74 (0)
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Figure A.23: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation r4(0) = ry,, - (1 + 1079) over an interval

of t =1756.
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Figure A.24: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation r4(0) = Tapo a1+ 10_9) over an interval
of t=10T.

A.2.4. Perturbation in ¢(0)
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Figure A.25: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation ¢(0) = ¢4 - (1 + 1079) over an interval
of t =1756.
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Figure A.26: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation ¢(0) = ¢4 - (1 + 1079) over an interval
of t=10T.

A.2.5. Perturbation in R, (0)
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Figure A.27: Phase portraits of the e = 0.2, & = 39.7°, § = 25.3° case integration with perturbation Ry (0) = 10~ over an interval of
t=1756.
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Figure A.28: Phase portraits of the e = 0.2, & = 39.7°, § = 25.3° case integration with perturbation R, (0) = 10~? over an interval of £ = 107

A.2.6. Perturbation in R3(0)
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Figure A.29: Phase portraits of the e = 0.2, & = 39.7°, § = 25.3° case integration with perturbation R3(0) = 10~ over an interval of
t=1756.
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Figure A.30: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation R3(0) = 1079 over an interval of £ = 10T.

A.2.7. Perturbation in I'(0)
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Figure A.31: Phase portraits of the e = 0.2, @ = 39.7°, f = 25.3° case integration with perturbation I'(0) =T’z - (1 + 1079) over an interval
of t =1756.
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Figure A.32: Phase portraits of the e = 0.2, @ = 39.7°, f = 25.3° case integration with perturbation I'(0) =T’z - (1 + 1079) over an interval
of t=10T.

A.2.8. Perturbation in R4(0)
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Figure A.33: Phase portraits of the e = 0.2, & = 39.7°, § = 25.3° case integration with perturbation R4(0) = 10~ over an interval of
t=1756.
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Figure A.34: Phase portraits of the e = 0.2, a = 39.7°, f = 25.3° case integration with perturbation R4 (0) = 1079 over an interval of t = 10T.

A.2.9. Perturbation in ®(0)
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Figure A.35: Phase portraits of the e = 0.2, @ = 39.7°, f = 25.3° case integration with perturbation ®(0) = Oy - (1 + 1079) over an interval
of t =1756.
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Figure A.36: Phase portraits of the e = 0.2, @ = 39.7°, f = 25.3° case integration with perturbation ®(0) = Oy - (1 + 1079) over an interval
of t=10T.
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