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Abstract The conditions for relative equilibria and their stability in the Full Two Body
Problem are derived for an ellipsoid—sphere system. Under constant angular momentum it
is found that at most two solutions exist for the long-axis solutions with the closer solution
being unstable while the other one is stable. As the non-equilibrium problem is more common
in nature, we look at periodic orbits in the F2BP close to the relative equilibrium conditions.
Families of periodic orbits can be computed where the minimum energy state of one family
is the relative equilibrium state. We give results on the relative equilibria, periodic orbits and
dynamics that may allow transition from the unstable configuration to a stable one via energy
dissipation.
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1 Introduction

Over the past few decades, we witnessed a growing interest in studying small bodies of
our solar system. Some studies have indicated that about 16% of the Near-Earth Asteroids
may be systems of asteroid pairs, or binary asteroid systems (Margot et al. 2002). The prob-
lem formulation of the binary system itself has been posed and studied in earlier work, see
Maciejewski (1995), Scheeres (2003, 2006), Scheeres and Augenstein (2003), Fahnestock
and Scheeres (2006), Lee et al. (2007), Scheeres and Bellerose (2005), and Bellerose and
Scheeres (2007b). As the mass distribution of the bodies is considered, the problem is
referred to as the Full Two Body Problem (F2BP). Assuming a general formulation is possible
(Maciejewski 1995; Scheeres 2006). Fahnestock and Scheeres (2006) approached the prob-
lem using polyhedral mutual potential and potential derivatives while other studies have
used other mathematical methods such as Lie group computations (Lee et al. 2007).
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64 J. Bellerose, D. J. Scheeres

The conditions for relative equilibria and their stability in the F2BP are derived for a system
with one of the bodies being a sphere while the other one is of arbitrary shape (Scheeres
2006). An ellipsoid—sphere system was further investigated (Scheeres 2003; Scheeres and
Augenstein 2003) and equilibrium solutions and their stability for a spacecraft in this grav-
itational field have also been studied (Scheeres and Bellerose 2005; Bellerose and Scheeres
2007b).

In the first part of the current work, we investigate cases of relative equilibria for an
ellipsoid—sphere system under constant angular momentum. For convenience, we will refer
to this problem as the F2BP. We show existence and stability properties of these solutions and
give some results. We also look briefly at relative equilibria for different values of angular
momentum and give a short discussion on how these can be linked to the formation and
evolution of a binary system.

As the non-equilibrium problem is more common in nature, studies have looked at periodic
orbits in the F2BP for an ellipsoid—sphere system (Bellerose and Scheeres 2005, 2007a). As
a first approximation, the motion of the binary system was set as constant, where the ratio of
the angular spin of the general body to their system orbit rate was a free parameter. Although
useful for computations, this approximation allows systems that do not exist in nature. In
the present work, we solve for the real dynamics of the F2BP under non-equilibrium con-
dition. We can show existence of periodic orbits near relative equilibria where the stability
of the periodic orbits follows the relative equilibria stability properties. We also link these
two topics through energy consideration; for a family of periodic orbits, relative equilibrium
parameters give the minimum energy state for this family.

For computing periodic orbits, it is more convenient to choose a frame fixed to the
general body as this permits us to eliminate its attitude dynamics from consideration. We
define a surface normal to the flow and integrate the system until it crosses the surface of
section. Using this approach, we can converge on symmetric periodic orbits after correct-
ing the initial states and iterating until the difference between the initial and final state is
small. By linearizing the system near relative equilibria, an approximation method is
also derived in order to facilitate the computation and use of periodic orbits near relative
equilibria.

2 The Full Two-Body Problem
2.1 Geometry of the problem and equations of motion

The Two-Body Problem considers the dynamics of two spherical bodies in orbit about each
other. We refer to the Full Two-Body Problem (F2BP) when we consider the mass distribu-
tion of at least one of the two bodies. The general situation is shown in Fig. 1a. Without any
approximations, this system involves 12 degrees of freedom. The sphere restriction shown
in Fig. 1b reduces the problem to lower dimension. In total, six degrees of freedom can be
removed from the conservation of angular momentum and the rotational dynamics of the
sphere while keeping the interesting dynamical features (Scheeres 2006).

In the current work, we study the dynamics of an ellipsoid—sphere system, and refer to it
as the F2BP. In Fig. 2, we define M| and M; as the masses of the spherical and ellipsoidal
shapes, respectively, with a mass fraction defined as

M,

V= ————. 1
My + M, W
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Energy and stability in the Full Two Body Problem 65

Fig. 2 F2BP: geometry of the problem

In dimensional form, the position of the two bodies relative to their center of mass are
Fe = —Vrp 2)

and
rs = (1 —v)rp, 3)

where subscripts e and s refer to the ellipsoid and the spherical body, respectively, and rp
is the position vector of the sphere relative to the ellipsoid. For a rotating coordinate frame
fixed to the ellipsoidal body, the two bodies’ relative dynamics are defined by

i U
fj,+2SZ><r'b+SZ><rb+SZ><(Slxrb)=G(M1+M2)a— 4)
rp

and the rotational dynamics of the ellipsoid are described by

. . aU
T-Q+Qx1-@=-GMir, x —, 5)
orp

where 2 is the angular velocity of the ellipsoid and 1 is its inertia matrix normalized by its
mass (Scheeres 1998). In the general case, U is the mutual potential, defined as

L dmG
0= [ ©)
My Jg, |rp + Pl

where p is the position vector of a mass element of the ellipsoid. Note that, since the frame is
fixed to the ellipsoidal body, the mutual potential is time-invariant. This is true independent
of whether the system is in relative equilibrium.
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66 J. Bellerose, D. J. Scheeres

To simplify the computation, the maximum radius of the ellipsoid, o, and the mean motion
of the system at this radius, n = /G(M; + M>) /a3, are chosen as length and time scales,
respectively. Let @ be the normalized angular velocity of the ellipsoid.

As derived in (Scheeres 1998), in Lagrangian form the F2BP dynamics can be written as

follows
U

't‘+2w><i*+(bxr—|—wx(w><r):8— 7)
r
and -
I o+wxI -w=—-vrx —. (8)
ar
Using the normalized units, the mutual potential, U, and the inertia matrix of the general
body, I, are expressed as
o dm(p)
_* / ©)
M> Jg, Ir+ pl
and !
I=——— p - pdm, 10
Mﬁ/y)pm (10)

where p is the position vector of a mass element of the distributed body. Note that (7)
represents the cross-product matrix.

Since we model the general body as an ellipsoid, the mutual potential, U, can be written
in terms of elliptic integrals (Danby 1992). We use the normalization above to express

3 [ dv
UZZA b0 ()
with 5 5 5
R e 0 A A
o) =1 1+v BZ+v  yr+w 12)
and
A(v) =\/(1 +v)(B2+v)(y? +v), (13)

where 0 < y < B < 1,y and B correspond to the z and y radii of the ellipsoid, and A satisfies

o, r) =0.
In the x — y plane, the Lagrange form of the equations of motion is given by Egs. (7, 8),

where U U
o=—2(xZ -2, (14)
I, ay ax
.. 2 . oUu
x:a)x—}-Za)y—}—a)y—i—a—, (15)
X
and U
J =’y — 20k — ox + —. (16)

dy

When considering planar motion, this model also allows us to write the system as a two
degree of freedom Hamiltonian system. The position of the sphere relative to the ellipsoid
in the plane is denoted as ¢ = r, and the inertial velocity is, p = 7 + @ X r. Using this set of
coordinates, we can write the energy and momentum integrals in normalized units as

1 1
E=_pp+-—I.0" —U(q) (17)
2 2v
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and !
K= Lo+i-(gxp). (18)

We can solve for the rotation rate w as function of K, g and p.
v ~
w=—[K-2 (gxp)] 19
IZZ

Hence, for given values of K, g and p, we can substitute for w into the energy equation,
Eq. (17)
1 v o 2
E=-pp+-—[K—-2-(gxp| —Ug. (20)
2 21,
Note that in this case, the energy integral is the Hamiltonian, or £ = H(q, p) with angu-
lar momentum K as a free parameter. For general three dimensional motion the angular
momentum cannot be eliminated in the same way, as its elimination would couple the rela-
tive attitude of the body into the energy (Scheeres 2006). In explicit form for planar motion,
Eq. (20) becomes

1 1% 2
H(@x, 4y, Prs py) = 5 (0 + py") + o [K = (@xpy = pegn)]” = Ulge,a0)- - @D
Y4
We can compute the dynamics with
. v
qx = pr = Px +QyT [K - (%cpy - PXQy)] , (22)
iz
. v
Gy = Hp, = py — ax 7= [K = (axpy = pxay)]. (23)
2z
. v U
Px = _qu = PyT [K - (pry - PxCIy)] + , (24)
2z 0qx
and
. v U
Py = _qu = _pXT [K - (%cpy - PxCIy)] + 37, (25)
44 qy

where the subscripts denote partial differentiation.

2.2 Relative equilibria for an ellipsoid—sphere system

A particular solution of the F2BP is for the two bodies to be in relative equilibrium. Relative
equilibrium conditions are found by setting all velocities and accelerations to zero in
Egs. (7, 8) or setting all time derivatives to zero in Eqs. (22-25). In the general case, this
involves six equations to solve for the position and angular velocity components or six for
position and momentum. Previous studies have looked at relative equilibria for arbitrary
mass distribution (Scheeres 2006). For the case of symmetry assumption on the gravitational
potential, Scheeres (2003) and Scheeres and Augenstein (2003) provide a discussion of the
properties of relative equilibrium in the F2BP and their stability. Note that only the planar
case is considered here.
Now consider the Hamiltonian system with an equilibrium solution where the two bodies
are aligned along the x-axis
q=1g.0" (26)

and
p=10,pl". 27)
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O

Long axis equilibria Short axis equilibria

Fig. 3 Configurations investigated for the Full Two-Body Problem

We solve for g with ¢ = p = 0 in Egs. (23, 24) and obtain

v
1= LK — gp] (28)
2zP
and
v
1(9) = 7= [K = gpl. (29)
229
where we express gTUx = f.’iq’ = —1(gq)q, with
3 [ du
=2/ —4 30
@) ZA + DHA®w) (30)

and A = g2 — o, Note that Z - (¢ x p) = ¢p. From Eq. (28), we express

(vgK/I;;)

= " 31
(1 + qu/lzz) GD

and substitute p in Eq. (29) to get
(VK /1)
(1 + Vq2/1zz)2

Given values of angular momentum, mass ratio and ellipsoidal parameters, we solve for the
possible distances between the bodies, g, for which the system is in relative equilibrium. For
the case of an ellipsoid—sphere system, two configurations exist: with the minimum moment
of inertia aligned with the axis joining the two bodies and where it is perpendicular to it. The
two cases are shown on Fig. 3. In the present work, we only consider the long-axis case as
only it can have energetically stable solutions (Scheeres 2003).

Previous work has mapped these relative equilibria solutions as a function of the mass
ratio, also characterizing their stability and energy properties (Scheeres 2003). Figure 4 shows
results for an ellipsoid with semi-major axes of « = 1, 8 = 0.5 and y = 0.25. On this plot,
every point is a relative equilibrium and the shaded region indicates the transition between
stable and unstable equilibrium. The solid line represents the transition from negative to
positive total energy of the system, i.e., E = 0. This indicates the capability of the binary
system to evolve into an escaping system with sufficient perturbation (possible for E > 0).
Finally the pointed dashed line indicates the distance between the bodies when resting on
each other assuming they have the same density. Note that each such relative equilibrium in
Fig. 4 corresponds to a different value of angular momentum in general.

As a binary system will most likely lose energy through internal dissipation and con-
serve angular momentum (see Scheeres et al. (2006) for a case study of 1999 KW4), we are
interested in studying its dynamics under constant angular momentum. For a given value of
angular momentum and a value for the system mass ratio in Eq. (32), we can solve for at most

I(q) = (32)
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Energy and stability in the Full Two Body Problem 69

Fig. 4 Stability diagram for 5 T T T T
planar motion in the long-axis
solution. The clear region denotes 45 - R
spectral stability while the shaded
one denotes a single hyperbolic 4 - J
manifold instability. The solid Energy =0 Equal density
line indicates transition from 35 - |
positive to negative total energy
of the system and the pointed qa 5. 1
dashed line assumes equal stable !
density of the binary bodies. o5 | "
Parameters are = 1, § = 0.5, ’ //
y = 0.25 (Scheeres 2003) ,
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Fig. 5 System with angular momentum, K = 1.715 (nondimensional), and ellipsoidal shape parameters
y = %ﬂ = 0.5. (a) Locus of solutions ¢ as function of the mass ratio, for a constant angular momentum.
The upper and lower branches represent stable and unstable solutions, respectively. (b) Energy plot of relative
equilibrium solutions as function of the mass ratio v, with constant angular momentum. The lower and upper
branches represent unstable and stable solutions, respectively

two relative equilibria, shown on Fig. 5a. We refer to the second solution as the conjugate
solution. There is one single solution, or bifurcation value, at the mass ratio, v*, and solution
¢*, which is at the left end of the U-shaped curve on Fig. 5a. For v > v*, the system has two
relative equilibrium solutions. Figure 5b represents the energy associated with the relative
equilibria of Fig. 5a; the upper and lower branches in (b) correspond to the lower and upper
branches in (a), respectively. It is clear that a system in the closer equilibrium configuration
has more energy. For the case of two solutions, in the next section we show that at a given
mass ratio v the closer equilibrium is always unstable while its conjugate solution is always
stable.
We define the “free energy” as

AE = Eyre — EsReE, (33)

where Eygrg is the energy at the unstable configuration and Egsgrp is the one at the sta-
ble equilibrium, which is also the minimum energy state. A binary system can be at a
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Fig. 6 Stability diagram for 5 ) T T T

planar motion in the long-axis \ Equal density conjugate

solution. The clear region denotes 45 - ‘\ : 4
spectral stability while the shaded \ Equal density

one denotes a single hyperbolic 4 - \ ]
manifold instability. The U-shape E=0 ‘\

represents a locus of solutions ¢ 35 - / \ ]
as function of the mass ratio, for \

a constant angular momentum;
we can find at most two solutions
given a value of angular
momentum. The upper and lower
branches are stable and unstable
solutions, respectively. The
dashed and pointed dashed lines Bl
are equal density solutions with 15 -
their conjugate. Ellipsoidal
parameters are @ = 1, 8 = 0.5, 1-
y =0.25

\ stable )
N

stable RE /

relative equilibrium solution associated with a positive energy or not. For positive energy the
equilibria are found to always be unstable. Furthermore, a positive total energy indicates that
the system can disrupt under its mutual dynamics (Scheeres 2002). For negative energy the
system is bound and the solutions can be stable or unstable. For a system dissipating energy,
the free energy gives a measure of the energy that must be dissipated to transition from an
unstable to a stable state.

Comparing Figs. 4, 5a, the U-shaped curve has its tip sitting on the stability transition
of the relative equilibria solutions. The resulting plot is shown in Fig. 6. The lower branch
is situated in the unstable shaded region of the plot while the upper branch is in the stable
region. We also show how the U-shaped curve fits with the conjugate solutions; the dashed
line on Fig. 6 are the conjugate solutions to the equal density solutions (pointed dashed line).
The intersections of the U-shaped curve with the dashed line correspond to two solutions for
equal density and the same angular momentum, having mass ratios of v = 0.5 and v = 0.96
in this case.

In addition to energy and stability properties, we can extract further information on the
system evolution in terms of energy and momentum exchange. The U-shaped curve shifts
to the right as the angular momentum is decreased which is shown in more detail on Fig. 7.
Thus, for a system in relative equilibrium at a solution located on the lower branch of a given
U -shaped curve, that is, in an unstable configuration, loosing angular momentum would make
this solution move upwards. Hence the bodies become more distant when loosing angular
momentum while approaching more stable configurations. Finally, a system with a higher
value of angular momentum value may have a solution with its energy being positive. In this
case, the system would first need to loose energy in order to become bound (E < 0) and then
evolve towards a more stable configuration.

2.3 Notes on evolutionary scenarios for an ellipsoid—sphere system

The results on relative equilibria combined with analysis of the dynamics of particles in the
vicinity of a binary system locked in its long-axis configuration (Bellerose and Scheeres 2006)
provide insights on mass and momentum exchange that may occur between the two bodies.
Bellerose and Scheeres (2006) we investigated the location of the analogue Lagrangian points
and energy associated with a particle orbiting in this gravitational field. Since the mass
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Energy and stability in the Full Two Body Problem 71

Fig. 7 Bifurcation solution g as 3.5 , , , ,
function of the mass ratio v, and ) ]
values of angular momentum X, increasing angular momentum
from 1.65 to 1.85 3r 4
(nondimensional) y = %,B =0.5.
The lower and upper branches
represent stable and unstable 25|
solutions, respectively
q 2f
15+
1L ]
05 L L L L
0.2 0.3 0.4 0.5 0.6 0.7

distribution of one of the bodies is now taken into account, L is a key element for trans-
fers between the bodies. It was shown that L can be situated between or inside the bodies
depending on the free parameters of the system modifying the transfer possibilities.

For the planar dynamics of a particle in this gravitational field, referred to as the Restricted
Full Three-Body Problem, taken from Bellerose and Scheeres (2007b) the equilibrium
solutions are computed from

wlx = 9 (li(x —)(12— V)Z) 2]% +(1 = v)(x + vr)Rjq, (34)
x—{(0=v)r)+y +z
and vy
0’y = ~+(1 —V)yRjg, (35)

[ =@ =v)r)? +y2+ 2]

where w is given by the solution of the F2BP, Eq. (19), and, in this case, x and y are the
components of the position of the particle and r is the distance between the bodies in relative
equilibrium.

The limiting case is for L to sit on the ellipsoid facing the sphere. In this case, the location
of the L coordinate would be (x,,, 0) where xz, is

xp, =1—vr (36)
Substituting xz, in Eq. (34), we obtain
o> —1(q)

v:(wr—aﬁg—lwﬂ' 7

Equation (37) is plotted on Fig. 8 showing the distance between the primaries  as a function
of the mass ratio v. The region above the solid line defines the parameters for which L; is
outside of the ellipsoid; the region below the solid line represents cases of L being inside
the ellipsoid.

A reasonable assumption for binary systems is that they have the same density between
the two bodies. To provide a better physical insight we compare the results of having L
sitting on the ellipsoid given above to the case of equal density between the two bodies. First,
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Fig. 8 Equations (37-41) are 3 T T T T

plotted together. The dash line

represents the value of the two 2871 1
body distance for the case of 26t |
constant density with the two -2 | Distance between binaries for

bodies in contact. The solid line 24} L1 sitting on the ellipsoid E
represents the locus of the mass

ratio v and the distance r between 22T i
the bodies for L to be sitting on ol / |
the ellipsoid, facing the sphere. r

For an equal density binary, the 18} J
transition for L from inside to

outside the ellipsoid happens at 161 T
r = 1.22, v = 0.08. Ellipsoidal 14 )

parameters are
[:B:y] =[1:0.5:0.25] 1.2

Distance between binaries
assuming .equal density

! 0 0.2 0.4 0.6 0.8 1

let’s expand on an equal density binary system. From the definition of the mass ratio, v
we have

b M, B ZHR}
(M1 + M)  HFp(R}+apy)

(38)

where R; is the radius of the sphere. Solving for Ry, we obtain

RS=|:aﬂy(lzv)i|§. (39)

Since the distance between the bodies can vary, and hence the location of L, the simplest
situation is to have the two bodies stay in contact with each other. Then the distance between
them can be varied. Here, with « = 1 from our normalization, we denote the distance between
the bodies as R and write

R =1+ R;. (40)

Substituting Ry from Eq. (39) into Eq. (40), we can express the distance between the

bodies as ]

R:l—i—[ﬂy(liv)]j. (41)

Equation (41) is the dash line plotted on Fig. 8, the distance R as a function of the mass
ratio v.

From Egs. (37-41), we can find conditions for L to be inside or outside of a binary system
with equal density. Given a value of the distance between the two bodies, r, we compute the
required value of the mass ratio for L touching the ellipsoid, from Eq. (37). Using this same
mass ratio in Eq. (41), we then compute the corresponding distance R between two bodies
with the same density. The meeting point on Fig. 8 indicates that L is sitting on the ellipsoid
for a case of equal density, which occurs for r = 1.22 and v = 0.08. Note that, in this
simple case, the sphere is also touching the ellipsoid. As B increases, this transition limit is
shifted up.

On Fig. 8, the region below the solid line indicates that » < R meaning L; would be
located inside the ellipsoid if the bodies were to be of equal density and resting on each other.
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In the region above the solid line, » > R and L is in the exterior region of the ellipsoid. As
the distance between the bodies increases, the path from the sphere to the ellipsoid would be
open to particles leaving one of the body. The connecting region is found from computing
the zero-velocity limits on the spherical body given a value for the Jacobi integral. Certain
conditions would allow particles to transit from one body to the other, which are investigated
in Bellerose and Scheeres (2006).

2.4 Stability analysis of relative equilibria in the F2BP
2.4.1 Spectral stability

Stability of relative equilibria is composed of two parts, spectral stability and energetic stabil-
ity. The conditions for spectral stability of a relative equilibrium of the F2BP were derived in
Scheeres (2003). In this case it is more convenient to write them in terms of the Hamiltonian
form of the equations of motion.

Given Eqs. (22-25), a small perturbation to the nominal path is

8q | _ dq
][]

01
J = [—I O] (43)
and [ is the identity matrix.

H,, represents the second derivatives of the Hamiltonian defined by Eq. (20),

where J has the form

00’ +Upq, 0 0 o(l—o0)
0 Upg, —® 0
0 -~ -1 0

o(l—o) 0 0 —(1+o0)

Hyx = (44)

In these expressions, o = vq.2 /1., and we used = (‘}(ﬂ;;) = /I (g) from substi-
tuting the relative equilibrium equation for p, Eq. (31), into the angular velocity equation,
defined by Eq. (19). The second order derivatives U, 4, and Uy, 4, are given in the Appendix.

The characteristic equation of J H, is found to be o

¢+ at’>+b=0, (45)

where
a=20*(1—-0)+B—(1+0)Uy,, (46)
b= (1 = 0)*(Ugyg, + @) = B(Uyyq, + 0*)(1 +0), (47)

and B = o’ — Ugiq.-
For stability to hold, the conditions to satisfy are

a >0, (48)
b>0, (49)

and
a’> —4b > 0. (50)
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In the case of a stable equilibrium solution, the system only has a center manifold and we
can compute two sets of imaginary eigenvalues. For an eigenvalue of the type { = =i, the
period of oscillation is computed using

_271
=

Hence, each stable solution has two frequencies associated with it.

An unstable solution will have one pair of imaginary and one pair of real eigenvalues.
The real eigenvalues are associated with a hyperbolic manifold which make the solution
unstable. Note that it is still possible to obtain the associated frequency of oscillation for the
system. Scheeres (2003) provides a more detailed derivation of these stability conditions. An
example of stability regions was shown in Fig. 4.

As mentioned in the previous section, in general it is possible to find two solutions for
given values of angular momentum, mass ratio and ellipsoidal parameters. There is always
one stable and one unstable solution which also correspond to the energetic stability of the
system discussed in the following section.

T (G

2.4.2 Energetic stability

Stability of a dynamical system can also be defined from its energy evaluation. A system is
energetically stable if there is no state at the same angular momentum with a lower energy
value. Scheeres (2006) energetic stability conditions are derived for a general gravity field
in the F2BP under constant angular momentum assumption. This corresponds to nonlinear
stability. In this section, we apply the method for our ellipsoid—sphere system model.

For stability of the equilibrium states, we need to investigate the second variation of the
energy functional. We can write it in the form

d’H =dx - Hy, -dx > 0, (52)

where H,, is given by Eq. (44) and the dx are chosen arbitrarily.
We find the energetic stability conditions from the eigenvalues of Hy,. The characteristic
equation is found to be
n*+asn’ +oan’ +ain+ag =0, (53)

where the coefficients are expressed as

a3 = (Uyyq, —2— 0 — B), (54)
0w =B (~Upg +Q2+0)+1+0—Uyq 2+0)—0® —*(1—0)>, (59
a1 = B (Ugg,2+0) + 0 — (1+0)) + 0 (=Uy,q, + D(1 — 0)?

+ (Ugyq, + @M (1 +0), (56)

) = —B(Uyyq, + 0 (1 +0) + 0> Uy q, + @) (1 —0)?, (57)

and B = o’ — Ugeq.-

For a system to be stable, the real part of the eigenvalues all need to be positive. In this
case, the energy is at a local minimum and the system cannot decrease its energy with-
out decreasing its angular momentum. We can apply the Routh criteria to find analytical
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conditions for energetic stability. The Routh criteria states that all roots of a polynomial of
degree 4 have negative real parts if

a3 >0, (58)

a3y —ap > 0, (59)
oy — apoy > 0, (60)
oo > 0. (61)

Alternatively, we can also find the number of roots with positive real part by applying the
Descartes’ Law of Signs. This law states that the number of positive roots of a polynomial of
degree n is equal to the number of sign changes in its coefficients, or is less than that number
by a multiple of 2. In the present case, we would need

a3 < 0, (62)
oy > 0, (63)
o) <0, (64)
ap > 0. (65)

From investigating the conditions for spectral and energetic stability, we find a relation
that links the two types of stability in the F2BP. By comparing Eq. (45) and Eq. (53) we note
that the expression for b and o are equivalent. Also, we find that spectral stability is lost as
b transitions from b > 0 to b < 0. When the F2BP becomes spectrally unstable, og < 0
which makes one root of Eq. (53) to be in the left half plane. Hence, the system also becomes
energetically unstable. Conversely, when the system is spectrally stable it is energetically
stable.

In Fig. 5b we showed the corresponding energy of the relative equilibria under constant
angular momentum, Fig. 5a. For a given mass ratio, the two solutions don’t have the same
stability properties; they are either spectrally and energetically stable or unstable. The lower
branch of Fig. 5b corresponding to the upper branch of Fig. 5a are stable points. Hence, closer
relative equilibria are unstable and associated with a larger energy than the more distant rel-
ative equilibria, which are stable. We can naturally suspect that a system dissipating energy
could transition from a closer unstable configuration to a more distant stable one. Note that
the stability of the bifurcation point is indeterminate.

2.5 Periodic orbits in the F2BP

Non-equilibrium dynamics of the F2BP are more commonly found in nature. In this case, the
complete equations of motion defined by Eqs. (22-25) need to be solved. As a next step, we
are interested in investigating regions near relative equilibria, especially symmetric periodic
orbits. We can show that a small disturbance from the relative equilibria lead to periodic orbit
with the minimum energy value of the periodic orbit family being the corresponding relative
equilibria.

2.5.1 Poincaré map reduction method

Our computation of periodic orbits are performed using a Poincaré map reduction method
as discussed in Wiggins (1998). For this work, a surface of section, denoted S(gq), is chosen
to be normal to the flow in the vicinity of a given solution, which allows to find symmetric
periodic orbits. A convenient surface is a coordinate axis, or ¢g; = 0 in the Cartesian space.
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The Poincaré map is defined as the solution g(#) crosses the surface with the condition that
q(t)]g,=s-V(S) > 0. With this surface of section, it is possible to remove one dimension from
consideration using S(q) = 0. If the system has a conserved quantity, another dimension can
be removed.

We define the full state as

x=| D, (66)

and C is a vector of parameters. If we write the first return of the Poincaré map as being
xj = 0xi, 0), (67)
where x; is a variable of the full state, then the nth iterate is
X =Q"(x;, 0). (68)
A periodic orbit is defined as a point x* such that
=0 0). (69)

Since a given initial condition xp would not necessary give a true periodic orbit, we need to
compute the correction to the state such that

XO+Ax=Q(xo+Ax,C):Q(x0)+% Ax A+ - (70)

X0

Then,
Ax = [I — (1)1~ (Q(xo) — x0), (71)

where &(T') = % . The method converges if started close enough to the fixed point, x*,

X
and if the matrix in E(:] (71) is nonsingular (Flannery et al. 1996).

This method is used with the Hamiltonian form of the equations of motion. The surface
of section is chosen to be the g, axis, i.e., gy, = 0. To extend the map to its first linear
variation, we compute the four dimensional state transition matrix of the system, denoted
as ®; j, where i, j = 1,2...4. Since in this time-invariant system, a closed trajectory has
two unity eigenvalues, the state transition matrix is degenerate at the periodic orbit. Due to
this, we must remove variations along the surface of section and the energy integral. In the
following, we apply the method described in Scheeres et al. (2000).

With the surface of section and the energy integral, it is possible to remove two coordinate
dimensions, g, and p,, leading to a two-dimensional monodromy matrix. In order to do so,
we constrain the linear variation to lie on the Poincaré surface.

In the vicinity of a periodic orbit, the first return of gy is not necessary zero. It is expressed
as

4
Agy(T) = > @3;(T.0)Ax;(0), (72)
=~
J.i#Z
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where i, j = 1,3 or 4, and T is the return time. To force Ag,(T') to be zero, we introduce a
small variation of return time AT such that

4

Agy(T +AT) = D" ®3;(T,0)Ax;(0) + G, AT =0. (73)
j=1
i#2

In solving for AT, the linear variation of the Poincaré map becomes
X
V=& ;(T)— Z®2j(T)- (74)
y

Now using the energy integral, we solve for the p, coordinate which is transverse to the
surface of section to remove one more dimension. This gives

1

Apy = (Eq, Aqx + Ep Apy), (75)

Py
where E is the energy integral given by Eq. (20). We apply this at the initial time, = 0, and
substitute for A py to end up with the final form of the 2 x 2 monodromy matrix, ¥ (T')

X Xi oE
Vi j=®;;(T)— ?¢2,‘/(T) - @i 4(T) — f‘bz,4(T)] ——(0), (76)
Y ,

qy(0) [ dy dx;
where i, j =1, 3.

Therefore, we solve the dynamical system until the condition g, = 0 is met and we com-
pute the monodromy matrix from the state transition matrix using Eq. (76). If we define the

reduced state
qdx
_ 77
y—[m] )

in the vicinity of a periodic orbit, we can calculate the correction to the initial reduced state
from

Ay = (I =W (1) Qo) —yp) (78)

where W (T') is the 2 x 2 monodromy matrix, Q(yg) is the computed reduced state and y, is
the initial reduced state.

This procedure gives correction to g, and p, as we removed two degrees of freedom
from the map reduction method and energy integral. Correction to p, is computed from
conservation of the energy integral evaluated after one period

1
Apy = _?(qu Agyx + prApx) (79)
Py

or
1 . .
Apy = _?(_prQX + g Apy). (80)
y

The new initial state is then updated by x9 = xo + Ax, and the process is iterated until
the difference between the computed state Q(y,) and the initial state y, is comparable to
numerical solver tolerances. In the following sections, for convenience we report numerical
values that converge to within 1% after the first iteration. However, the simulations shown
were carried to absolute tolerance of 1 x 1073.
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2.5.2 Stability analysis of periodic orbits

The stability of periodic orbits is analyzed from investigating the eigenvalues of the

monodromy matrix. In Hénon (1965) and Scheeres (1992) describe an analytical proce-

dure to characterize critical points of periodic orbits and perioic orbit families in the R3BP

and for motion close to rings, respectively. We apply the method for the current problem.
First, recall the general expression for the monodromy matrix in Eq. (76),

W Wi
v = . 81
[‘1’21 lIJzz] @D

The monodromy matrix is a linearization around the fixed point of the full (nonlinear)
Poincaré map. Points on the surface of section are mapped according to

Agx | _ [ Y11 Y12 || Agxo 82)
Apy Wop W | [ Apxo |
Note that the entries of the monodromy matrix are evaluated at the initial conditions for a
periodic orbit and its determinant is

Wi W — WpWy = 1. (83)
Since we start with the initial conditions, gyo = 0 and p,o = 0, the symmetry of the periodic
orbit in space and time implies that g, (t) = g, (—1t) and p,(t) = —px(—t). Hence, we can
write, _ ~
Agro | _ [ W =Y || Agx | (84)
Apyo | [ Y21 Y22 Apx
Inverting Eq. (84) ) ) ) o }
Agy _ Wy Wiy Agxo . (85)
LApx | [ W21 Vi1 | [ Apxo |
Comparing Egs. (82-85), we need W) = Wyy, or
Aqy _ W ¥yp Agxo ) (86)
LApx | [ W21 Yir | | Apxo |
Note that the determinant of the monodromy matrix is then written as,
W2 — Wl = 1. 87)

The stability of the periodic orbit is investigated using the eigenvalues of the monodromy
matrix, computed from Eq. (86),

A —2W A +1=0. (88)

For the system to be stable, the only condition is on the first entry of the monodromy matrix,
Wy, stated as
—1 5\1111 < 1. (89)

Providing Eq. (89), A will have unit magnitude or |A| = 1, resulting in stable periodic orbits.
We see a change in stability as W1 goes through £1.
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2.5.3 Continuation properties

It is possible to continue a periodic family with respect to one of the system parameters C.
From our assumption that a periodic orbit is expressed as y* = Q(y*, C), a nearby periodic
orbit will satisfy

Y+ Ay =00p"+ Ay,C+ AC) (90)

Expanding Eq. (90), we get

Yo+ Ay = 0@y + Ay,C+ AC) = Q(yO,C)—i-—‘ Ay AC--- 1)

Let’s use the definition for the monodromy matrix as given by Eq.(81) and the following
expression for % s
Yo

0
hi, hal". 92
5C = [h1, ha]" 92)

Using Egs. (81-92) into Eq. (91), we can express Ay in the following form,
Agx
Aqx Wi Vi by

= A . 93
[Apx] [\1’21 ‘Pllhz] A%C ©3)

From the symmetry property in space and time, a variation in p, will have no effect on
q, or the system parameter C, as p,, = 0. Hence, this allows us to decouple the system and

re-write Eq. (93) as
O [Yn—1m Agy
o) =[ a8 o

[00]=[Wi2 W11 —1]Ap,. (95)

and

For the system to have a non-trivial solution, from Eq. (94), we need

Wi —1h
=0, 96
’ Vo1 ho (%)
giving
(W11 — Dhy — h1 W =0. 7

In investigating for possible singular values in Eqs. (87-97), three cases need to be
considered, ¥ = 1, W1y = —1 and ¥y # 1.

2.5.4 Case of V11 =1

In the case W11 = 1, Egs. (8§7-97) become,
WioWs =0 (98)

and
hiWs = 0. 99)
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At this value a stability transition can occur. First, if W2 # 0 and Wi, = 0, we find an
explicit relation between Ag, and AC,

ha
Ags = — 22 AC. (100)
Wy
In addition, #; = O in order to satisfy Eq. (94). Then, from Eq. (95), we find that Ap, is
arbitrary implying an intersection with a non-symmetric periodic orbit of the same period
(Wiggins 1998).

On the other hand, if W»; = 0 and Wi, # 0, Egs. (94) become

hiAC =0 (101)
and
haAC = 0. (102)
Also, from Eq. (95), we have now
Vi Apy = 0. (103)

From these equations above, we have that Ap, = 0 implying that intersection with a non-
symmetric family does not occur.

If hy = hp = 0, Ag, and AC are arbitrary, not unique and free to vary indicating an
intersection with another symmetric family of the same period. On the other hand, if 4 or h;
are not null, we have AC = 0. In this case there is no intersection with another family and
the periodic orbit family is at a local extremum of the system parameter C (Wiggins 1998).

2.5.5 Case of W11 = —1

Now consider the case of W11 = —1. Again, a stability transition can occur. Equations
(87-97) become

YWy =0, (104)
which we had before, and

hi Wy = 2hs. (105)

We can again consider both situations where Wi, = 0 and Wp; = 0. If W1, = 0, Egs. (94,
95) become

—2Aqgy + 1 AC =0 (106)

and
W1 Agy + o AC =0, (107)

with
Ap, =0 (108)

and
—2Ap, =0. (109)

This implies an intersection with a symmetric family of twice the period (Wiggins 1998). In
this case there is no condition on /1 and h>. A similar result is obtained when considering
Wy = 0. However, we need i, = 0 to satisfy Eq. (105). From Egs. (94, 95), we have

h
Agy = ?IAC. (110)
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Note that, in these cases, we can look at the nature of the double period family itself which
should be consistent with the current monodromy matrix analysis. If W is the monodromy
matrix for the single period family, then at the intersection point, the monodromy matrix of
the double period family should have the form W2. Hence, this should correspond to cases
described in Sect. 2.5.4 where the double period family would most likely be at an extremum
in one of its parameters.

2.5.6 Case of V11 # 1

Finally, let’s consider the case of W] # 1. In this case we consider the general equations
given by Egs. (87, 94, 97). Since both of the A p, coefficients are non zero, A p, = 0 which
indicate there is no intersection with a non-symmetric family.

Equation (94) define the tangent curves to the family

hy
Agy = ———AC 111
qx U =1 ( )
and 5
Agy = ——2 AC. (112)
Wy

The case h; = 0 or h, = 0 implies h, = 0 or k1 = 0, respectively. This leads to having a
local extremum with respect to ¢g,. Otherwise there is a one-to-one relationship between the
periodic family and parameter C. In general, we can find two solutions for Ag, as shown in
Fig. 6.

Table 1 summarizes the cases mentioned. We can see that no cases lead to intersections
with asymmetric periodic orbits, and so we do not extend the methods to asymmetric periodic
orbits.

Table 1 Summary of stability conditions for a periodic orbit

Cases Wy Wio W1 hy hy Agx Apx AC Remarks

a 1 0 #0 0 #0 - \[}}—zzl AC #0 #0 Intersection with an asymmetric periodic
orbit family of the same period

b 1 #0 0 #0 #0 #0 0 0 No intersection with symmetric families,

the periodic orbit family is at a local
extremum of C

c 1 #0 0 0 0 #0 0 #0 Intersection with another symmetric
family of the same period

d —1 0 #0 #0 #0 #£0 0 #0 Intersection with a symmetric family of
twice the period

e -1 #0 0 #0 0 %1 AC #0 0 Intersection with an asymmetric family of
twice the period

f #1 #0 #0 #0 #0 2RE 0 #0 No intersection

g #1  #0 #0 0 00 0 #0 No intersection, local extremum in gy

Ws are the components of the monodromy matrix while /s are derivatives with respect to a free parameter of
the system, like the energy, denoted C. gy and py are x-component of the position and inertial velocity. The
notation “2 RE” indicates two relative equilibrium solutions
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2.5.7 Continuation with respect to the energy and the period

We now apply these results to continuation with respect to the system energy and period.
Equation (91) can be re-written to express the new correction term, Ay, as a function
of AC,

g -1 99
Bye =11 =W 22

AC. (113)

y*

In the current problem, the method was applied for variation of the energy, E, and for the
period, T'. In the case of energy, the new correction term, Ay, is found by,

d
Ayg = [I — ()] od AE. (114)
0E |,
y
The expression for ;% is given by,
ay; DLy ] 1
2= [cbie - ”.ey’] o (115)
E dy I

where i is either 1 (y; = ¢y) or 3 (y3 = py), p is the index of the Poincaré map reduction
(2, for gy), and e is the index of the removed variable (4, for p,).

Since the period is related to the energy, continuation with respect to the period has a
slightly different form to account for this,

avp=ti—wn ' (+ 2| argy 2
d oT |, dE

AE). (116)
y*

From our Poincaré map definition, we have

gy
gy(T + AT) :0:qy(T)+quT+%AE. (117)
Or,
dqy 0py
GyAT = — 2Dy A (118)
apy OE
For a variation in the state y, we also have that,
i dyi dpy
Ay = y;,AT —AE, 119
Yy = Vi + 3Py 9E ( )

where i takes value for ¢, and p,, i.e., i = 1, 3. Hence, for a continuation using the period,
substituting Eq. (118) into Eq. (119), we arrive at the following final expression for the
correction term Ayr,

AT. (120)

,V*

/. . dy; ap
Ay =[I — ¥(T)] l(yi—qy i y)
dpy 9qy

The corrected initial state is then fed into the Poincaré map method to converge to a periodic
orbit again. Note that for cases of singularity with respect to the energy and the period, we
terminate the periodic orbit families by doing a linear analysis, such as in Sect. 2.5.4.
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2.5.8 Near relative equilibria approximation

To simplify the analysis, we also derive an approximation method to model the dynamics in
the F2BP near relative equilibria. We use the method of perturbations using eigenvalues and
eigenvectors to generate the appropriate dynamics and solve for periodic orbits.

Using the eigenvalues and eigenvectors of the system given by Eqs. (42—44), a solution

is given by
dq | U
[SP} =e e 121)

where A, is an eigenvalue and u and v are the corresponding eigenvectors.
For stable motion, 1, = Fiw,. And the general orbit is described by the corresponding
set of eigenvectors, u = o £ i 8. Therefore, the periodic perturbation can be written as

1 . . 1 . .
[‘;ﬂ = S(aw —bp) [ + e | = S(ba+ap) [ — e ] (122)
Note that the constants (a £ ib) satisfy the condition for a real solution.

Using trigonometric identities, we write Eq. (122) as

[g;ﬂ = (aoe — bP) cos(wyt) — (b + af) sin(w,t) (123)
In order to solve for the constant and initial conditions, first assume
3qx0 ] |:aoth - bﬂqx ] |:5q0 ]
= = . 124
[&Iyo acgy — bpgy 0 (29
Then, solving for a and b,
1 _
A e N
b Olqy,qu - aqxﬁqy —(qu3q0
we solve for initial conditions on Jp,
8
[‘SP’CO] S — [ 0 ] . (126)
8pyo gy Bax — g By | %ayBpy — ApyPqy
Hence, to first order approximation, a periodic orbit near a relative equilibrium is described
by
qre + 5‘1]
) 127
|:PRE +dp (127)

where qgp and pgp are values at relative equilibrium, 8¢, ép, a and b are given by Eq. (123)
and Eq. (125) respectively. The initial conditions are written as follows,

Gx0 4xRE + 840
0
Zﬂ; = 0 . (128)
X!
gy Bpy—apyByqy
pol | poe o+ (SRR b0

The method of eigenvalues gives a good approximation to the results obtained using
the Poincaré map method in the vicinity of the relative equilibria. It is important to note that
the two methods developed to find periodic orbits in the F2BP can complement each other.
The computations and initial guesses to converge to a periodic orbit using the Poincaré map
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can be tedious. By using the approximation method to generate the initial conditions, one
can then use these values as initial guesses to start the Poincaré map method. The procedure
is very useful to compute periodic orbits close to each other but from different families and
to converge on unstable periodic orbits.

2.6 Periodic orbits near relative equilibria for an ellipsoid—sphere system

Applying the method described in the previous sections, we investigate a family of periodic
orbits in the neighborhood of a given relative equilibrium. As a simple assumption we assume
the bodies have equal density and we investigate the system parameter space with this par-
ticular constraint. The second solution found for this same angular momentum defines the
“conjugate” relative equilibrium. As shown in Fig. 9, cases of mass ratio, v = 0.15,v = 0.5,
and v = 0.85, were studied.

We first concentrate on an equal mass ratio, v = 0.5, with equal density of the bodies.
Using Eq. (19), we compute the spin rate, w, and the corresponding value of the angular
momentum, K. Then we solve for all solutions of the distance, ¢, , between the bodies from
Eq. (32). For this specific case, there exists two relative equilibrium at g, = 1.500 and
gx = 2.075, which are the unstable and stable solutions, respectively (also shown on Fig. 6).
Note that at g, = 1.500 the two bodies are sitting on each other.

For this specific value of the angular momentum, at g, = 1.500 we can compute one pair
of imaginary eigenvalues and two sets of stable eigenvalues for g, = 2.075. This allows
us to find one family of periodic orbit for the unstable point and two for the stable one.
The absolute minimum energy state, at g, = 2.075, is the stable relative equilibrium point
itself. Figure 10a, b show the evolution of one of the periodic orbits as they get closer to the
equilibrium point; these periodic orbits usually enclose the equilibrium point and shrink in
size as the energy is decreased. At the limit, the periodic orbit becomes a single point where
the period of the periodic orbit matches the period of oscillation of the relative equilibrium.
For the unstable family, for the unstable equilibrium, the period is Ty rg = 6.852. For the
stable equilibrium, we find the period to be Tsgr = 13.558 or 38.336 in normalized time
units.

Fig. 9 Stability diagram for < < <
planar motion in the long-axis 5 1t " Eaual donait T T
solution. We investigate families \ qclgi.uegtsé Y
of periodic orbits and the general 45 - “ % 1ug J
dynamics near v = 0.15, v = 0.5 \
and v = 0.85. Ellipsoid 4 JE=0 \ _
parameters are o = 1, § = 0.5, / ‘\
and y =0.25 35 - \ 1
\
\ stable h
q 3 |E<oO AN h
\ i
25 - b A
N Equal density] ;
2 b S
unstable \\\>‘_.,*/
15 “Es0 ke MR
Hin i R T hi ~
1 .................................................................................................
0 0.2 0.4 0.6 0.8 1
< <V <
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Fig. 10 Periodic orbit families for v = 0.5, K = 1.715 and ellipsoid parameters, « = 1, § = 0.5 and
y = 0.25. Evolution of periodic orbits in a gx—gy coordinate frame near the gx = 2.075 relative equilibrium
having a period Tsgpr = 13.558. (a) Periodic orbit: g9 = 3.021 and p,o = 0.507 with E = —0.176.
(b) Periodic orbit: g0 = 2.182 and pyo = 0.698 with E = —0.195. The energy of the equilibrium solution,
indicated by the starred point, is E = —0.197

3.2 T T T T
|
3r : i vl
Change in stability - X
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161 \ 1
14 i *\"'.' i i
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E

Fig. 11 Periodic orbit families for v = 0.5, K = 1.715 and ellipsoid parameters, « = 1, § = 0.5 and
y = 0.25. Continuation for all three families of periodic orbits: gyg vs. E. The two vertical dashed lines
indicate the location of the two periodic orbits shown in Fig. 10

From using the continuation method, Fig. 11 shows the unstable family near ¢, = 1.500
and the two families of periodic orbits, converging to g, = 2.075. Note that these families
have the same particular value of angular momentum but different energy. On this plot, the
distance between the primary, g¢ is plotted as a function of the energy of the system, E.
The star point represents the relative equilibrium or minimum energy point for this value of
angular momentum. From this point, the upper and lower branches of each family are the
two values of g, at which orbits of the family cross the g, axis.

On Fig. 11, we also note a change in stability at the “o0” point. In the region closer to the
equilibrium point, the periodic orbits are stable. Otherwise, they are unstable. This critical
point is found from investigating the eigenvalues of the monodromy matrix but can also be
analyzed from entries of the monodromy matrix itself as described in the section on stability
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Fig. 12 (a) Periodic orbit: g9 = 6.974 and pyo = 0.379 with E = —0.070. (b) Periodic orbit families
for v = 0.15, shown as g,¢ vs. E. Note that the unstable family exists but is not shown. In (a) and (b),
the ellipsoidal parameters are [«:8:y] = [1:0.5:0.25]. The vertical dashed line indicates the location of the

periodic orbit shown in (a). The starred point is the stable relative equilibrium state, which has £ = —0.0696
(a)0.5 (b)22
0.4 2.15 :
0.3 Stable RE
2.1
0.2 :
2.05 "
0.1
o . P
g 0 X 2 Lo
01 1.95 |
—0.2 ; .
1.9 i
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Fig. 13 (a) Periodic orbit: g9 = 1.985 and p,p = 0.795 with E = —0.219. (b) Periodic orbit families
for v = 0.85, shown as g, vs. E. In (a) and (b), the ellipsoida parameters are [a:8:y] = [1:0.5:0.25]. The
vertical dashed line indicates the location of the periodic orbit shown in (a). The starred point is the stable
relative equilibrium state, which has £ = —0.222

and continuation properties and shown on Table 1. In the present case, the critical point on
Fig. 11 for which the stability changes has energy E = —0.186. This point intersects with a
space-symmetric family of twice the period and we retrieve conditions as specified by case e
on Table 1.

The previous analysis was obtained for an equally divided binary system. Having a domi-
nant ellipsoid or a dominant sphere also affects these periodic orbit families. On Figs. 12, 13
we plotted periodic orbits and family continuations for cases of equal density binary systems
with mass ratios of 0.15 and 0.85, respectively, in the vicinity of the stable relative equilibrium
(see Fig. 9). For v = 0.15, stable and unstable equilibria are g, = 6.913 and g, = 1.285,
respectively, where the periods of the stable equilibrium are Tsgr = 230.431 and 112.000,
labeled in Fig. 12b. Note that only the shorter period family is shown for v = 0.85 in Fig. 13b,
where Tsrr = 9.814 for its stable equilibrium at g, = 1.893. This stable equilibrium has
a long period Tsgrr = 27.988. We see that the periodic orbits are reduced in size for small
mass ratio; for similar wideness on the ¢, axis, the orbits become taller as the mass ratio
increases. Periodic orbits can also have the relative equilibrium solution outside of the orbit
for large mass ratio.
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-6 -4 -2 0 2 4 6
gx

Fig. 14 Dynamics in the F2BP when the bodies are close to being at the closer unstable relative equilibrium.
The trajectories following the unstable manifold cross the stable trajectories. Under energy dissipation, transi-
tion from an unstable to a stable state may be possible. The system mass ratio is v = 0.15 with a “free energy”
AE = 0.335. Ellipsoidal parameters are [«:8:y] = [1:0.5:0.25]

We also note that periodic orbits can be found in the vicinity of the bifurcation point where
stable and unstable relative equilibria meet (see Fig. 6) for all values of the mass ratios. Look-
ing at the 2 x 2 monodromy matrix, we can link these points to the minimum energy case
in Table 1, i.e., case b. Finally, we retrieve case ¢ for v = 0.68 and g, = 1.641, associated
with an energy £ = —0.223, which corresponds to the meeting point of the equal density
solution and its conjugate solution.

Current theories of binary systems formation included ones where a system may have
dissociated from a single body (Scheeres 2007). If we keep in mind that a closer equilibrium
configuration is unstable and the system may dissipate energy, it is natural to investigate
possible transition of the system to reach a more stable orbit. Figures 14—16 show simula-
tions for mass ratios of v = 0.15, v = 0.25 and v = 0.5 when the equal density binary
system starts near an unstable relative equilibrium, with the bodies sitting on each other. In
Fig. 14, since the system starts with a positive energy, that is £ = 0.265, the bodies may
escape from each other. However, we see that the trajectories following the unstable manifold
may cross the stable trajectories. Under energy dissipation, the system may eventually reach
stable periodic orbits or even arrive at a stable equilibrium configuration at the minimum
energy state, E = —0.070. Figure 15 shows the same simulation for v = 0.25. In this case,
the system starts at the unstable configuration with a negative energy, £ = —0.016. We see
that the orbit is bounded and the bodies do not escape. Reaching E = —0.119 from energy
dissipation, the system could achieve a stable configuration. The case of v = 0.5 is described
in Fig. 16 where the two equilibria are much closer to each other, starting with £ = —0.192,
and with a stable configuration at £ = —0.196.

This possible transition between an unstable and a stable configuration can be quantified
from values of energy at the two relative equilibria, defined earlier by the “free energy” of
the system A E in Eq. (33). For the dynamics in Fig. 14, the system has AE = 0.335 starting
near the unstable point with a positive energy. It needs to dissipate 80% of its free energy
before getting bound, with £ = 0. For v = 0.25, the system is already bound and has a free
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Fig. 15 Dynamics in the F2BP when the bodies are close to being at the closer unstable relative equilibrium.
The trajectories following the unstable manifold cross the stable trajectories. Under energy dissipation, transi-
tion from an unstable to a stable state may be possible. The system mass ratio is v = 0.25 with a “free energy”
AE = 0.135. Ellipsoidal parameters are [«:8:y] = [1:0.5:0.25]
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AE = 0.004. Ellipsoidal

parameters are

[a:B:y] =[1:0.5:0.25]
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energy of AE = 0.135. In Fig. 16, with a mass ratio of v = 0.5, the system’s free energy
is low, AE = 0.004, making the trajectories near the unstable point stay close to the stable
orbits. At v = 0.85, in this case there is no “free energy” at the unstable resting equilibrium
point since this point lies inside the ellipsoid. Hence, at g, = 1.893, the system is already at
its lowest energetic point.

3 Conclusion
We provide a general description of the dynamics near relative equilibria in the Full Two

Body Problem. We also compute and analyze the relative equilibria solutions and their sta-
bility for ellipsoidal parameters « = 1, 8 = 0.5, and y = 0.25. For a given value of angular
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momentum, we show that there are in general two relative equilibrium solutions which are
opposite in stability. Throughout its evolution, a binary system may go through different
configurations and stability which can affect mass and angular momentum transfers between
the bodies. We find that equilibrium configurations where the bodies are closer to each other
are unstable and contain more energy than the “far” solutions, which are always stable with
the minimum energy of the system. Under energy dissipation, the system may transition from
one state to the other, especially if it is to gain stability.

Given small perturbations, we can link these equilibria to periodic orbits associated with
the same value of angular momentum. The periodic orbits are computed using a Poincaré
map reduction method on a two degree of freedom Hamiltonian system. Their stability is
investigated from the eigenvalues of the monodromy matrix. In the vicinity of a relative
equilibria, we also develop an approximate method to generate these periodic orbits using
the stable eigenvalues and corresponding eigenvectors. We can find two stable families in the
vicinity of a stable relative equilibrium and one unstable family associated to the unstable
relative equilibrium. The minimum energy point of these periodic orbits match the relative
equilibrium conditions where the absolute minimum state is always at the stable equilibrium
configuration.

Finally, we look at the dynamics in the vicinity of these equilibria. Under certain condi-
tions, a single body may split where the resulting dynamics of the bodies could follow the
possible transitional paths, from unstable to stable states, described in this work. A system
losing total energy from an unstable equilibrium configuration has the possibility of evolv-
ing towards a stable one. The dynamics of particles in this gravitational field, what we call
the Restricted Full Three-Body Problem (RF3BP), is affected by the dynamics of the binary
bodies. More analysis needs to be done in order to understand this dynamical coupling. In the
near future, we plan to investigate the dynamics of the RF3BP under the effect of a periodic
model for the F2BP. The stability properties of the equilibrium conditions in both the RF3BP
and the F2BP may have different effects on the dynamics of the RF3BP.
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Appendix: Mutual potential expressions

The first and second order partial derivatives of the mutual potential were given in Scheeres
(2003). For convenience, they are rewritten here. For the first derivatives,

3 R du
Vo = —quA w+DA@’ (129)
and 3 - 4
U,, = —fqy/ S — (130)
’ 27 w4+ BHAMw)

These derivatives are written in terms of the R; expressions that are the elliptic integrals
representing the mass distribution of the ellipsoid. Using the substitution v = u + A, they
can be solved as written in the following form and can be computed using algorithms from
Flannery et al. (1996),

3 [ du
Rjo = */ , (131)
2J0 W+r+DAw+Ar)
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3 [ du
Rjp=> ; , (132)
2Jo W+Ar+pB)AM+A)
and 3 oo J
u
Rj, = 7/ 5 . (133)
2Jo WHA+y9H)Am+r)
Therefore, using the notation above, the first derivatives are expressed as
Ug, = —qxRja (134)
and
Ugy = —qyRjp- (135)
For the second derivatives,
(q:)? 1
Ugge = —Rja + (a1 + - )2 (Rjo + Rjg + Rjy) 7 Z | (136)
(1+2)2 + (/32+)»)2
2 1
Ugygy = —Rjg W(Rm + Rjg + Rjy) = a2 | (137)

T2 T e

and
qx4qy 1
Uy, =—————(Rijy + Rig+ R; 138
i = Ty g e R R = (439
a+nz T (B4
At the relative equilibria, we obtain
Ug, = —4xRja, (139)
Ug, =0, (140)
Ugeqe = Rjp + Rjy (141)
and
Ul].v‘I,v = _Rjﬂ (142)
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