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Near-Earth binary asteroids are typically comprised of a kilometer-sized rapidly rotating
primary asteroid, orbited by a smaller secondary asteroid usually rotating synchronously with the
orbit. Owing to the generally non-spherical shapes and proximity of the two asteroids, these systems
experience strong spin-orbit coupling. This leads to complex and rich dynamics that are not fully
understood, deserving of further study.

Not only are these systems the frequent target of ground-based observations, they are also
targets of recent and upcoming missions, including NASA’s DART and Lucy missions, and ESA’s
Hera mission. Due to this recent attention, it is necessary to build a more fundamental and thorough
understanding of the dynamics of these systems. Typically, studies focus on the very long-term
evolution of these systems. However, observations and missions demand a more in-depth study
of the shorter-term dynamics. Furthermore, due to the recent DART mission and the frequent
encounters between near-Earth binary asteroids and the terrestrial planets, it is also necessary to
develop an understanding of how binary asteroid systems behave once perturbed in order to fully
understand these systems.

By developing strategies to better link observations and numerical models of binary asteroids,
it is possible to study the dynamics of real-world systems to inform missions and observations.
This improves the scientific return from these campaigns. Using this approach, this thesis builds
an understanding of the dynamics in a perturbed system, how those dynamics are manifested to
an external observer, and how various internal physical parameters lead to those dynamics. This
means observations of the orbit period, eccentricity, secondary libration, and orbit precession rate
can constrain the physical and dynamical properties of the two asteroids.

This thesis develops models to simulate both the excitation and relaxation of the dynamics



iii
within binary asteroids. These are useful for understanding the current dynamical state of these
systems. As one example, the near-Earth binary asteroid (35107) 1991VH appears to exist in
a dynamically excited state. The application of these models predicts that this dynamical state
is the result of a past close Earth encounter. Furthermore, applying models of energy dissipation
constrains the physical structure of the secondary in this system, and it is likely relatively inefficient
at dissipating energy.

As another case study, many of the analyses used throughout this thesis are directly applicable
to NASA’s DART mission, the first test of a kinetic impactor for planetary defense. The target of
this mission was Dimorphos, the secondary in the binary asteroid (65803) Didymos. This simulation
methodology is used to calculate the momentum transfer to the system, satisfying one of the
Level One requirements of the mission. Furthermore, studying the short-term dynamics within the
Didymos system reveals additional changes. By informing numerical simulations with observations,
we conclude the DART impact caused significant reshaping in Dimorphos, as well as inducing
significant non-principal axis rotation in the asteroid.

This thesis develops strategies to accurately model the short- and long-term dynamics of bi-
nary asteroids informed by real-world observations. These timescales range from days to thousands
of years, and the application of these analyses reveals a complex interplay between the physical
properties of the two asteroids and the rotational and orbital dynamics of the system. By develop-
ing a thorough understanding of the dynamics within these systems, we promote a greater scientific

return from observations of and missions to these systems.
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Chapter 1

Introduction

In the most general terms, a binary asteroid is any system of two asteroids which are grav-
itationally bound to one another. The existence of these systems was hypothesized for decades,
originally (and inaccurately) as an explanation for rapidly rotating asteroids formed from a collapse
of binary asteroids [I]. Concrete evidence for these systems came in 1979 as a result of stellar oc-
cultations of asteroids, suggesting the existence of minor planet moons [2]. Shortly after, additional
evidence pointed to the existence of these systems, specifically the Trojan asteroid (642) Hektor
[3]. While the binary nature of (642) Hektor was not verified until 2006 [4], the existence of binary
asteroids was confirmed by the Galileo spacecraft in 1993 during its flyby of (243) Ida en route to
Jupiter, where it discovered the asteroid’s satellite Dactyl [5].

In the 30 years since the first discovery of binary asteroids, hundreds of these systems have
been found throughout the solar system, including near-Earth and main belt asteroids [6], comets
[7], Jupiter Trojans [§], Centaurs, [9] and Kuiper belt objects [10]. The physical and dynamical
characteristics of binaries are diverse throughout these populations. In this thesis we specifically
study the binary asteroids found among near-Earth asteroids (NEAs) and small main-belt asteroids
(MBAs). The results obtained in this work can be generalized to the dynamics of binary asteroids
throughout the solar system.

NEA and small MBA binaries are overwhelmingly made up of a rapidly rotating primary
orbited by a smaller secondary. The primary is usually oblate with a kilometer-scale diameter,

while the secondary can be elongated or oblate, usually with a diameter smaller than ~ 60% of the



primary’s diameter [6]. Ground-based observations suggest the secondary is usually prolate (having
an elongated shape) with an upper limit of a/b < 1.5 for ellipsoidal semiaxes a > b > ¢ [I1], [6].
However, these observations are biased against detection of low-elongation secondaries, and the
discovery of the nearly perfectly oblate shape of Dimorphos by the DART mission demonstrates
the existence of low-elongation secondaries [I2]. Regardless of the secondary’s elongation, it is
almost always found in the tidally locked, 1:1 spin-orbit resonance, usually in a physically circular
orbit with a radius of less than 10 primary radii [6]. This state is frequently called the singly
synchronous equilibrium, as the secondary is rotating synchronously with the orbit period even
though the primary is rotating rapidly.

An example of a typical NEA binary is shown in Fig. This shows the radar-derived
shape models of (66391) Moshup and its secondary Squannit, one of the best-characterized NEA
binaries [I3]. The primary is oblate with a characteristic equatorial ridge, while the secondary is
more elongated. The primary has an effective diameter of 1.5 km and rotates with a spin period of
2.8 hours. The secondary is in a geometrically circular orbit with a separation distance of 2.5 km
and rotates synchronously with the orbit period of 17.4 hours, so that its long axis (equivalently,
axis of minimum inertia) is pointing toward the primary. Due to the system’s heliocentric orbit,
libration in the secondary is possible, where the long axis has small angular deviations away from
exactly pointing toward the secondary [13| [14]. This is an example of a very typical NEA binary.

Among NEAs and small MBAs, binary asteroids are relatively common, making up at least
15% of this population [15 [16]. That fraction increases to 65% for fast rotators with a diameter
larger than 300 m [I6]. Asteroid pairs are binary asteroids which have separated, placing the
two asteroids on separate but similar heliocentric orbits [I7]. The population fraction of these
objects is difficult to calculate, but around one hundred of these objects have been identified [I8].
Contact binary asteroids, which are made up of two asteroids that have merged into a bilobed
object, make up an additional 30% of NEAs [19]. As these are likely collapsed binary asteroids
[20], understanding the evolution of NEA binaries is important for understanding the lifecycle of

a large fraction of all NEAs. Given the relatively short 10 Myr expected lifetime of NEAs [21],
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Figure 1.1: An overview of the binary asteroid (66391) Moshup showing (left) a top-down view and
(right) an isometric view. The primary is oblate with an equatorial ridge, while the secondary is
elongated with its minimum-inertia axis aligned to the primary. The orbit is geometrically circular
with a separation distance of ~ 3 primary radii.

binary asteroids must have an efficient formation mechanism to maintain this population fraction.

1.1 Formation and Evolution

1.1.1 Formation

Since their discovery, a wide range of theories have emerged to explain the formation of binary
asteroids. These theories mainly rely on the understanding that the overwhelming majority of small
(< 10 km) NEAs and MBAs are rubble piles, meaning they are made up of gravitationally bound
particles with high bulk porosity between the constituent bodies, rather than a single monolithic
body [22]. One of the first major theories of binary asteroid formation relied on tidal disruption
of rubble piles by close planetary encounters [23, 24]. In this model, tidal forces can rip apart a
rubble pile, resulting in a binary asteroid. However, it was later shown that tidal disruption can
only account for 1 — 2% of NEAs being binaries, and thus a more prevalent formation mechanism
is required [25].

Shortly after, another formation model was proposed in which material is shed from the equa-

tor of a rapidly rotating rubble pile [26]. This is driven by the YORP effect, in which asymmetric



bodies absorb and re-radiate solar radiation resulting in a net torque on the asteroid, causing a
spin-up or spin-down of the asteroid [27]. YORP can increase the spin of an object until it becomes
structurally unstable, resulting in mass loss which can gradually re-accumulate in orbit as a satel-
lite. A related theory suggests that a secondary could form after a single large landslide event on a
rapidly rotating asteroid, in which all the secondary material is put into orbit at once [28] 29]. This
version of the theory removes the issue of the inherent randomness of YORP due to its extreme
sensitivity to the asteroid’s shape [30]. This stochastic YORP torque could significantly extend the
required time for binary asteroid formation. FKither way, the hypothesis of formation via YORP
spin-up is supported by the typically oblate shape and rapid rotation of the primary.

A similar theory of binary formation is through fission of a progenitor asteroid. In this
theory, the rapidly rotating primary undergoes tensile failure in which a single chunk of the body
is thrown off into orbit [31], B2, B3]. Depending on the mass ratio of the secondary, the system
can be energetically unstable and the secondary is ejected from the system forming an asteroid
pair [34, [I7]. This mass ratio is approximately 0.2, below which the fissioned system is unstable.
However, most NEA and small MBA binaries are also below this mass ratio, meaning some form
of rapid energy dissipation would be required for small mass ratio binaries to form by fission, such
as a secondary fission event [31].

While formation by tidal disruption can be effectively eliminated as a formation mechanism
for the majority of binary asteroids, the mass shedding and fission formation events cannot so easily
be dismissed. Given the prevalence of these bodies in the NEA population, it is generally accepted
that YORP plays a large part in the evolution of rubble piles and the formation of binary asteroids,
but the exact details of this process are ambiguous [35]. It’s possible all of these pathways are in play,
and depending on the material properties of the rapidly spinning body, different evolutionary paths
of rubble piles could emerge [36]. In this context, the lines between asteroid pairs, binary asteroids,
and contact binary asteroids blur. As such, understanding the evolution of binary asteroids is part

of the larger picture of understanding the evolution of rubble pile asteroids as a whole [37].



1.1.2 Evolution

Regardless of the formation mechanism, tidal torques within the system tend to rapidly
synchronize the secondary’s rotation rate with the orbit period, placing the system in the 1:1 spin-
orbit resonance [38]. Further energy dissipation via tidal torque will usually reduce the eccentricity
of the system and expand the semimajor axis [39]. This is where most, but not all, NEA and
small MBA binaries are found: with a rapidly rotating primary and a secondary in a physically
circular orbit in the 1:1 spin-orbit resonance. However, despite the relatively rapid rate of energy
dissipation within binary asteroids [40], some of these small binaries are still found with eccentric
orbits and asynchronous secondaries [6]. The source of these ‘excited’ systems is unclear, and one
topic of this thesis.

Singly synchronous NEA and small MBA binaries typically have a small mass ratio; for larger
MBA binaries and binaries found within the Trojans or Kuiper belt, the mass ratio can be closer
to unity, suggesting a different formation mechanism altogether. In these systems, the secondary is
large enough to impart sufficient tidal torque on the primary such that its spin rate also becomes
synchronous with the orbit period. Such a system is called a doubly-synchronous binary, and is the
ultimate end-point of energy dissipation [40, 20].

However, because of the small mass ratio within NEA and small MBA binaries, these systems
never reach the doubly-synchronous state [20]. But once the secondary becomes synchronized with
the orbit period, an imbalance in solar radiation can cause its orbit to expand or shrink [41]. This is
essentially an extension of YORP where the secondary effectively acts as an asymmetric appendage
of the primary, causing the orbit to spin-up or spin-down; as such this has been termed the binary-
YORP (BYORP) effect. BYORP can be either expansive or diminutive, growing or shrinking the
semimajor axis. If BYORP is expansive, it works in parallel with tidal dissipation to increase the
system’s semimajor axis. In these systems, the orbit expands until it becomes wide enough that the
torques are no longer strong enough to hold the secondary in synchronous rotation. The secondary

then becomes asynchronous, shutting off the BYORP effect and forming a wide asynchronous



binary [42]. It is possible the system can resynchronize in the opposite orientation, switching the
BYORP effect to cause inward migration.

On the other hand, if inward BYORP is stronger than tides, the system migrates inward,
leading to a potential merger between the two bodies [I1]. However, there exists a balance between
expansive tides and contractive BYORP. When these forces are balanced, the semimajor axis stops
its secular evolution and can be constant over long time periods [43]. This is typically called the
BYORP-tide equilibrium. However, resonances between the primary’s rotation and the orbit period

(equivalently the secondary’s rotation) can cause this state to eventually become unstable [44].

1.2 The Full Two-Body Problem

Given the generally non-spherical shapes of the two asteroids and their proximity in their
mutual orbit, the dynamics of binary asteroids are driven by strong spin-orbit coupling [45]. In
this dynamical model, the attitude and orbit of the bodies cannot be separated, so the system has
12 degrees of freedom. We call this model the full two-body problem (F2BP), and it is a source of
rich and complex dynamics worthy of further study.

The system becomes somewhat simpler if the equations of motion are written in the relative
problem using the primary’s body-fixed coordinate frame [46]. From here, further simplifications
can be made to analytically study the F2BP. Limiting the motion to the planar case is one option,
as the assumption that the angular momentum vectors of the primary, secondary, and orbit are all
aligned is reasonable. The planar F2BP, derived in [34], can be effectively used to study the singly
synchronous equilibrium in which most NEA binaries are found. Unfortunately, this construction
necessarily limits the rotation to major principal axis spin. Assuming the primary to be spherical
is a separate simplification that allows for an analytic study of the dynamics while allowing for out-
of-plane motion and rotation of the secondary [47]. Since the primary in binary asteroids is usually
spheroidal, this is another reasonable assumption. This is generally called the sphere-restricted full
two-body problem.

Despite these simplifications, a comprehensive analysis of the fully coupled spin-orbit dynam-



ics in binary asteroids has eluded analytic approaches due to the complexity of the full equations
of motion. Instead, numerical methods have been developed to study this problem. The first step
in solving this problem was the derivation of the mutual gravitational potential between two ho-
mogeneous polyhedra [48]. This expansion allows one to numerically calculate the force between
two arbitrary bodies modeled as polyhedra at any relative orientation. However, this approach is
computationally intensive, particularly for high-fidelity shape models which are required to obtain
accurate results. This approach can be generalized to include an arbitrary mass distribution within
the bodies [49]. This model was used to complete a comprehensive dynamical study of a binary
asteroid, focused on (66391) Moshup [14] 50]. The computational efficiency of this approach was
improved by introducing a recursive algorithm to the approximation [51]. Following this, the use of
a series expansion of the products of inertia of the two bodies was introduced [52], further improv-
ing computational efficiency by removing the need to sum over the entire polyhedral body at every
timestep. Using the products of inertia approach in a recursive algorithm then efficiently calculates
the mutual potential, force, and torque between two arbitrary rigid bodies [53]. This algorithm
was implemented by [54] as the General Use Binary Asteroid Simulator (GUBAS), which is open
source and freely available online [55]. GUBAS is the dynamical tool adopted by NASA’s DART
mission to simulate binary asteroid dynamics [56], and is used heavily in this thesis. GUBAS has
been benchmarked against other F2BP codes [56] [57], and while it assumes rigid body dynamics,
effects from non-rigid dynamics are shown to have no large impact on the overall system dynamics
despite a likely rubble pile structure [58].

A major concern that rises as a result of the spin-orbit coupling in binary asteroids is the
orbital dynamics of the system are strongly non-Keplerian [34]. Thus, it is actually unclear how ob-
servations of these systems should be incorporated into models. Gound-based observations typically
take the form of optical lightcurve measurements [16] or radar range-Doppler measurements [13].
Both strategies provide accurate measurements of the mutual orbital period of a binary asteroid.
But because of the non-Keplerian dynamics of these systems, it is ambiguous how these measure-

ments should be used. Furthermore, a physically circular orbit actually has non-zero Keplerian



eccentricity [34]. Thus, it requires careful consideration while using ground-based measurements of

these systems to inform dynamical modeling, a topic we address in this thesis.

1.3 Relevance and Applications

Despite the complexities involved in binary asteroid dynamics, the size of the mutual orbit
and relatively rapid orbit period make these systems essentially self-contained laboratories for
studies on gravity and the internal structure of asteroids. This was one of the primary reasons
the binary asteroid Didymos was selected as the target for the Double Asteroid Redirection Test
(DART) mission, which tested the viability of a kinetic impactor for the means of planetary defense
[59]. The short orbit period made measurements of the change imparted by DART much easier to
measure than a heliocentric orbit [60].

The secular evolution of the orbit can also be used to place constraints on the interior structure
and energy dissipation rates of rubble pile asteroids [61]. Furthermore, the gravitational effects of
the secondary on the primary can also be used to study seismology and mechanical behavior within
rubble piles [62].

The different dynamical states found within NEA binaries can also be used to help understand
the evolution of rubble piles. For example, comparing a system in the synchronous equilibrium with
one that is dynamically excited can elucidate the parameters that lead down different formation
and evolutionary paths. This was one of the primary goals of the Janus mission [63].

All in all, binary asteroids provide excellent opportunities to study the lifecycle of rubble
pile asteroids. The ability to leverage the unique dynamics within these systems makes them
advantageous for studying the interior structure and mechanics of rubble piles. And the applications
for planetary defense range from using these systems as test sites to understanding the requirements
of actually deflecting binary asteroids themselves. As a result, binary asteroids have recently been
selected as numerous mission targets, including DART [59], Janus [63], Hera [64], and Lucy [65],
as well as several mission proposals [66 67]. While missions offer extremely high quality data

of these systems, ground-based observations are also useful strategies for studying these systems.



Indeed, given the relative ease of ground-based observations, this thesis focuses primarily on using

ground-based data, with supplements from in-situ spacecraft data.

1.4 Dissertation Overview

1.4.1 Thesis Statement

The study of near-Earth binary asteroid dynamics enables the detailed interpretation of
ground-based observations of these systems, leading to a greater scientific return from observation
campaigns and the enabling of new campaigns. This promotes a more thorough understanding of

the evolution of binary asteroids over timescales ranging from days to thousands of years.

1.4.2 Outline

In Chapter [2| we introduce the full two-body problem and various models used to simulate
the dynamics in spin-orbit coupled systems. This chapter also presents three archetypal binary
asteroids that will be used throughout this work as case studies to motivate analyses. We also
outline a strategy for connecting observations of these systems to dynamical models. Chapter
then presents an in-depth discussion of the dynamics of a system once it has been perturbed. This
discussion includes the behavior of the orbital elements and the orbit period. We also compare
analytic to numeric approaches to modeling these systems. In the spin-orbit coupled system,
perturbations to the orbit and spin of the secondary are closely tied together, which we also discuss
in this chapter. Then, in Chapter [4, we derive methods of modeling energy dissipation within these
systems, and analyze how perturbed binary asteroids return to an equilibrium state. We discuss
the effects of close planetary encounters on the dynamics of binary asteroids in Chapter [5] showing
the various possible outcomes of a close flyby. We also specifically apply this approach as a possible
explanation for the current dynamical state of (35107) 1991VH. In Chapter @ we apply the tools
developed throughout this thesis to the DART mission’s kinetic impact of (65803) Didymos. This

demonstrates the practical application of this research, and presents interesting findings on the
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current dynamical state of the system. Finally, we conclude and discuss future work in Chapter [7]

1.4.3 Contributions

This research is focused on modeling and understanding the dynamics of binary asteroids, and
we have made several contributions toward this goal. Importantly, the development of a strategy
for connecting observations to models, along with an algorithm implementing this strategy, allows
us to accurately model real-world binary asteroid systems outside of the traditional Keplerian
treatment of these systems, which is inaccurate. As a result of this approach, we are able to model
the dynamical history of (35107) 1991VH to investigate the cause of its current dynamical state,
as well as modeling the DART impact into (65803) Didymos, which was used to calculate the
momentum enhancement factor of the impact, completing one of the level one requirements of the
mission.

Other contributions include developing a thorough understanding of how different parameters
within the system are manifested in ground-based observations. This improves the scientific return
of observation campaigns by providing context to the dynamical behaviors that may appear in
these systems, and the cause of those behaviors. This was used to determine the level of reshaping
within Dimorphos, the DART target, as the apsidal precession rate of the orbit is directly connected
to the shape and spin of the secondary. We also investigated the relationship between the orbit
and libration within a binary asteroid, so accurate measurements can constrain the inertias of the
secondary by relating these periods.

Another contribution we made is applying energy dissipation models to binary asteroids to
study their secular evolution. This is a key contribution for the Hera mission, which may be able to
measure energy dissipation rates within Didymos by applying this model. In turn, this constrains
the internal structure of the asteroid, which is poorly understood for rubble piles.

We also developed a high-fidelity model for simulating the effect of gravitational third-bodies
on the internal dynamics of binary asteroids. This is useful for understanding the effect of solar

gravity, as well as more dramatic close planetary encounters. The latter is especially useful, as
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NEAs are dominated by close encounters with the terrestrial planets.

One of the major contributions of this thesis is the application to the DART mission. Using
our approach, we calculated the post-impact orbit in Didymos and determined that Dimorphos
was globally reshaped by the impact and is likely currently in a state of rotational instability. This
is another important consideration for the Hera mission, which will perform proximity operations
around this secondary.

By developing models to study the perturbed dynamics within near-Earth binary asteroids,
we have gained a thorough understanding of the evolution of these systems. The strategies and
understanding developed in this thesis can be applied to any binary asteroid system to better

understand its past, current, and future dynamical state.
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Chapter 2

Dynamical Models and Case Studies

2.1 Introduction

The study of spin-orbit coupling and the full two-body problem (F2BP) dates back to the
study of the Earth-moon system and explanations for the moon’s libration [68]. A complete de-
scription of the motion in systems governed by spin-orbit coupling requires 12 degrees of freedom
(3 rotational and 3 translational for each body), and the equations describing the rotational and
translational motion cannot be separated from one another [45]. Close binary asteroids are gov-
erned by these equations given their proximity and irregular shapes. In this chapter, we present the
mathematical equations of the F2BP, as well as certain simplifications that allow us to to perform
analytical investigations and improve computational efficiency. In a study of the equilibrium con-
figuration within the F2BP, we will find these systems are non-Keplerian. To handle this difficulty,
we will introduce a set of ‘observable elements’ that can be used to connect observations of binary
asteroids to numerical modeling. By using observations of the mutual orbit period to calculate
the mass of these systems, we will demonstrate the importance of considering these non-Keplerian
effects. Finally, we will introduce 3 binary asteroid systems that will be used as case studies
throughout this thesis: (175706) 1996 FG3 as an example of a system in equilibrium, (65803) Didy-
mos as an example of a recently perturbed system, and (35107) 1991 VH as an example of a system

experiencing chaotic dynamics.
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2.2 The Full Two-Body Problem

In general, the gravitational potential energy between two arbitrary rigid bodies is written

dmadmp >
U= - - = | 2.1
/A/B<|7“+CB7“B—CA7“A| 21)

where 7 tracks the barycenter of body B with respect to the barycenter of body A, dm4 and dmpg

as

are infinitesimal mass elements in body A and B, respectively, and Cp and Cg are the tensors
transforming a vector in the body-fixed coordinates of A and B to the inertial frame, respectively.

An illustration of these components is shown in Fig.

Ya

Figure 2.1: Graphic of the F2BP, showing the primary (body A), secondary (body B), their
respective body-fixed coordinates, and their relative position. Infinitesimal mass elements are
shown in each body, along with their location relative to the body’s barycenter.

Thus, inherently we have defined 3 frames for this problem, two body-fixed and one inertial.

These are formally defined as,

A [O4;84,704, 24], (2.2)
B:[Op;%B,yB, 28], (2.3)
N :[04; 2,9, 2]. (2.4)

The origin of each frame is denoted by O4 or Op, which correspond to the barycenter of A

and B respectively. Note we have attached our inertial frame to the barycenter of the primary,
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in anticipation of reducing the problem to the relative system. These frames are used to easily

construct the transformation tensors,

Ca = [Ta,94, 24], (2.5)

Cs = [ZB,UB, 2B). (2.6)

2.2.1 Equations of Motion

In the most general, frame-agnostic form, the equations of motion are defined as

10U

S_ - 9Y 2.7

T 27)

La= My, (2.8)

I_;B = MBv (29)

where m is the reduced mass defined as
m=ATME (2.10)
ma +mp

L A is the angular momentum of body A and similarly for L p with body B. M 4 is the torque on
A caused by B, and vice versa for M B.

A more useful form of equations describing the F2BP were derived for the relative problem,
in which we describe our system in the body-fixed frame of the primary, eliminating three degrees
of freedom [46], 53]. These equations are easier to implement in numerical algorithms. In this
construction, the equations of motion are,

. . . 10U
F:—QAXF—2QAX7_"—LD’AX(I}‘AXF—f7_,, (2.11)
m OF

EA:EAX5A+MA, (2.12)
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EB:EBXﬁA+MB. (2.13)

In Egs. - the dot indicates a time derivative taken in the A frame.
Evaluation of the mutual potential between two arbitrary bodies is difficult. For this reason,
we use GUBAS to integrate the F2BP equations of motion. This uses the algorithm developed in

[53] to evaluate the mutual potential and its derivatives up to an arbitrary degree-and-order.

2.2.2 Planar F2BP

One of the most useful simplifications to the F2BP comes in the form of limiting the system to
planar motion. Under this assumption, the angular momentum of the primary, secondary, and orbit
are all colinear, and the translation and rotation of the bodies occurs in the plane perpendicular
to these momenta vectors. We can make an additional assumption of purely elllipsoidal bodies
to allow us a more in-depth investigation of the F2BP. This formulation is especially useful for
studying the equilibrium configuration of binary asteroids, as the singly synchronous configuration
equilibrium only consists of planar motion and rotation. A diagram of this system is shown in
Fig. 2:21 In this problem we have reduced the system to only 4 degrees of freedom: the relative

separation and rotation of the system, along with the relative orientation of the two bodies.

Figure 2.2: Graphic of the planar F2BP, showing the relative position and orientation of the two
ellipsoids.

With these simplifications, we can write the second degree-and-order potential energy in a
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relatively simple form [34],

U(T’ d)l’ ¢2) =

_Gmamp
212

1 - - 3= -
14+ — <Tr(IA) + Tr(Ip) — 3 [IA,I + 14,
= 03261 (Tay — Tan) + Tpa + Ty — 008 260(I5y — fBJ)])} (214)

Note the potential energy is independent of the angle 8. The bar over the inertias indicates mass-
normalized, and the subscripts z, y, and z correspond to the minimum, intermediate, and maximum
principal inertia values.

The kinetic energy is

1 . . 1 . . 1 1 .
T = §IA’Z(¢1 + 0)2 + §IB,Z(¢2 + 0)2 + §m7‘2 + 5771(7"9)2, (215)

and using the Lagrangian L = T — U, we obtain the equations of motion of the planar-ellipsoid

system [34]. These equations are

f:éQr;%li (2.16)
$2:_<1+?;i>n;gi_n;gz+2’f (2.18)
..:m17'2<gq(i+gg2>_27;9' (2.19)

As we will see later, this formulation is useful for studying the system’s equilibrium dynamics. How-
ever, the major shortfall of this simplification is that it ignores any out-of-plane motion, particularly
any non-principal axis (NPA) rotation of the secondary, which is an important characteristic of the
perturbed dynamics of binary asteroids. Another shortfall is these equations are limited to studying
the motion of two ellipsoids under the influence of their mutual second degree-and-order gravity

field, which restricts the possible applications of this model.

2.2.3 Sphere-restricted F2BP

Another useful simplification of the F2BP is the sphere-restricted F2BP, in which we consider

one of the two bodies to be a sphere [69]. This system is shown in Fig. illustrating that we
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now consider the central body to be the non-spherical body. In practice, we usually assign the
non-spherical body to the secondary, since the primary is roughly spheroidal in most systems. This

means the equations of motion for this system are written in the secondary’s body-fixed frame.

=

@
D
Figure 2.3: Graphic of the sphere-restricted F2BP, showing the relative position of the two bodies
and the rotation of the non-spherical body.

These equations are simply written for the non-inertial body-fixed frame of the secondary

[69],
SR Lo . - G ou
2 = —— 2.20
7+ 2W0p X '+ dp X T+ &p X (b X T) o (2.20)
. ou
T

These equations are written for any arbitrary shape of the secondary. However, for this simplified
system, it generally does not make sense to use a secondary shape more complicated than an ellip-
soid. Taking the secondary as an ellipsoid, its potential energy can be written using MacCullagh’s

formula for a second degree-and-order gravity field [70],

_Gmamp Gma(Ipg + Ipy + I — 3®)

U—
r 273

(2.22)

where
. j37x$2 + fB’ny + jB’ZZ2
- 2

r

i (2.23)

with the location of the spherical primary denoted by the cartesian coordinates x, y, z defined in
the secondary’s body-fixed frame. Alternatively, a more accurate representation of the potential

energy could be used, for example spherical harmonics [70].
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While the benefit of the sphere-restricted F2BP is the consideration of the full three-dimensional
rotation of the secondary, this representation also has drawbacks. Namely, we cannot consider any
shape effects of the primary, which could be problematic as the primary is usually oblate which

affects both the instantaneous and secular dynamics of the system (i.e. the orbit precession).

2.24 Equilibrium Dynamics

In studying the equilibria of the F2BP, we focus on the planar F2BP equations of motion.
These have been defined and studied in [34], and we briefly summarize the conditions here for
completion. In an equilibrium, we require all partial derivatives of the total energy to equal zero

[69]. These partials are

h% — (IA,zél + Ip .do)?

E, = —mr Iz + U, (2.24)

Ey, = U¢i (2.25)

E; = mi (2.26)
; Ii,z(IA,ng'l + IB,zd)Z)

E; =Ti.di— T (2.27)

where h is the total angular momentum of the system and I, = I4. + Ip . + mr? is the total

moment of inertia of the system about the z—axis. The total angular momentum is equal to
h=1.0+1a.$1+ Ip 0. (2.28)

In an equilibrium, we have all velocities equal to zero: 7 = ¢ = ¢ = 0, which immediately satisfies

our requirements E; =0 and F b = 0. Next we calculate the partials of the potential energy,

Gmam 3. _ _
Ur = TB [Taz+Tay

[1 + 2%2 (Tr(IA) + Tr(Ig) — 3

— COS 2¢1 (I_A,y - I_A,:Jc) + I_B,x + I_B,y — COs 2¢2(I_B,y - I_B,:Jc)]>:| : (2'29)

_ 3Gmamp

s 273

sin 2¢i(Ii,y - Ii,z)~ (2.30)
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From the requirement Ey4, = 0, this tells us in an equilibrium we have ¢; = 0, £7/2, 7, meaning the
principal axes of the two bodies are aligned. Our final constraint, E, = 0, will allow us to calculate
the spin rate of the system for a given separation to place us in an equilibrium. Since we have now

h = 1.6, we obtain

2 _ G(ma +mp) [

3 142 (Tr(IA) + Tr(Ip)—

272

3 _ _ _ _ _ _ _ _
5 [IA,m + IA,y - :l:l(IA,y - IA,Q:) + IB,;E + IB,y - :l:2(IB,y - IB,I)]>:| ) (231)

giving us four potential equilibrium configurations depending on ¢; and ¢o. These are discussed
in [34], who demonstrates that the stable equilibrium occurs when the minimum principal-inertia
directions of the two bodies are aligned (¢1 = ¢2 = 0).

However, we note this is for the doubly-synchronous system. Among NEAs, this tidal end
state is not reached, as the primary is rotating rapidly. This will lead us to a slightly modified
equilibrium condition. We assume the primary’s rapid rotation averages out, so we set I, =

T4, = 14, approximating the primary as a spheroid. Under this assumption, we can write

0'*2 —

rd 2r2

ma+m 3 7 7 7 3 [
G(ma+mp) (1 + o5 (Taz = Tas +Ipy + In. — 213@)) (2.32)

for the energetically stable equilibrium. Most notably, this is not equal to the mean motion even
though we have r = 0. This tells us the secondary is trapped at either periapsis or apoapsis
depending on the system’s moments of inertia, and the orbit precesses at this rate [34]. Specifically,
if fA’z —HjB’y —1—1:372 > fA,$y+2f37x, then 6* > p/r3, the secondary is trapped at periapsis, and the
orbit precesses faster than the Keplerian circular orbit rate. Alternatively, if I Az + I, By T+ I, B, <
I Ay T 21 Bz, we have the opposite case: the secondary is trapped at apoapsis and the orbit
precesses slower than the Keplerian circular orbit rate. In this work we focus on the former, where
the secondary is trapped at periapsis, but in either case, the true anomaly is constant (equal to
0 or 7) while the argument of periapsis tracks the secondary. For typical shapes of binaries, the
secondary is trapped at periapsis.

This implies the orbit will have non-zero Keplerian eccentricity at equilibrium, despite being
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physically circular. For a system trapped at periapsis, the equilibrium Keplerian eccentricity is
calculated from the orbit angular momentum and energy as [34] [71]

\ 3(Iaz = Tawy — 21+ + Iy + IB2)

CKep = 272 ) (233)
while the equilibrium Keplerian semimajor axis is [34} [71]
= = = = = -1
3([,47 —IA’ —2[37 —l—IB7 +IB,)
ARep =T (1 - . 5 ! z : (2.34)

This semimajor axis is larger than the separation distance in the physically circular orbit owing to
the spin-orbit coupling as long as I_A,Z + fB7y + 1:372 > I:A,xy + QJ:BJ7 i.e. the secondary is trapped
at periapsis.

Here we begin to see the problem of modelling the system’s dynamics as Keplerian, and
the disconnect between dynamical models and observations of these systems. For a system in
equilibrium, an observer would see a constant separation distance between the two asteroids, and
in orbit fitting set the eccentricity equal to 0 and the semimajor axis equal to the separation
distance. This then leads to erroneous mass estimates of the system while ignoring the effects of
the non-spherical bodies. Thus, we require an effective strategy for summarizing the dynamics of

these systems consistent with the bodies’ masses.

2.3 Case Study Systems

Throughout this thesis, we will primarily focus on three specific NEA binaries to illustrate
examples. These three systems, (175706) 1996FG3, (65803) Didymos, and (35107) 1991VH each
represent a distinctly different dynamical regime among NEAs. 1996FG3 is an example of a system
in the singly synchronous spin-orbit resonance with its secondary in the BYORP-tide equilibrium
[72]. Didymos is a system previously in the singly synchronous spin-orbit resonance, but experienced
a recent perturbation in the form of the DART impact [60, 73] [74] [75]. 1991 VH is a system with its
secondary rotating asynchronously and likely experiencing NPA rotation, resulting in an exchange
of angular momentum between the orbit and the secondary [0, [76, [77, [78]. These three systems are

all well characterized since they have all been selected as mission targets [59] [63].
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2.3.1 1996FG3

1996FG3 is a NEA binary with its secondary in the 1:1 spin-orbit resonance, likely in the
BYORP-tide equilibrium, meaning its semimajor axis is not secularly evolving [72]. The radar-
derived polyhedral shape model of the primary and secondary are shown in Fig. n (L. Benner,
Private Communication), making 1996FG3 one of only a few binary asteroids for which a shape
model of the secondary exists.

The mutual orbit period is 16.15 h with a semimajor axis of 2433 m and no eccentricity
[0, [72]. The primary has a spin period of 3.49 h, and the secondary’s rotation period is equal to
the orbit period. The volume-equivalent diameter is 1900 m for the primary and 500 m for the
secondary.

Using these measurements of semimajor axis and eccentricity as the observable elements, and
the orbit period as the stroboscopic orbit period, we obtain an estimate of the system’s bulk density
of 0.7 g/cm3. This low density is consistent with a rubble pile, but may be under-estimated as the

primary’s shape model likely over-estimates the volume of the primary.
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Figure 2.4: Graphic of (175706) 1996FG3, demonstrating an example of a binary asteroid in the
singly-synchronous and BYORP-tide equilibrium.
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2.3.2 Didymos

Didymos was the target of NASA’s DART mission, a test of a kinetic impactor as a viable
means of planetary defense [59] [79]. Specifically, DART impacted Dimorphos, the secondary of
Didymos. Prior to the impact, Dimorphos was likely in the 1:1 spin-orbit resonance [80]. However,
the DART impact perturbed the system away from the singly synchronous equilibrium, allowing
for an excellent case study of a perturbed binary asteroid.

The shape models of Didymos and Dimorphos are shown in Fig. This shows the primary
[81] and secondary [12]. We have scaled the radar-derived primary shape model to match the
dimensions of Didymos seen by DART, which deviate from the nominal shape model but are
within its formal uncertainties [12] 81]. We also plot both the pre-impact and post-impact orbits
to illustrate the change to the system caused by the DART impact.

Prior to the impact, the mutual orbit period was 11.92 h [74]. The semimajor axis was around
1189 m with an eccentricity less than 0.03, but likely in a physically circular orbit [73] [74], 80, [82].
The primary’s rotation period was 2.26 h, and the secondary’s rotation period was assumed to be
synchronous. The volume-equivalent diameter is around 780 m for the primary and 150 m for the
secondary [12].

The pre-impact shape of Dimorphos is interesting, as it was nearly a perfectly oblate spheroid,
leading to a non-detection of its rotation period in photometric observations [12, [83]. However,
a detection of BYORP drift prior to the DART impact is a convincing argument for it to be
synchronous with the orbit period prior to the impact [80) [74]. Using these pre-impact values,
we come up with a high bulk density around 2.8 g/cm?®. This high value has implications for the
structure and porosity of the system, but should be validated by the ESA Hera mission [64].

Determining the post-impact parameters of Didymos is a major portion of this thesis work.
From photometric and radar observations, the post-impact orbit period is determined to be 11.37 h
[60]. Using the change in orbit period and the bulk density calculated using the pre-impact system,

the post-impact observable semimajor axis is around 1152 m, and the observable eccentricity is
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around 0.027 [84]. The post-impact apsidal precession drift rate is around 7°/d, which is much
slower than would be expected from the oblate shape of Didymos. This leads to the conclusion
that Dimorphos must be more elongated than its pre-impact shape, with an elongation around
a/b =~ 1.3. These results will be discussed in greater detail in Chapter @

The DART impact is characterized by the momentum enhancement factor 3, defined as

—mpA
g = __mBOUT (2.35)
MDARTUDART

when limited to planar motion, where Avp is the instantaneous change in Dimorphos’s orbital
velocity in the tangential direction. mparr and vpagrr are the mass and relative velocity of the
DART spacecraft, respectively. The negative sign is a result of the retrograde impact, causing the
secondary to slow in its orbit. In this work we will use a DART mass of 535 kg and a relative

velocity of 6.6 km/s.

/—\\
= . \
" -200 )
\ /
S N =
000 S S~ i
0 " -1000
-500 ™~ o 0 -500
1000 7 .. 500
m 1000
[m] ]

Figure 2.5: Graphic of (65803) Didymos, demonstrating an example of a binary asteroid that was
previously in a singly-synchronous equilibrium but recently perturbed by the DART impact.

2.3.3 1991VH

The NEA binary (35107) 1991VH is relatively unique among binary asteroids as its secondary
is rotating asynchronously with with orbit period [6]. Furthermore, the secondary’s rotation period
and the mutual orbit period appear to be evolving over time [78]. Dating back to 1997, the data

are summarized in Table 211
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Table 2.1: The observed secondary rotation and orbit period of 1991VH. Uncertainties are < 0.02
hr. The bracketed value is not unique, and solutions exist between 7 and 29 hours. Orbit periods
for all 2020 dates were determined from all the January-March data. Data taken from [7§].

Epoch UT  Secondary Period (hr) Orbit Period (hr)

1997-03-17 n/a 32.69
2003-02-25 12.84 32.63
2008-07-01 (14.18) 32.8
2020-01-27 11.57 32.50
2020-02-18 11.78 32.50
2020-02-26 11.55 32.50
2020-03-02 11.61 32.50

Several estimates of the orbit eccentricity provide e = 0.05 £ 0.02 [16], 85} [77]. Estimates of
the orbit semimajor axis range from a = 3.24 km [6] to a = 3.26 km [77]. Both photometric and
radar observations give a volume-equivalent diameter of the primary of 1.2 km [6] [77], with radar
observations revealing the primary to be top-shaped. The system is illustrated in Fig.

Photometric observations suggest the secondary has a diameter of 450 m with an elongation
of a/b=1.33 £0.1 [6], while radar observations give a more elongated value of a/b = 1.5 [70].

Among NEA binaries, only around 15% have a measured asynchronous spin rate, making
1991VH relatively unique in this population. In Fig. we plot the difference between the orbit
period and secondary rotation period for the population of binary asteroids, as a function of the
separation distance between the two asteroids. Among close binary asteroids, which we define
here as having a/D4 < 5, 1991VH has the largest difference between orbit period and secondary
rotation period, and the only close system with a difference larger than 10 hours. Here a is the
binary asteroid semimajor axis and D4 is the diameter of the primary. Any of the systems which
have a larger discrepancy between these periods are wide systems with orbit periods on the order

of 100 hours. Explaining this unique dynamical state is one focus of this thesis work.

2.4 Observable Elements

For comparison between observations and our models, we define ‘observable elements’ that

are meant to parallel how ground-based observations are taken through lightcurves and radar data.
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Figure 2.6: Graphic of (35107) 1991VH, demonstrating an example of a binary asteroid with an
asynchronous secondary experiencing NPA rotation.

10*
_10%¢
=) e
Y )
00k .
| H
Ny »
102F -+,
-
10 : ‘ : :
S 5 10 15 20 25

a/DA

Figure 2.7: The difference in secondary rotation period and mutual orbit period as a function of
separation distance. The star is 1991VH.

Thus, these elements are defined using only physical characteristics that are seen by an external

observer; specifically, the separation distance. The observable semimajor axis is defined as [84]

Rmax - Rmin
(2.36)

Gobs = 9

and the observable eccentricity as

Rmax - Rmin
b = —max — “tmin 2.37
Cob Rmax + Rmin ( )
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where R« is the maximum separation distance between the two bodies within some time interval,
and similarly for R, as the minimum in that same time interval. Thus, these elements only use
the observable quantity of separation distance, so they can be directly compared to ground-based
observations. The drawback of these elements is they are similar to an averaged element, in that
they require a time domain to define one realization. Typically we use the orbit period as the time
interval for calculating these elements.

However, this still leaves the question of how best to represent the orbit period, which is
one of the most important parameters of a binary asteroid as this is the most readily-available
and accurate measurement of these systems [16]. The Keplerian orbit period will be misleading
given the deviation of the semimajor axis from the separation distance. Instead, we define the
‘stroboscopic’ orbit period, which is simply the time required for the secondary to complete one
full revolution around the primary in inertial space [84]. This mimics how lightcurves are taken
of these systems, and again relies solely on the parameters of the system that are visible to an
external observer. The stroboscopic orbit period can be easily calculated as the difference between
successive crossings of an inertial plane by the secondary, and so is thus occasionally called the

plane-crossing orbit period.

2.4.1 Equilibrium Comparison

We now investigate the equilibrium configuration of 1996FG3. While observable elements
are designed to describe binary asteroids taking into account the F2BP, an alternative option is
geometric elements, which are analytic and take into account the oblateness of the primary [86].
We compare these elements to the classical Keplerian representation in Fig. When plotting
the semimajor axis, we also plot the separation distance. Due to small librations in the system, the
separation distance is not constant but varies on the order of several meters. We see the observable
semimajor axis is equal to the average separation distance, whereas the geometric semimajor axis
is a few meters larger. The Keplerian semimajor axis is too large by over 10 meters.

In Fig. [2.8] we also plot the eccentricity. Again, the eccentricity fluctuates thanks to small
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librations in the secondary. But the observable eccentricity is very small, oscillating just above
0. The geometric eccentricity is again slightly larger than this, while the Keplerian eccentricity is
much larger.

None of these representations is ‘incorrect,” but here we demonstrate their differences. Ke-
plerian elements see significant deviations from the physical system. Geometric elements do a
better job of describing the physical system, but observable elements are the closest match as these

elements were designed to reproduce what an external observer would see.
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Figure 2.8: The Keplerian, geometric, and observable elements for 1996FG3

We next contrast the representations of the orbit period in Fig. The measured orbit
period of the system is 16.15 hours [6]. The stroboscopic orbit period is equal to this value exactly
and remains constant. The geometric orbit period, calculated using the geometric semimajor axis,
is about 5 minutes longer than this value and sees fluctuations. While these are a close match, the
uncertainty on the orbit period in binary asteroids is usually on the order of 1 minute or less, so this
difference is significant [78]. The traditional Keplerian orbit period calculated using the Keplerian
semimajor axis is around 12 minutes longer, illustrating its shortfall in accurately characterizing
the system.

These examples illustrate that observable elements are the best way to connect physical

observations of binary asteroids to dynamical models, and they are self consistent throughout all
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Figure 2.9: The Keplerian, geometric, and stroboscopic orbit period for 1996FG3

aspects of the system.

2.4.2 Mass Calculation

As a final point of comparison, we calculate the error in the mass estimate of a 1996FG3-like
system as a function of the separation distance. This compares the difference in mass estimates given
a measurement of the orbit period using Keplerian and F2BP dynamics. This is plotted in Fig.
For the shapes of the primary and secondary of 1996FG3, we see an exponential relationship between
the mass error and separation distance. For close systems, the mass obtained with Keplerian
dynamics is several percent compared to the mass obtained using the F2BP, specifically Eq.
However, as the separation distance increases, the error quickly drops off. Thus, for wide binary
asteroids with a separation of 5 primary radii or larger, there should be negligible error from using

Keplerian dynamics in mass estimation.

2.5 Numerical Integrators

The various models described in this Section are implemented in several integrators. The
primary integrator utilized to propagate the F2BP is a Lie-Group Variational Integrator (LGVI).
This symplectic integrator is implemented in GUBAS and allows for very efficient computation.

To ensure accuracy, we iterate the integration step size until we reach convergence in our results.
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Figure 2.10: The percent error in assuming Keplerian dynamics for 1996FG3 as a function of
separation distance

Typically, this required a 30 second time step, producing high-fidelity results.

For more efficient computation, that is, implementing the planar or sphere-restricted F2BP,
we typically use an Adams-Bashforth-Moulton variable-step, variable-order integrator. This is
implemented in MATLAB’s odel13 algorithm. This integrator is fast and accurate, and is typically
applied in orbital dynamics problems. To ensure accuracy in its implementation, we decrease the
tolerance on the integration until the system’s total angular momentum is conserved to within some
tolerance. For long-term simulations, we adopt a tolerance of 1 x 1076%.

Finally, the last integrator is used to calculate perturbations to binary asteroids from ad-
ditional gravitational bodies. This is another Adams-Bashforth-Moulton integrator that is also
implemented in GUBAS. This is a four-step predictor-corrector algorithm that is less sophisticated
than MATLAB’s odel13, but serves to relatively accurately and efficiently integrate the perturbed
problem. As this is not a symplectic integrator, we reduce the constant integrator step size until

angular momentum is conserved.
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2.6 Conclusion

In this chapter we have formally defined the F2BP, along with two more simplified approxima-
tions of the F2BP. The planar F2BP can take into account non-spherical shapes in both the primary
and secondary, but is of course limited to planar motion and rotation. The sphere-restricted F2BP
does allow for full three-dimensional rotation, but at the cost of limiting one of the bodies to be
spherical. Both simplified systems have their own uses in which they are appropriate. We then
outlined the three case study systems that motivate the work in this thesis: 1996FG3 is an example
of a system in equilibrium, Didymos recently underwent a perturbation out of equilibrium, and
1991VH is asynchronous and likely experiences chaotic dynamics.

There are a few ways of describing the dynamics of these systems, but we showed the best way
to connect numerical models to real-world observations is through the use of ‘observable elements’
and the stroboscopic orbit period. These elements are meant to parallel how observations are taken

of these systems. We then finished by demonstrating the advantage of using these elements.



Chapter 3

Perturbed Dynamics

3.1 Introduction

Using various models of the F2BP, equilibrium states of binary asteroids have been studied
extensively in the literature [43], (69, [71], 87, [88], but there are few studies on the perturbed dynamics.
Of the studies of perturbed binary dynamics, many focus solely on the rotational dynamics of the
secondary; some limited to planar, major principal axis rotation [44] [71] [76], 89], and others allowing
for full three-dimensional rotation [90, 911, 92, [93]. However, studies on the mutual orbit dynamics
of perturbed systems are lacking. Furthermore, there also lacks a comprehensive study of the effects
of the secondary rotation on the orbit dynamics, and vice versa. But because of the strong spin-
orbit coupling, this dynamical feedback is important to consider. This knowledge gap is a major
focus of this thesis.

This chapter offers an analysis of the perturbed dynamics within the F2BP. Due to spin-orbit
coupling within the system, we are particularly concerned with the interaction between the sec-
ondary and the orbit. The primary can usually be considered insulated form perturbations, as its
rapid rotation and general axial-symmetry tend to decouple it from the rest of the system. How-
ever, due to commensurate angular momenta between the secondary and the orbit, we frequently
see a complex interplay between these components. In this chapter we start with an analysis of
the orbit dynamics, analyzing the behavior of the orbit elements under perturbations. We will find
a threshold that allows the true anomaly to break out of its state of oscillation found in the equi-

librium. This leads to libration in the secondary, with a resulting exchange of angular momentum
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leading to a non-constant orbit period. We also study the precession of an eccentric orbit, which
is driven by both the primary and secondary shapes. We then build up our analysis to focus on
the spin state of the secondary, and show in detail how the secondary and orbit are coupled. In
particular, the onset of non-principal axis (NPA) rotation in the secondary can have significant and

measurable effects on the orbit.

3.2 True Anomaly

As we saw in Section the true anomaly is constant and equal to 0° in the 1:1 spin-
orbit resonance equilibrium. However, there is a transition point where the true anomaly switches
from librating about zero to circulating and tracking the secondary. At this point there is a sharp
decrease in the rate of precession of the argument of periapsis where it abruptly changes from
precessing at the orbit rate to precessing at a rate dominated by the oblateness of the primary and
elongation of the secondary [50, 94 [95]. Here we calculate the perturbation to the orbit necessary
to reach this transition point.

The equilibrium spin rate corresponds to an equilibrium specific orbital angular momentum:

n* = r26*. (3.1)
To calculate the perturbation needed to push the system out of equilibrium and allow the true
anomaly to track the secondary, we can substitute the mean motion into a perturbed form of Eq.

BI
W+ Ah =12, L (3.2)

r3

[
Ah = r? r—3—h. (3.3)

We compare this analytic result to numerical GUBAS simulations of an orbit perturbation to an

and solve for the perturbation Ah,

equilibrated Didymos. The numerical simulations begin with the nominal Didymos system as

described in Section then apply a tangential Avr to perturb the orbit. Over the simulation
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time we record the maximum true anomaly value. The results are shown in Fig. where the
maximum true anomaly f is plotted as a function of the perturbation Ah. As the magnitude of Ah
increases, the maximum allowable true anomaly increases. Outside of a perfect equilibrium where
f = 0, the true anomaly oscillates around 0 until the critical perturbation pushes the maximum
true anomaly over 90°, allowing it to circulate and track the secondary. At this point there is
a discontinuity where the maximum true anomaly is 180°. In Fig. the vertical dashed line
corresponds to the analytic value calculated from Eq. using the nominal Didymos system
(ignoring uncertainties). We see excellent agreement between this analytic value and the numerical

simulations, which are plotted as individual data points.

770} R ——

135

Maximum f [°]
©
)

\\\
45 "~
S
0 : T
-3 -25 -2 -15 -1 -0.5 0
Ah [m? /s

Figure 3.1: The maximum true anomaly as a function of the change in specific orbital angular
momentum for an orbit perturbation. There is a discontinuity where the perturbation to the orbit
changes the orbital angular momentum enough to push the system out of an equilibrium and the
true anomaly switches from librating to circulating. Data points are numerical simulations and the
dashed line is the analytic prediction.

This perturbation corresponds to decreasing the orbit period, but it is also possible to per-
turb the orbit out of an equilibrium by increasing the orbit period. This approach requires more
consideration. Note that setting 6 = \/Tzd is equivalent to decreasing the semimajor axis from the
equilibrium value ai}ep to the separation distance r, which is the equilibrium observable semimajor
axis. For the opposite perturbation, we instead increase the observable semimajor axis to be equal

to the Keplerian semimajor axis. In other words we set

. 2 1
N [ — (3.4)
r r QaKCp —-r
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This corresponds to a perturbation of
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r
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Fig. shows the full range of perturbations, both increasing and decreasing the orbit
period. Numerical simulations calculated with GUBAS are plotted as data points along with the
analytical solutions from Eqgs. and as dashed lines. We see good agreement between
these analytical solutions and the numerical results. Thus, we have established novel analytical
equations to calculate the critical perturbation to the orbit necessary to break out of an equilibrium
configuration and allow the true anomaly to track the secondary rather than librate about 0°. This

perturbation is equivalent to changing the binary semimajor axis by i(af(ep —r), which is illustrated

in Fig. 33
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Figure 3.2: The maximum true anomaly as a function of the change in specific orbital angular
momentum for an orbital perturbation. The discontinuities correspond to perturbations sufficient
to push the orbit out of equilibrium and allow the true anomaly to track the secondary. The vertical
dashed lines correspond to the analytical solutions from Eq. (left, indicating a decrease in the
orbit period) and Eq. (right, indicating an increase in the orbit period). Numerical simulations
are plotted as individual points, and show strong agreement with the analytical formulae.

3.3 Lagrange Planetary Equations

In their analysis of the binary asteroid (66391) Moshup, [50] developed Lagrange Planetary
Equations (LPEs) for a binary system using a second-degree mutual potential. LPEs can provide a

simple alternative to the full GUBAS integration. These equations have the advantage of an analytic
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Figure 3.3: The maximum true anomaly as a function of the change in both the observable and
Keplerian semimajor axis. This illustrates how pushing a system out of equilibrium is equivalent
to changing the semimajor axis by the difference between the observable and Keplerian values.

method to calculate quantities such as the orbit precession without relying on more expensive
numerical simulations. We do not reproduce the full set of LPEs here, but refer the reader to
Eqgs. 44-48 in [50]. Because the Didymos mutual orbit is assumed planar (i.e., the orbit angular
momentum is aligned with the total angular momentum), we use the longitude of periapsis rather
than the argument of periapsis and the longitude of the ascending node to avoid the singularity in
the longitude of the ascending node. The longitude of periapsis is defined as the sum of these two

classical Keplerian angles (o = w + Q). For a planar system, the relevant LPEs simplify to:

(Kep = 0 (3.6)
€Kep =0 (3.7)
. 3 _ _ _ _ _
@ = vr 2 2 (T —Ias —2Ips +Ipy + 1) (3.8)
2aKep(1 - eKep)
B 3 _ _ _ _ _
M = ;‘ +—7 Vi (Ia:—Ias—2Ipo+Ipy+1p.). (3.9)

UKep 2aKep(l - Kep)2



41

First, we apply the averaged LPEs to an equilibrated Didymos system and compare to nu-
merical simulations: see Fig. While there is agreement for the Keplerian semimajor axis and
eccentricity, which remain constant, the LPEs do not correctly capture the average behavior of
the geometric angles. Specifically, in the LPE solution the longitude of periapsis precesses and the
true anomaly circulates, while in reality the true anomaly librates and the longitude of periapsis

circulates. Thus, the LPEs are a poor representation of the dynamics when the true anomaly is
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Figure 3.4: The semimajor axis (top left), eccentricity (bottom left), longitude of periapsis (top
right), and true anomaly (bottom right) of a numerical GUBAS simulation compared to the analytical
LPE solution for an equilibrated system. The LPE solution shows the true anomaly circulating,
while in reality this angle should be zero and the longitude of periapsis should be circulating.

Compare this to an excited system, where there is better agreement between the LPEs
and GUBAS solutions, as seen in Fig. [3.5] The LPEs correctly compute the average values of
semimajor axis and eccentricity, however they do not capture the fluctuations that these variables
experience. In the perturbed system, the LPEs also correctly calculate the behavior of the longitude
of periapsis, where this angle precesses. For the true anomaly, again the LPEs correctly show this

angle circulating, although with a period slightly different from the numerical solution. Nonetheless,
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the LPEs are an effective approach for quickly calculating the precession period without the need
for expensive simulations, as long as the system is not in an equilibrium state. One shortfall of
the LPEs is they ignore any triaxiality of the secondary [50]. For an oblate spheroidal shape like
Dimorphos [12, B3], this is a fine assumption, but for more elongated secondaries experiencing

libration, the LPEs will incorrectly calculate the precession rate.
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Figure 3.5: The semimajor axis (top left), eccentricity (bottom left), longitude of periapsis (top
right), and true anomaly (bottom right) of a numerical GUBAS simulation compared to the analytical
LPE solution for a perturbed system. Because the system is perturbed, both GUBAS and the LPE
correctly show the true anomaly circulating and the longitude of periapsis precessing.

The cause of the LPEs’ shortfalls for the relaxed system stems from their definition. The LPEs
are calculated by averaging over the mean anomaly. However, this is not appropriate for a system
in equilibrium, as the mean anomaly remains equal to zero. Rather than using LPEs for a system
in equilibrium, one can instead simply use Eq. in place of . Once a system is perturbed out
of the equilibrium and the mean anomaly is allowed to circulate, the LPEs become more accurate.
However, for a significantly triaxial secondary experiencing libration, a higher-fidelity model should
be used, for example the analytic correction defined in [94] or the semi-analytic model in [11]. Given
the limited scope of applicability of the averaged LPEs, we caution their use in the analysis of binary

asteroid dynamics.
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3.4 Orbit Period Variations

Due to spin-orbit coupling in binary asteroids, libration within the secondary will affect the
orbit [96]. We define libration as angular deviations between the secondary’s longest axis (minimum
principal inertia axis) and the line connecting the primary to the secondary. Libration in the
secondary results in oscillations within its spin rate. To enforce angular momentum conservation,
this results in an equivalent angular momentum fluctuation in the orbit. The result is a non-constant
orbit period. We will focus on Didymos and the DART impact to illustrate this effect.

Coupling between the libration of the secondary and the orbit period stems from the conser-
vation of angular momentum. To investigate this, we assume the spin angular momentum of the
primary is essentially unchanged by the DART impact. We turn to GUBAS numerical simulations
to verify this assumption. Based on GUBAS simulations with a g factor equal to 3, The secondary’s
spin angular momentum changes by around 3.6% while the orbital angular momentum changes by
about 1.2% as a result of the impact. These changes are much larger compared to the primary’s
spin angular momentum change of around 2 x 107%%, and thus we ignore any change in the pri-
mary’s angular momentum. Despite the primary’s large angular momentum, most of the change in
momentum does indeed occur in the secondary and orbit. To investigate the momentum exchange,
we define the free angular momentum as the total angular momentum minus the contribution by

the primary:

hfree = htotal - th~ (310)

Under our assumption of constant primary angular momentum, h .. is constant in the absence of

external perturbations. In the planar F2BP system, the free angular momentum can be written as

hfree = I_z9 + I_B,z(Z.SQ. (311)

We can rearrange this equation to get a direct relationship between the orbital rate and the libration
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rate:
i hveo — I 22
I, '

(3.12)
When the system is in equilibrium, the orbit rate is constant as defined in Eq. and the
libration angle ¢ = 0 over all time. For a given angular momentum value, Eq. then defines
the required separation distance.

In this analysis we will assume the DART impact to be head-on through the secondary’s
center of mass, so only the orbital angular momentum is instantaneously changed by the impulse.
Furthermore, we assume the pre-impact system is in an equilibrium configuration, and therefore
the separation distance is constant. Thus, the impulse to the free angular momentum is equal to

mAmp

Ah = rAvyp. (3.13)

ma+ mpg
Substituting our simple, planar definition for 8 (Eq. [2.35)) into this expression gives the free angular

momentum perturbation as a function of 5:

ma
Ah = —fr——————MDARTVDART, (3.14)
ma+mp

where again the negative sign is due to the retrograde impact. Finally, we add this perturbation

to the equilibrium free angular momentum value for use in the equations of motion,
htree = h* 4+ Ah. (3.15)

Using this expression for the free angular momentum allows r, 0, and ¢ to oscillate around their
equilibrium values, allowing for the exchange of momentum between the orbit and the secondary’s
spin.

Assuming the system is initially at equilibrium with a separation distance of 1200 m, we have
all the initial conditions necessary to integrate the equations of motion using the planar F2BP. In
these simulations we will assume the secondary to have the axial ratios a/b = 1.3, b/c = 1.1. We
simulate the impact by instantaneously perturbing the free angular momentum for a given value

of 8. When the free angular momentum is perturbed through 3, the system deviates from the
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equilibrium configuration. The inertia tensor of the secondary is calculated using its bulk diameter
and axis ratios, while the inertia tensor of the primary is calculated by approximating the primary’s
full shape model as an oblate spheroid. Thus, we have all the quantities needed to propagate the
equations of motion using the planar F2BP model.

The libration amplitude is calculated using the time history of ¢ over the full time domain.
A 20° libration means the secondary is oscillating by +20° around the line r, as is the case in Fig.
B.7

The orbit rate 6 is plotted for the S = 3 case in the lower left of Figs. and where we
immediately see it varies over time. In order to calculate the orbit periods, we use an event function
during the integration of the equations of motion. The event function checks the integration of Eq.
and calculates the precise times 6 has reached 27. By differencing these sequential times, we
calculate the orbit period, or the time required for the secondary to move by 27 radians in inertial
space. This is the stroboscopic orbit period

Figs. [3.6] and [3.7] show the result of this numeric integration approach, plotting the orbit
period as a function of time in the lower right plots. These results clearly show that the orbit
period is not constant when the system is perturbed from its equilibrium and experiencing libration.
Furthermore, the two scales in these figures demonstrate a range of constituent frequencies driving

the oscillations within the system.

3.4.1 Constituent Frequencies

We next examine the underlying frequencies governing the fluctuations around the equilib-
rium. Using the angular momentum integral, we can remove 6 from the equations of motion through
Eq. Additionally, the assumption of an axially symmetric primary also removes ¢; from the

state. Thus, we can reduce the planar F2BP equations down to 2 degrees of freedom: r and ¢s.
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Figure 3.6: The separation (top left), libration (top right), orbital rate (bottom left), and orbital
period (bottom right) for the case § = 3 for a time of 60 days.

Defining our state as

r
b2
X = , (3.16)
7
62
we can write the equations of motion in the form
X = f(X). (3.17)

To linearize the equations of motion, we define the Jacobian

_9f

A—a_X.

(3.18)
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Figure 3.7: A closeup view of the separation (top left), libration (top right), orbital rate (bottom

left), and orbital period (bottom right) for the case 8 = 3 for a time of 3 days.
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By substituting in values for the semimajor axis and angular momentum after the pertur-

bation, the eigenvalues of Eq. give the natural frequencies of the system. For the case of

B = 3, the new semimajor axis is 1170 m. After evaluation and spectroscopic decomposition of

the Jacobian, the two natural frequencies are 11.4 h and 13.5 h. These correspond to the mean

motion and frequency of free libration. The proximity of these two natural frequencies will result

in beating; we can calculate the period of the beating by

1

Ti = —
beat Tl — T2

(3.20)
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where T7 and T, are the two natural frequencies of the system. In this simulation, this gives us a
beating period of 3 days.

After examination of Fig. the 3 day beating period in the libration angle is obvious.
This drives the short-period oscillation within the orbit period. Thus, an analysis of the linearized
dynamics will reveal the libration frequency in the perturbed system.

There is also a long-period mode within the orbit period, for this simulation about equal to
60 days. This is not due to any angular momentum exchange, but is actually the apsidal precession
period of the orbit. Because our observer is fixed in an inertial frame, the orbit period appears to
oscillate as the orbit precesses and periapsis is pointing in different directions. We provide a more
detailed discussion of the orbital precession in binary asteroids in Section |3.5

Thus, the orbit period varies with dominant frequencies driven by the libration and the
precession. For this simulation, we fit the 3 day and 60 day periods to produce an analytic approx-
imation of the orbit period; this is shown in Fig. [3.8] Thus, the orbit period can provide additional
information about the system, such as its precession rate and secondary shape, provided a high

enough signal-to-noise ratio is obtained to produce high-quality observational data.

3.4.2 Secondary Shapes

Expanding our analysis to different secondary elongations, we plot the periods of the natural
frequencies as a function of a/b in Fig. along with the beating period these frequencies produce.
These periods, along with the apsidal precession period of the orbit, will drive the variations in
the orbit period as seen by an external observer. Here we see these frequencies have a strong
dependence on the secondary shape. The beating period is maximum around a/b = 1.4, which is
near a major resonance within the system as we will see in Sec.

The time history of the stroboscopic orbit period for 5 different secondary elongations are
shown in Fig. The secondary shapes range from a/b = 1.1 to a/b = 1.5. This demonstrates
how the underlying frequencies within the system are very sensitive to the shape of the secondary,

highlighting the importance of this parameter in binary asteroid dynamics.
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Figure 3.9: The periods of libration calculated from the linear dynamics. The two natural frequen-
cies in the system produce the periods shown in black circles, while the beating period between the
two is plotted as red squares.

Expanding even further, we test different combinations of a/b and 5 and examine how the

libration and orbit period change. Fig. [3.11a] shows the libration amplitude as a function of both
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Figure 3.10: The time history of the orbit periods for 5 different secondary elongations. This shows
how different shapes produce different underlying frequencies within the orbit period.

a/b and 8, while Fig. shows the corresponding variation in the orbit period. Immediately
apparent is that increasing 3 increases both the libration amplitude and the orbit period variations.
There are resonances near a/b = 1.1, and a/b = 1.4 where the libration and orbit period variation
are excited for all values of 5. We will discuss this resonance in greater detail in Sec.

As a/b changes, the moments of inertia of the secondary change as well. Also, the natural
frequencies of oscillations in the secondary change with a/b [90]. Thus, it is unsurprising that
the libration magnitude changes with a/b. However, it is interesting that there is not a monotonic
dependence on a/b. Instead, we see a dependence consistent with the trend in beating period shown
in Fig. 39

Fig. 3.11] illustrates the close relationship between libration and orbit period variations. As

the libration amplitude increases, the range in orbit period also increases. This is caused by a larger
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exchange of angular momentum between the two. We see some interesting trends when we also
consider the libration periods plotted in Fig. 3.9 The resonance at a/b = 1.1 where the libration
amplitude and orbit period variations spike appears to correlate with the point where the beating
period in libration is equal to one of the natural frequencies of the system (i.e. the two curves
cross in Fig. . The increase in libration amplitude and orbit period variations also follow the
curve of the beating period, where the longer period corresponds to a larger libration amplitude

and variations in the orbit period.
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Figure 3.11: (a) The libration amplitude as a function of the axis ratio a/b and the § parameter.
(b) The variation in orbit period as a function of the axis ratio a/b and the g parameter. The
effects of resonances near a/b = 1.1 and a/b = 1.4 are apparent.

We have demonstrated that in perturbed systems, the orbit period is not constant. It expe-
riences variations driven by the libration and precession of the system, and these relationships can
be very complex. However, if these variations are detected, they can provide additional information

about the system not otherwise apparent from lightcurve observations.

3.5 Orbit Precession

The secular precession rate of an orbit is an important quantity driven by the physical

characteristics of the system. It is well understood that the oblateness of the primary body plays
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a major role in the precession rate [70]. This fact is frequently used to estimate mass distributions
within the body given an observed orbital precession rate. However, the typical assumption in these
problems is that the secondary body is small and massless in comparison to the primary. This is
not the case for binary asteroids, in which the secondary can be a significant fraction of the total
mass in the system [6]. Furthermore, the secondary is typically elongated, and its non-spherical
shape can have an important influence on the system dynamics, especially in a perturbed system
(841 [11].

The topic of orbital precession in systems with irregular satellites has been previously dis-
cussed in the literature, with some emphasis on the Martian moon Phobos [94]. However, these
studies do not account for free libration in the system, instead focusing only on the libration caused
by the orbit’s eccentricity (i.e., forced libration). Furthermore, Phobos’s mass fraction is very small,
being around 7 orders of magnitude smaller than Mars.

The groundwork for an analytic expression of the apsidal precession rate around an elongated
body was done by [97, O8] through an application of the classical Gauss Planetary Equations. The
radial and tangential accelerations due to the perturbation of the elongated body were derived
n [34]. Using these, the time derivative of the longitude of periapsis, or equivalently the apsidal
precession rate, as applied to binary asteroids was then finalized in [II]. The apsidal precession
resulting from the body’s oblateness is a classical result [70], so here we focus only on the effect of
the body’s prolateness. For convenience we repeat the expression here, with corrections to minor
errors in the derivation. The equation is non-dimensionalized, using the radius of the primary as
the unit of length and the total system mass as the mass unit, leading to the unit of time equal to

1/27 of the orbit period at the equator of the primary [11]:

24 ecos f
1+esinf|’

- \/a(1—62) I_B7y—I_va
e

9 3
w " T 2¢9 cos [ + 3 sin 2¢9 sin f (3.21)

Apart from the classical precession rate driven by oblateness, this expression shows the driving

quantities in apsidal precession. Beyond the semimajor axis, a, eccentricity e, and separation r, we
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also see the precession rate depends on the Chg gravity term of the secondary (here equivalently
written as I By — Ip.z), the libration angle ¢2, and the orbital position, measured by true anomaly
f. Here we can directly observe increasing the secondary’s Cso increasing the apsidal precession
rate. The libration angle is the angle between the longest axis and the position vector, also written

mathematically as:
br=v—f-w (3.22)

where v is the elongated body’s orientation in inertial space and w is the longitude of periapsis.

Interestingly, Eq. includes the relative orientation of the prolate body, meaning the spin
rate will affect the orbit’s precession rate. This can be used to our advantage, for if the precession
rate of the orbit is measured, it can help constrain the spin rate and libration amplitude of the
secondary in a binary asteroid.

Another point of interest is the role the true anomaly plays in the precession rate. We have
already established that in the synchronous equilibrium of binary asteroids, the true anomaly is
equal to zero and the secondary is trapped at periapsis, with the longitude of periapsis precessing at
the orbit rate. This is also reflected in Eq. [3.21] where if the true anomaly and libration angle are
equal to zero the apsidal precession rate is rapid, equal to the orbit rate. For small perturbations,
the true anomaly and the libration angle oscillate about 0°. In this case, the precession rate is not
constant, but is still rapid, since the longitude of periapsis is still circulating while the true anomaly
oscillates. We have derived this critical point where the true anomaly switches from oscillation to
circulation in Sec. 3.2

Unfortunately, this expression relies on both ¢o and f, which are not independent and lack
an explicit relationship between the two. Thus, they must be integrated together using proper
equations of motion, for example the model in [34] or [II]. Furthermore, the semimajor axis,
eccentricity, and separation all also depend on these two quantities, and the semimajor axis and
eccentricity in particular are not constant. We illustrate the relationships between these parame-

ters in Fig. which shows complex dependencies between true anomaly, libration, separation
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distance, semimajor axis, and eccentricity.
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Figure 3.12: Plots from the sphere-ellipsoid model showing the relationship between (a) the li-
bration and true anomaly, (b) separation and libration, (c) semimajor axis and libration, and (d)
eccentricity and libration. This illustrates the complicated relationships between these quantities.

One may attempt to average Eq. over one orbit period. However, as demonstrated
in Fig. and discussed in Sec. there are in reality several frequencies, specifically the
frequency of the true anomaly and the frequency of libration. Thus, averaging over one orbit
period will not capture the true secular behavior, except for the specific case where the libration
frequency is resonant with the orbit mean motion (for a synchronous secondary, this is the case of
only forced libration). Alternatively, one may average over one precession period. However, in a

purely analytical approach we still run into the problem of the complex relationships between f
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and ¢o. To investigate this, we note there are two terms in Eq. We carried out numerical
simulations and averaged both these terms separately. In general, both terms contribute to the
secular behavior (i.e. neither term averages to zero).

For an analytical approach, we turn to another expression for the apsidal precession rate,
derived in [05]. This model also includes the effects of secondary elongation and libration, but
only considers the forced libration within the system. The benefit of reducing the model to only
incorporating the forced libration is the relationship between ¢9 and f becomes much simpler, and
we can average over 1 orbit period. However, unfortunately we cannot use this equation when free
libration is present in the system.

For now, we will restrict our dynamics to perfectly planar, so the angular momentum of the
secondary and orbit are aligned. Because we cannot analytically solve Eq. we will use the
spherical-restricted F2BP to calculate the orbital elements and the libration angle. We approximate
the apsidal precession rate using a linear fit of the numerically obtained longitude of periapsis. In
our dynamics, we start the secondary aligned with the primary (¢20 = 0°) and perturb the velocity
to add a small amount of eccentricity to the system. This is similar to the effect of the DART
impact in the Didymos binary asteroid system.

We apply a AV of -3 mm/s to the secondary (retrograde to the orbital motion), similar to the
value caused by the DART impact [75]. Along with this perturbation, we also apply a perturbation
to the secondary’s spin rate 5(132. We then integrate the system forward in time for 60 days and
calculate the precession rate by linearly fitting to the secular drift in the longitude of periapsis over
this time.

Figure shows the results of these simulations. Panel (a) plots the precession rate as a
function of the spin perturbation, while panel (b) shows the precession rate as a function of the
libration amplitude ®5. The relationship between the libration amplitude and the spin perturbation
is shown in panel (c¢). Finally, panel (d) shows the eccentricity as a function of the spin perturbation.
This demonstrates how the precession rate does depend on the secondary’s spin, and it’s not only

driven by the changing eccentricity.
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Figure 3.13: Plots of numeric results showing (a) the precession rate as a function of the spin
perturbation, (b) the precession rate as a function of the libration amplitude, (c¢) the libration
amplitude as a function of the spin perturbation, and (d) the eccentricity as a function of the spin
perturbation.

From Figure there is a critical spin perturbation which results in the largest apsidal
regression. This occurs at the same perturbation which minimizes the libration amplitude, meaning
this is the secondary spin rate which eliminates free libration, leaving only the forced libration.
Increasing libration amplitude, or equivalently perturbing the secondary spin away form this value,
results in decreasing the absolute rate of precession (moving closer to zero secular drift). We also

see how the secondary’s spin perturbation has a small effect on the eccentricity. Increasing the
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secondary’s spin rate results in a higher eccentricity.

In Figure [3.13] we see some discontinuities in the precession rate for a spin perturbation
around 16°/hour, and to a lesser extent also around -6°/hour. These appear to be due to a
resonance between the average orbit period and the average secondary spin period, but they only
have a small effect on the dynamics.

These results demonstrate that apsidal precession within a binary asteroid is strongly affected
by the secondary. While the contribution of the shape of the secondary is relatively easy to compute,
there is also a contribution from the secondary’s spin rate. Indeed, the secondary’s libration angle at
a specific point in the orbit will have an effect on the apsidal precession rate. Thus, perturbations to
the spin of a secondary will change the precession rate, along with perturbations to the eccentricity.
In fact, these are not independent, as changes to the secondary’s spin will affect the eccentricity,

and vice versa. This once more highlights the coupled spin-orbit dynamics in these systems.

3.5.1 Comparison with Analytic Models

Next we compare these results with the analytic equations for apsidal precession rate. To
calculate the precession rate using we integrate our equations of motion to get a time history
for true anomaly and libration angle, then average the time history of @ to come up with an average
apsidal precession rate. In using the model in [95], we calculate the libration amplitude by averaging
the local maximums within the libration angle time history. Since there are a range of frequencies
and amplitudes within the libration angle [96], this approach gives a more representative value for
the libration amplitude.

The comparison between these three approaches in shown in Fig. We see fairly good
agreement using Eq. although the curve is noisier than the numerical solution thanks to the
averaging approach. The forced libration solution from [95] diverges sharply from the numerical
solution. This is expected, since this equation only considers the forced libration. When the
numerical solution only has forced libration, then the model in [95] matches the numerical solution

closely. In this system, a spin perturbation around 7°/hour eliminates free libration from the
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system, only leaving the forced libration. Around this point, all three models have a close match

for the precession rate.
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Figure 3.14: A comparison between the numerically calculated apsidal precession rate and the
analytic expressions. The Cuk Model corresponds to Eq. and the Jacobson Model corresponds
to the result in [95].

3.6 Resonances and Out-of-Plane Rotation

So far we have shown how the secondary rotation can affect the orbit dynamics in a binary
asteroid. However, this discussion has been limited to only major principal axis rotation. We now
begin to investigate how NPA rotation in the secondary changes these results. The first important
consideration is understanding what system parameters make the secondary susceptible to NPA
rotation. The main driver of this is resonances within the system. In Section [3.4.1] we showed
how to calculate the natural frequencies within the planar system. We now extend that to three
dimensions using the spherical-restricted F2BP.

The potential energy between two bodies taken to a second order approximation is [69]

—G 3
U= % - 2%[WTr(IB) +mpTr(Ip)] + 279577- (mACBTI5CE +mpCaTI4Ca] 7. (3.23)

For the spherical restricted F2BP, body A is a sphere while body B is an arbitrary 3D massive

asteroid. Since body A is a sphere, the term 7- CATI4Cy - 7 can simply be written as r2Ig where
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I is the diagonal entry of I4 (i.e., the moment of inertia of a uniform sphere) and Tr(I4) reduces

to 3[5.

If the position vector 7 is written in the frame of body B, Cg then becomes the identity

matrix. With these simplifications, the second order potential energy becomes

—Gmamp G 3G "
U= — - ﬁ[mATr(IB)] o [malp] - 7. (3.24)
Defining the state vector as X = [F, 77, &]T, the state dynamics can thus be written as
B
X = | _odi4 i —ddr— 2 | = FX) (3.25)
I | ~Gp@ +mix G |
and the equilibrium conditions are
F=0 (3.26)
=~ ou
Jdr = —— 3.27
WWT 57 (3.27)
ou

Here we are using the notation where the tilde operator corresponds to the 3 x 3 skew-symmetric

cross-product matrix. With these equilibrium conditions, the linearized dynamics matrix at equi-

librium can be calculated as

[0]3x3 [Ulsxs [0]3x3
OF
et ~ .. - |- N . = 3.29
X |z, | mitg! [FoH — 98] - 55— 5F| 28 |15t | ~OLp + Lpd | + GF 4+ OF (3.29)

[0]33
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This gives the linearized dynamics equation

or or

.| oF .

Pl =— =l . 3.30
orT 0% |5, orT ( )
0w 0w

Reference [50] carries out the operations in the dynamics matrix to obtain a simplified ex-
pression, from which they derive equations for the four fundamental frequencies after reducing the
matrix to 8 x 8. We will walk through the process of reducing this matrix using the angular mo-
mentum integral. However, rather than obtaining expressions for the frequencies, we will directly
solve for them using spectral decomposition of the reduced dynamics matrix.

The magnitude of the angular momentum provides an integral of motion allowing us to
reduce the dynamics matrix from 9x9 to 8x8. In practice, this leads to eliminating the ws (x9)
contribution, which would otherwise result in a zero eigenvalue. To reduce the matrix, we can break

the problem up as

Ay AS x1 &J

5X = (3.31)

Aixs  Ag | |0z9
where X is the state, ¢ is the first 8 states (excluding z9), and the full dynamics matrix is called

A, which we have broken up into convenient submatrices. This allows us to write
8y = A0 + Agx10z0. (3.32)

The angular momentum magnitude integral, h, is linearized and written as,

O 55— 0, (3.33)
oX

where the angular momentum vector is defined as
h=1p@ + mi x (F+ & x 7). (3.34)
This can be expanded by splitting the state,
oh Ooh

—0Y + =—dx9 = 0. .
6ﬁy+8x9 x9 =10 (3.35)
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Finally, we can write

Oh _ [—oh\ "
After substitution, we obtain
5y = A*67j, (3.37)
with
oh [(—oh\ "
A=A, — Agx1=—= | =— . .
(o))

At an equilibrium point it becomes simple to calculate the A* matrix and in turn find its
spectral decomposition, with the zero eigenvalue corresponding to w3 removed. The presence of real
components in any of the eigenvalues of A* would correspond to unstable motion. Furthermore,
the eigenvalues can be leveraged to find resonances between the system’s fundamental frequencies.
Using this approach, we can compute the fundamental frequencies of the secondary’s motion as a
function of its axial ratios a/b and b/c.

We performed a grid search over the full solution space of axis ratios, ranging from 1 < a/b <
1.5 and 1 < b/c < 1.5. These limits are informed by observations [6]. For each value of a/b and
b/c, the inertia tensor is computed for a uniform triaxial ellipsoid. The matrix A* (Eq. is
then evaluated for each value of a/b and b/c at their respective equilibrium points. We find that
all eigenvalues over this solution space are purely imaginary, which at first seem to indicate stable
motion about the equilibrium point.

Because the spectral decomposition produces eight conjugate frequencies, there are only four
unique values leading to four fundamental frequencies. Beyond the orbital frequency (mean motion)
and in-plane free libration we calculated in the planar problem (see Sec. , we now add two
out-of-plane frequencies, relating to the precession and nutation of the secondary [90].

Although the eigenvalue analysis only produces imaginary eigenvalues for all shapes (initially
indicating rotational stability), we find a multitude of resonances among the fundamental frequen-
cies upon closer examination. These resonances indicate areas in the solution space in which this

linear model is no longer accurate, and nonlinear effects become important. Figure shows each
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resonance between the various fundamental frequencies up to 5:1. Shapes near these resonances
are susceptible to NPA rotation given small perturbations to the system. These resonances are
similar to those analytically computed for gravity gradient torques [99]. Notably, we see resonances

at a/b=1.1 and a/b = 1.4. We have already seen evidence of these resonances in Sec.
1.5¢

1.4
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b/c

1.2-

1.1+

1 1.1 1.2 1.3 1.4 1.5
a/b

Figure 3.15: The resonances of the four fundamental frequencies up to 5:1. The line weight is
a reflection of the size of each resonance region. Thus, thicker lines allow for a wider range of
secondary shapes to excite that resonance.

3.6.1 Secondary NPA Rotation

To discuss NPA rotation in the secondary, we need to expand our description of the sec-
ondary’s attitude. In planar cases we can describe this using a single libration angle. Allowing for
full three-dimensional rotation requires a more careful description. To accomplish this, we define
an additional coordinate frame, the rotating Hill frame. In this Hill frame, the xz-axis points from
the primary to the secondary, the z-axis is aligned with the orbit’s angular momentum vector, and

the y-axis completes the triad. Formally, this is defined as:

A~

H : [0 7,0, hoy). (3.39)
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We describe the secondary’s attitude relative to this frame using the classical set of 1-2-3 Euler
angles, corresponding to roll, pitch, and yaw. An illustration of this is shown in Fig. [3.16] For
a system in the singly synchronous configuration, all three Euler angles are equal to zero over all

time. In planar rotation, f3 is equal to the libration angle.

Figure 3.16: The 1-2-3 Euler angles measuring the secondary’s attitude in roll-pitch-yaw relative
to the rotating Hill frame.

NPA rotation in the secondary can take a wide range of forms. To investigate this, we simulate
a range of perturbed Didymos-Dimorphos systems after the DART impact. This is a Monte Carlo
suite of simulations allowing for uncertainties within the physical shapes and sizes of the asteroids,
the orbit parameters, and the DART impact geometry. The result is three general regimes of NPA
rotation.

To explore the regimes of possible NPA rotation, we plot the average of the magnitude of the
pitch angle |fs| as a function of the average of the magnitude of the yaw angle |f3|, shown in Fig.
B.I7

Immediately, we see a clustering of small |f2| and small |f3]. We define this as regime 1, which
is characterized by small out-of-plane rotation, and is near to principal axis rotation. We do not
plot |61| as it does not provide much additional information, but we note regime 1 does permit the
barrel instability, in which the secondary can roll about its long axis [91]. While there is technically

NPA rotation within this regime, it is not large. Thus, we call this regime ‘no tumbling’.
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Above this region, we see a clustering of systems with larger |f2| values, still with relatively
small |f3] values. These systems see a large out-of-plane rotation, but are still pointing on average
toward the primary (i.e. f3 < 90°), thus regime 2 is characterized by NPA rotation generally within
the on-average synchronous configuration. Occasionally, the secondary may actually flip around
and experience NPA rotation in the anti-synchronous configuration. Because of the similarity of
these states we do not make a distinction between them, and thus the scattering of points to
the right of the upper point cluster are still considered in regime 2 of NPA rotation. The barrel
instability is common in this regime. This regime is not formally defined, and thus there is a
transition region between regime 1 and regime 2. The NPA rotation in this regime is significant,
but still generally limited to within on-average synchronous or anti-synchronous rotation. We call
this regime ‘epicyclic tumbling’.

Lastly, we define a third regime of NPA rotation, characterized by more chaotic rotation. In
this regime we cannot say the secondary is on-average synchronous or anti-synchronous. We call

this regime ‘fully tumbling’, as the attitude of the secondary is completely unpredictable.
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Figure 3.17: The three regimes of NPA rotation, plotted as a function of average yaw and pitch
angles. The shaded regions are not hard cutoffs, but serve to aid interpretation.
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3.6.2 Effect on Eccentricity

When the secondary enters into NPA rotation, the rotational angular momentum of the
secondary will decrease on average as its spin axis moves away from its major principal inertia axis.
As a result, the orbital angular momentum will on-average increase to compensate, which reduces
the orbit’s eccentricity. If the increase in orbital angular momentum, and corresponding decrease
in eccentricity, is sufficient, it can cause the orbit to move back to an equilibrium configuration
where the true anomaly begins librating again and the argument of periapsis tracks the secondary.
Thus, unstable secondary rotation actually leads the orbit closer to equilibrium dynamics. The
nearest equilibrium orbit to the perturbed orbit is at the same value of observable semimajor axis
(i.e. orbital energy) but at the equilibrium eccentricity.

To illustrate this point, we use an example of a system where the secondary is near a reso-
nance. The relative 1-2-3 Euler angles, corresponding to roll-pitch-yaw of the secondary, are shown
in Fig. This system demonstrates an attitude instability as the secondary is in a state of
epicyclic tumbling beginning around 40 days into the simulation. As an illustration, the Euler
angles reveal that, even while the secondary is tumbling, it still remains either generally aligned or
anti-aligned with Didymos. It occasionally switches between states where its long axis is on-average
pointing toward Didymos (6; and 05 oscillating around 0°) to pointing away from Didymos (6; and
05 oscillating around 180°).

The specific orbital and secondary angular momenta of this system are plotted in Fig.
As the secondary enters a state of tumbling, the orbital angular momentum increases on average.
The dashed black line in Fig. corresponds to the calculated angular momentum of the nearest
equilibrium orbit from Eq. using the post-impact observable semimajor axis. The orange line
is a 1-day average of the angular momentum to aid in interpretation. As the secondary tumbles,
there is an exchange of angular momentum between the secondary and the orbit.

As the secondary begins tumbling, the specific orbit angular momentum increases to its

equilibrium value. At the same time, the Keplerian eccentricity decreases to its equilibrium value, as
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shown in Fig. where the dashed black line is the calculated equilibrium eccentricity from Eq.
The time period when the specific orbital angular momentum is equal to its equilibrium value
is roughly the same time period when the Keplerian eccentricity is equal to its equilibrium value.
This is also roughly the same time period when the true anomaly, shown in Fig. returns to a
state of libration, before once again tracking when the orbital angular momentum again decreases
and the osculating eccentricity increases. As the secondary enters a tumbling state, the orbital
angular momentum increases on average. We see an exchange of angular momentum between the
orbit and the secondary when the secondary is tumbling. At some threshold, the true anomaly
switches from circulating to librating, then back to circulating as angular momentum is exchanged
between the orbit and secondary. Comparing the true anomaly to the orbit angular momentum,
this threshold is near when the orbital angular momentum crosses its nearest equilibrium value, or
equivalently when the osculating eccentricity decreases to its equilibrium value.

Thus, we have demonstrated how the onset of tumbling in the secondary can have significant
effects on the orbit dynamics, a general result beyond the application to Didymos and DART. We
note this decrease in eccentricity is not caused by enhanced dissipation (e.g. [100]), which is not
modeled here, but by the commensurability between the secondary and orbit angular momenta. The
angular momentum lost by the secondary is sufficient to directly decrease the orbit’s eccentricity.
As the secondary begins tumbling, the decrease in eccentricity is substantial and rapid as the
orbit becomes more circular and settles into the nearest equilibrium orbit. Thus, the onset of
tumbling in the secondary may be observable from the ground in lightcurve data. As the system
continues to evolve, this exchange in angular momentum can continue, causing the eccentricity
to fluctuate. Furthermore, the true anomaly can then switch between epochs of circulating and
librating, depending on the orbit’s angular momentum. These dynamics are a direct result of the

spin-orbit coupling in these systems.
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Figure 3.18: (a) The relative 1-2-3 Euler angles (roll-pitch-yaw) of the secondary of an unstable
system that begins tumbling. Significant NPA rotation begins at around 40 days into the simulation.
(b) The specific orbital angular momentum (top) and secondary angular momentum (bottom) of
a system that begins tumbling. The dashed line corresponds to the nearest equilibrium orbit,
and the orange line is a 1-day moving average of the angular momentum. (c) The Keplerian and
observable eccentricity of a system that begins tumbling. As the secondary enters a tumbling state,
the eccentricity decreases as the orbital angular momentum increases. The dashed line corresponds
to the equilibrium Keplerian value. (d) The true anomaly of a system that begins tumbling.

3.6.3 Effect on Orbit Period

As discussed in Sec. the stroboscopic orbit period is not constant in a perturbed system.
While the secondary is in stable libration, the orbit period fluctuates at frequencies determined by
the libration and precession.

The stroboscopic orbit period for a tumbling secondary in Didymos is plotted in Fig.

over time. We see the expected orbit period variations dominated by the orbit’s precession and
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secondary libration prior to tumbling, but as the secondary enters epicyclic tumbling, the amplitude
of orbit period variations increases significantly and the periodicity is lost. This implies that, along
with a decrease in observed eccentricity, large deviations from expected mutual event timings in
lightcurves can also indicate tumbling. Thus, we have established two independent indications
of tumbling that are observable in lightcurve observations: a rapid decrease in the observable
eccentricity followed by relatively large, aperiodic variations in the stroboscopic orbit period. So
even if the spin state of the secondary is not directly observable from the ground, it is still possible to
predict if it is tumbling or not from other features in the lightcurves. However, given observational

errors and noise, it may be difficult to detect these characteristics in ground-based lightcurves [96].
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Figure 3.19: Stroboscopic orbit period over time for the tumbling case study in the previous section.
Prior to the onset of tumbling, the orbit period experiences small, periodic variations. As the
secondary begins to tumble, the amplitude of orbit period variations increases and the periodicity
is absent.

3.6.4 Effect on Precession Rate

Next we examine the role played by out of plane rotation on the orbital precession rate.
Specifically, we are interested in how the apsidal precession rate is affected by NPA rotation, and
will continue using Didymos as an illustration.

An example of NPA rotation with no tumbling is shown in Figure[3.20l We see generally well-
behaved dynamics, with NPA rotation starting around 70 days into the simulation. However, the

NPA rotation is small, and as a result we see nearly constant semimajor axis and eccentricity, and
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an on-average constant apsidal precession rate. Thus, this level of NPA rotation has no significant

effect on the precession rate.

30 ‘ ‘ ; : ‘ ; ‘ | ‘ ‘
- 15] 1155
= El
15+ ® 1150
-30 L L L L L L L L . L
0

0

20 40 60 80 100 120 0 20 40 60 80 100 120
10 ‘ ‘ ‘ ‘ ‘ 0.04 ‘ ‘ ‘ 7
= 3l 0.03
S < 000 YAV
< 4 1
-10 L L . L L 0.02| . L L . L ]
20 40 60 80 100 120 0 20 40 60 80 100 120
40 ' ' y T ; 360 T ' T :
7 20 o ™~
.0 ©.180 1
< 20 B K\""‘\\
-40 L L L L L 0 L L L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Days From Impact Days From Impact
(a) Precession rate as a function of spin perturbation (b) Precession rate as a function of libration ampli-
tude

Figure 3.20: Illustration of no tumbling in NPA rotation, characterized by small out-of-plane Euler
angles, a constant precession rate, and relatively constant eccentricity

In epicyclic tumbling, the libration amplitude varies as angular momentum is exchanged
between the secondary and the orbit, and as a result the apsidal precession rate can vary as well.
An example of epicyclic tumbling is shown in Figure [3.21l The barrel instability begins around
40 days into the simulation and is shown by ‘flipping’ of the roll angle. As angular momentum
is exchanged between the secondary and orbit, we see a corresponding drop in eccentricity, as
discussed in Sec. [3.6.2l The semimajor axis sees a small amount of variation, and the apsidal
precession rate can fluctuate significantly away from the average rate. Since the eccentricity is not
constant, we see corresponding changes to the apsidal precession rate as expected.

An example of constant tumbling is shown in Figure [3.22] Here we see no real structure to
the Euler angles, and all 3 see significant amplitudes. This corresponds to fully chaotic secondary
rotation. The semimajor axis sees more variation, along with the eccentricity. Interestingly, the
longitude of periapsis does not have much of a secular drift. It usually remains around some value
before rapidly jumping to a new value, without any consistent precession.

From these examples it is evident that NPA rotation of the secondary has a substantial impact
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Figure 3.21: Tllustration of epicyclic tumbling in NPA rotation, characterized by significant out-of-
plane Euler angles and occasional rapid increases in the precession rate, and rapid changes in the
eccentricity.
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Figure 3.22: Illustration of constant tumbling in NPA rotation, characterized by large and uncor-
related out-of-plane Euler angles, and relatively constant precession rate and eccentricity.

on the apsidal precession of the orbit. While rotation within the no tumbling regime does not have
much of an effect, epicyclic tumbling can cause significant departures from the expected precession
rate, and constant tumbling can destroy this secular drift altogether. Thus, measurements of the

apsidal precession rate in binary asteroids can also elucidate the secondary’s rotational stability.



71

3.7 Conclusion

This chapter has explored the spin-orbit coupled dynamics within a perturbed binary asteroid.
We calculated the perturbation necessary to allow the true anomaly to transition from libration
to circulation. As the angular momentum is perturbed from the equilibrium value, an exchange
of angular momentum between the secondary and the orbit begins, driven by libration in the
secondary. The natural frequencies of libration strongly depend on the shape of the secondary.
Larger librations in the secondary mean larger variations in its spin rate, which also manifests as
larger fluctuations within the orbit period.

Both the secondary’s shape and rotation play a major role in determining the apsidal preces-
sion rate of the orbit. The precession rate is maximized (to be specific, the fastest regression rate)
when any free libration is eliminated from the system. Thus, free libration has a major effect on
the precession rate and eccentricity of the orbit.

When natural frequencies within the system are in resonance, the secondary is susceptible
to entering a state of NPA rotation. This generally falls into one of three categories: no tumbling,
epicyclic tumbling, or constant tumbling. The onset of NPA rotation can have major effects on the
orbit. The corresponding on-average decrease in secondary angular momentum manifests in the
orbit as a rapid reduction in eccentricity, sometimes to the point where the true anomaly returns
to oscillation around periapsis. The variations in the orbit period can become large and chaotic
due to the angular momentum exchange, and the precession rate can rapidly change or disappear
altogether. These changes in the orbit are an indicator of NPA rotation in the secondary without

any need to directly observe its rotational state.



Chapter 4

Internal Dissipation

4.1 Introduction

While the dynamics of a perturbed binary asteroid are important to study, these dynamics
are transient. Internal energy dissipation within these systems will inevitably evolve the dynamics
back to an equilibrium configuration. There are two main mechanisms of energy dissipation we
will consider in this chapter, both stemming from the deformation of the bodies. The first is
tidal torque, in which the tidal forces of both bodies act to move the system into a synchronous
equilibrium [38], 40} [70]. The second is non-principal axis (NPA) rotation, in which rotation about
any axis other than the major principal axis will dissipate energy until the major principal axis is
aligned with the angular momentum [101] 102} 103, 104} [105]. Both these mechanisms will drive the
system toward the doubly synchronous equilibrium in which the two asteroids are mutually tidally
locked, with their spin angular momentum vectors aligned with their major principal axes and the
orbit angular momentum vector [39]. However, for NEAs and small MBAs, the primary will not
synchronize with the orbit as it is counteracted by YORP and the small size of the secondary leads
to very long dissipation times. Contrasted with the relatively short lifespan of NEAs, these systems
do not reach the doubly-synchronous equilibrium.

While many studies focus on energy dissipation in the two-body problem, they generally
ignore the specific dynamical regime that Didymos will inhabit after the DART impact: a system
which is generally synchronous but with nonzero libration of the secondary [40} 38]. Here we

define libration as any angular deviation of the secondary’s long axis away from the tidally locked
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configuration, but smaller than 90° so the secondary remains on-average synchronous. Generally
there are two modes of libration: free and forced [70]. While forced libration is driven by eccentricity,
free libration is governed by the average libration over an orbit period and is thus eccentricity-
agnostic [106]. Given the strongly coupled nature of binary asteroids, we make no distinction
between these two modes and simply adopt the physical libration angle. More recently, [107]
analyzed energy dissipation in a tidally perturbed librating body. This is the same regime we are
interested in here, but we attempt to relax the small-libration assumption from that work and
extend results to binary asteroids, which orbit much closer than planet-moon systems. Another
noteworthy study is that of [31], who apply a tidal torque model to binary asteroids. However, this
analysis is limited to 2 dimensions, whereas we are interested in the full 3 dimensional dynamics.
[100L ©92] study tidal dissipation in coupled systems with some attention spent on the libration
state, and our work falls in a similar vein but we focus on how different shapes and stiffness of the

secondary affect the dissipation process.

4.2 Dissipation Models

In studying dissipation, we use the sphere-restricted F2BP. It is important to consider three-
dimensional rotation, as this can have an effect on the dissipation rate. However, studies of energy
dissipation necessarily span a long time period, so we use the sphere-restricted F2BP to allow for
studies over longer time domains while allowing for the full three-dimensional rotation.

We introduce the methods of dissipation through non-rigid processes, both through tidal
torque and NPA rotation, which rise from a combination of deformation, rotation, and translation
of the bodies [108]. We ignore any surface motion on both the primary and secondary, which includes
rotation-induced granular motion on the secondary’s surface and any associated body reshaping,
which changes the gravitational potential energy [58| [109], tidal saltation and YORP-induced land-
slides on the primary [110], and boulder movement on either body [I11], which would also dissipate
energy. We will assume any reshaping and surface motion to be small and intermittent, and the

energy dissipated by these events to be negligible over time.
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We will primarily focus on Didymos in this chapter, as the question of how long-lived its
excited dynamical state will be following the DART impact is of interest to Hera [64], as well
as interesting to the small body community in general, as this can help constrain the internal

properties of rubble piles.

4.2.1 Tidal Torque

To describe energy dissipation from the system, we introduce equations for tidal torque to
add to our dynamical model. In selecting a basic model for tidal torque, we have two choices: the
constant () model, in which the rate of dissipation is driven by the ratio of tidal quality factor @)
and the simple Love number ks [70], or the constant time lag model, in which the angle between
the tidal bulge and the line connecting the two bodies is a constant At [I12, 113]. Based on the
physics of our problem setup, the secondary will librate about the synchronous configuration, and
thus a constant lag angle would be inappropriate, as the lag angle should oscillate as a result of
the libration. For this reason we select the constant ) model, which is the same model adopted by

[31], in which the tidal torque is defined as:

I'= _Sign(w - worb)§ (

—~ (4.1)
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where the body’s angular velocity is w, the orbit’s angular rate is wyp, R is the reference radius for
the body, p is its density, and @Q/k is the tidal dissipation ratio. The tidal quality factor @ is related
to the tidal bulge lag angle (@ ~ 1/sine¢), while the Love number ks describes the level of body
deformation due to the tidal potential. Henceforth we drop the subscript 2 on the Love number for
simplicity. A large value of Q/k corresponds to a more stiff body that dissipates more slowly. In
reality, the tidal dissipation is far more complicated than simply selecting constant values for the
unknown )/k values. As pointed out by [114], tidal dissipation in binary asteroids, including rubble
piles, may be governed primarily by the body’s viscosity, rather than rigidity. Others, including
[38] and [I15], argue that friction is a critical parameter. Since there is no current estimate for the

viscosity of rubble pile asteroids, we adopt the friction approach. Furthermore, while many studies
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assume the quality number ) to be constant, this parameter depends on the tidal frequency. Further
complicating this relationship is the fact that the tidal quality number is not a linear function of
the tidal frequency, and can either increase or decrease with the frequency [116]. We also are left
with the problem of the tidal lag angle oscillation. To address this we adopt the same solution as
[31]; we will linearize the tidal torque around the point where (w — wo,p) is near zero so the torque
does not immediately switch signs as the secondary librates (see Appendix C therein for details on
this linearization). This linearization is necessary, as the tidal bulge is a physical phenomenon and
requires a finite time to cross between leading or trailing the tide-raising body.

Note that [40] point out the simple tidal model assumes the two bodies are widely separated,
whereas the separation between Didymos and Dimorphos is only slightly larger than 3 primary radii.
In their work, [40] calculate that higher order terms in the tidal potential speed up the process of
tidal evolution. However, they also find that uncertainties in the system, particularly surrounding
Q/k, dominate over the higher order tidal expansion. Thus, we continue with the simple tidal
model given the large uncertainty associated with the system bulk density and physical properties,
while keeping in mind higher order terms in the tidal model will only increase the rate of damping
in the system. Thus, the error associated with this tidal model is considered to be secondary to
the considerable uncertainty on the Q/k coefficient for our purposes.

Unfortunately, given the lack of knowledge on the physical parameters of rubble piles, par-
ticularly their viscosity, we cannot calculate an accurate value for Q/k. For lack of a better option,
we surrender ourselves to the typical simplifications surrounding the factor @/k, and we turn to
the work by [115], 43], who derive an estimate for a constant @)/k for rubble pile binary asteroids,
which can be approximated by

% ~ 300R (4.2)
for R in meters. This leads to a value for Didymos Q4/ka ~ 1 x 10° and for Dimorphos Qp/kp ~
2.5x10%. These values, and the linear scaling with radius, are consistent with constraints calculated

using the age of binary asteroids [6I]. Note this expression for @Q/k is frequency independent
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and derived for a non-synchronous binary system. However, we again emphasize there is large
uncertainty associated with these values so this definition serves as a first-order approximation, as
the error from uncertainties dominates over the error from the assumptions. Furthermore, these
values are consistent with existing estimates for small bodies in the literature [43] [72], 117, [118].
However, there is not a consensus on this linear scaling. For example, [3§] propose an inverse
scaling of Q/k with R, and even in their own work [I15] point out a scaling with R32? may be more
accurate. Another consideration is if Dimorphos turns out to be monolithic instead of a rubble
pile, its Q/k value would likely be orders of magnitude higher [38]. Hence, the large uncertainty
in @/k dominates over other errors associated with our model, and it is futile to develop a high
fidelity tidal model while limited by this unknown parameter.

Returning to the tidal torque equation, this model is still only defined in 2-dimensions and we
wish to extend this to a full 3-dimensional analysis, as out-of-plane rotation of the secondary is a
possibility. This can be done with only a few corrections to the classic model. To start, we need to
define a vector for the torque direction. The torque will act to push the spin rates of the asteroids
into the synchronous equilibrium, but physically cannot act in the direction of the position vector

of the secondary relative to the primary. We define the relative spin rate of a body:
S R (4.3)

We can then use this spin vector as the vector along which the torque acts, with a small correction

so the torque in the radial direction is zero:

>
—
=

= —?77' (4.4)
¢ — (¢ 7)7|

This formulation also takes care of the sign of the torque, as the torque will generally act in the
direction opposite the relative spin rate, so that a secondary rotating faster than the orbit rate is
slowed, while a secondary rotating slower will be sped up. Furthermore, any out-of-plane rotation is
countered by the torque, with the exception of any spin about the relative position vector, as tidal

torque can only act perpendicular to this direction. Thus, we don’t need any further consideration
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on the sign of the torque and can remove the —sign(w —wy,p) expression from Eq. and substitute
Eq. 4] in its place.

While we formulated the 3D torque expression with the secondary in mind, it is also equally
applicable to the primary, as tidal dissipation will ultimately drive the system to the doubly syn-
chronous state. So we have developed expressions for the torque on both bodies. However, to
accurately express the equations of motion we also need to consider the torque on the orbit. By

the conservation of angular momentum, the torque on the orbit is simply

—

I‘ov"b = _(fA + fB) (45)

However, to include this in the orbital equation of motion we will need to calculate this torque’s

effect on 7. Turning to the orbital angular momentum we know

2, d . ~
H = a(mFx 7) = Tomp (4.6)
where m = %. This gives
it = Ty, (4.7)

We would like to solve this equation for  to update the orbital equation of motion with the tidal
torque. We note that

Fx (7% 1) = (7 7)F — (F- F)r = 7 x —22, (4.8)

which can be arranged to find

o Ty X7 7T
T = +

. . (4.9)

mr

However, this is not a unique solution, as for any real number K we can find

Top X7 7T
e+ KT (4.10)

=

mr

is also a valid solution as a result of the dot product. Thus, we must solve the problem of a
non-unique solution. We note that whenever the torque I'y, is equal to zero, there should be no

contribution to the equation of motion. So we choose K = 0 to enforce this constraint (alternatively,
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we force the acceleration to be perpendicular to the position vector, so that 7 - F= 0), and we are
left with

f p X T .
—— = Yo (4.11)

=
mr

We have introduced the term 7, as the acceleration due to the torque on the orbit. This makes
sense given the physical context, where the tides should not have any effect in the radial direction.
Note that this formula must be calculated in an inertial frame as it is derived from the orbit
angular momentum. Once computed in an inertial frame, it can be transformed into the secondary

body-fixed frame for use in the equations of motion.

4.2.2 NPA Rotation

Any NPA rotation of the secondary will act to dissipate energy while keeping its angular
momentum constant, until its maximum principal inertia axis is aligned with its angular momentum.
There is a wide variety of work that has considered this problem [101], [103] 104} 105], but for the
most applicable to this work we turn to [102], who calculate the rate of energy dissipation in a
triaxial ellipsoid rotating in either long-axis mode or short-axis mode. The full expression for
energy dissipation in a triaxial ellipsoid undergoing NPA rotation is quite complicated, and we

report a condensed version here,
atpMpas,
nQ

where a is the secondary’s longest semiaxis, wp is its nominal rotation rate, and ¥ is a complicated

Enpa = 0, (4.12)

function of the secondary’s shape, Poisson’s ratio, and an elliptic modulus. We omit the details
here and refer the reader to [I02] for the full expression. This expression uses the Lamé constant

w instead of the Love number k, but we can relate our Q/k to u@ through [70] 115]:

pQ ~ g% ’R2. (4.13)

At the risk of sounding repetitive, we again highlight the shortfall of this relationship as pointed
out by [114], as @ is frequency dependent. Thus, the @ selected for the tidal dissipation model is

not necessarily the same @) for NPA rotation, again introducing considerable uncertainty. However,
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we assume the driving frequencies for tidal and NPA dissipation are the same, and again for lack
of a better option we adopt the same () for both methods of dissipation.

Because our dynamics only include rigid body motion, we must add a torque to simulate the
effects of nonrigid energy dissipation. In the secondary’s body-fixed frame, the torque does not
change the secondary’s angular momentum magnitude, only rotates it until it is aligned with the
secondary’s major principal inertia axis.

To obtain the torque, we start with the energy dissipation equation
E =3dp - Ipds. (4.14)
Next, we expand the equation ﬁ B = fN pa for secondary angular momentum Hp:
Tnpa = Ipdp +dp x Ipd. (4.15)

By taking the dot product of this equation with Jp, we can find an expression for the effective
torque as a function of E:

&g -Tnpa = Enpa. (4.16)
Of course, due to the dot product, this is not a complete expression as we still need to define
the direction of the effective torque pr 4. Since NPA dissipation will not change the angular
momentum magnitude, only the angular momentum’s direction relative to the body-fixed axes
of the secondary, the effective torque must be perpendicular to the angular momentum. As a
conceptual illustration, imagine a satellite undergoing torque-free tumbling. In this scenario, the
satellite’s angular momentum vector is constant, while dissipation reorients the satellite so that its
principal axis is aligned with the angular momentum (and its kinetic energy is minimized). In the
same sense, within the body-fixed frame of the secondary, its angular momentum will appear to
rotate until its aligned with the principal axis, while maintaining a constant magnitude. This is
accomplished by applying an effective torque perpendicular to the angular momentum, such that
this torque only rotates the angular momentum vector, but does not scale it. Following [119], we
define an intermediate vector

R=Hpx2 (4.17)
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where Z is the secondary’s maximum principal inertia axis. We then use this intermediate vector
to define the torque unit vector
HB X R

r==>2""".
|HBXI¥‘

(4.18)

The effective torque will act to rotate the angular momentum vector Hp until it is aligned with

the secondary’s Z direction. The effective torque is then calculated as

E I. (4.19)

Tnpa= =
wp- I

Note that in reality, the secondary angular momentum vector will not rotate and instead the body-
fixed coordinate axes of the secondary will rotate to align Z with the angular momentum vector.
However, if we define our equations of motion in the secondary body-fixed frame as we have done,

this torque will be appropriate to use.

4.2.3 Comparison

In order to compare our two methods of energy dissipation, we plot the rate of energy
dissipation in the secondary as a function of the separation distance for a body rotating with a spin
axis offset from its major principal axis by approximately 32°. This is near the switching point
between long-axis and short-axis mode rotation, and thus NPA dissipation is near a maximum
here. Fig. shows the energy dissipation rates for the two mechanisms, highlighting that tidal
dissipation is generally more than an order of magnitude stronger than NPA rotation for a close
binary like Didymos. Despite this contrast, we still include the effects of NPA rotation as it does
not significantly slow down the integration wall time.

While close systems like Didymos are dominated by tidal torque, wider systems see near-equal
contributions from both tidal torque and NPA rotation, and NPA dissipation becomes dominant
at very wide separations. The secondary shape and spin-axis obliquity will affect the rate of NPA
rotation energy decay, but for Didymos the tidal torque will always be stronger owing to the close

proximity of its secondary.
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Figure 4.1: The rate of energy dissipation through tidal torque compared to NPA rotation as a
function of separation. Tidal torque has orders of magnitude more of an effect than NPA rotation
for a close binary system like Didymos.

Looking at a system with a semimajor axis of 1200 m, we next examine how the secondary’s
spin offset angle affects dissipation. Fig. [4.2] shows the dissipation rate as a function of the angle
between the secondary’s spin axis and its principal moment of inertia axis (we call this angle ¢, and
a system with § = 0° is in major principal axis spin). We see tidal dissipation is largely independent
of the spin axis offset, but NPA rotation depends strongly on this angle. There is a discontinuity
where the secondary switches from short-axis to long-axis mode rotation. Dissipation then quickly

drops to zero as spin approaches either perfectly major (§ = 0°) axis rotation.
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Figure 4.2: The rate of energy dissipation through tidal torque compared to NPA rotation as a
function of secondary spin offset angle. The NPA dissipation is greatest near the discontinuity,
where the secondary is switching between long-axis and short-axis rotation modes.
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4.3 Dissipation Dynamics
In this work we will focus on two shapes of the secondary, one with a/b = 1.2, b/c = 1.1,

and the other with a/b = 1.4, b/c = 1.3. In conjunction with the mean radius, we can solve for the

semiaxes that define the ellipsoid, as well as the dimensionless shape parameter S defined as

(4.20)

Table gives the dimensions of the two ellipsoids we will primarily use as Dimorphos, as well as

their shape parameter S.

Table 4.1: Summary of the two triaxial ellipsoids used in this Section as the secondary shape.

Shape am] |bm]|c[m]| S
a/b=12,b/c=1.11 95.6 | 79.7 | 72.4 | 0.18
a/b=14,b/c=13| 112 | 80.0 | 61.5 | 0.32

For this analysis, we will assume a perturbation equivalent to a [ value of 3, as this is
large enough to excite unstable motion in some shapes of Dimorphos, but small enough to allow
stable motion in other shapes. A perturbation of § = 3 is roughly equivalent to increasing the
eccentricity to around 0.02-0.03, depending on the secondary shape and mass. This allows us to
study both stable and unstable dynamical regimes without having to test multiple perturbation
magnitudes. Note this selection is not grounded in the actual DART impact, as we are interested
in how different secondary shapes affect dissipation rates within a system rather than making any
quantitative predictions, as an accurate prediction is impossible without knowledge of the system’s
interior structure. Following Hera’s survey, this analysis can be revisited with better constraints on
the shape and mass of Dimorphos. We reproduce the results of [90] for 5 = 3 in Fig. to show
the unstable region of motion. While the size of Dimorphos is fixed by the bulk diameter, the shape
of the triaxial ellipsoid is defined by the axis ratios a/b and b/c, where a, b, and ¢ are the longest,
intermediate, and shortest semiaxes of the ellipsoid, respectively. Fig. shows the amplitude

of the 1-2-3 Euler angles, corresponding to roll, pitch, and yaw, for each secondary shape. If a



83

system is in a true equilibrium, these angles would remain zero. An unstable region is apparent
in Fig. where some secondary shapes result in tumbling. The unstable region in which the
secondary begins to tumble is outlined by a yellow dashed line. This is not a formal boundary for
this region and is only intended to aid interpretation. The unstable region is dependent on the

system’s eccentricity, so this boundary cannot be applied outside of our impact scenario.
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Figure 4.3: The maximum amplitude of the 1-2-3 Euler angles for an impact corresponding to
B =3 (e = 0.02), from the simulation set from [90]. The unstable regions, indicated by nonzero
amplitudes in the roll and pitch angles, are governed by intersections of various resonances among
fundamental frequencies of the system. The unstable region is outlined by the yellow dashed line;
this is not a formal boundary and only serves to aid interpretation.

Due to the spin-orbit coupling in binary asteroids, these systems are non-Keplerian, and thus
osculating Keplerian elements can be somewhat misleading. In an equilibrium configuration, the
secondary may appear to be in a circular orbit to an external observer, but the Keplerian orbit is
elliptical. In this configuration, the secondary is trapped at periapsis while the orbit itself precesses.
Thus, there is a non-zero eccentricity at equilibrium and the semimajor axis is not the same as the
separation distance [34]. However, these elements are still useful as they can give us an idea of the
system’s secular evolution over time, and we use the Keplerian osculating elements throughout this
chapter.

In investigating the energy dissipation of a librating binary asteroid, we must consider two
dynamical regimes: stable libration or NPA rotation. A system in the stable regime will only see
fluctuations in secondary rotation about its major principal axis, whereas an unstable system will

experience rotation about all three axes. For a uniform bulk density, the dynamical regime of the
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system depends on the shape of the secondary, as illustrated in Fig. We will select a system
from both the stable and unstable region to carry out long-term simulations to investigate how a
system dissipates its libration and returns to a synchronous equilibrium. For the stable system,
we select a secondary with axis ratios a/b = 1.2, b/c = 1.1, and for the unstable system we choose
a/b =14, b/c = 1.3. Note that energy dissipation in the primary is generally uniform across all

reasonable secondary shapes, so we thus exclude it from our analysis for simplicity.

4.3.1 Stable System

For the stable system, we simulate the dynamics for 200 years (~ 150,000 orbit periods),
during which the system returns to an equilibrium and begins to secularly evolve. We first examine
the system energy, shown in Fig. We plot the secondary rotational energy, the orbit energy,
and the free energy. We define the free energy simply as the sum of the secondary rotational and
orbit energies, or alternatively as the total energy sans the primary rotational energy. Since the
primary rotational energy will uniformly decrease as a result of tides, the free energy is a better
metric to examine the system’s evolution. We see oscillations in the energy after the perturbation,
which damp out as the system settles into a new equilibrium. Interestingly, the free energy decreases
for a time before increasing. This indicates that dissipation acts to equilibrate the system faster
than secularly evolve it. This is apparent in the exponential decrease in the secondary and orbit
energy oscillations, as these values converge to a mean faster than the mean itself evolves.

This behavior is also apparent in Fig. [4.4b] where we plot the Keplerian semimajor axis
and eccentricity, along with the secondary libration angle. Again, we see the oscillations in the
semimajor axis exponentially damping before any secular evolution is apparent. These oscillations
damp at the same rate the eccentricity approaches its equilibrium value (recall that due to spin-
orbit coupling, the equilibrium eccentricity is small but non-zero). This is also the same rate the
libration damps to zero. In the libration angle we again see an initial exponential decrease.

As a result of spin-orbit coupling and the unique dynamics of binary asteroids, we see a new

dynamical regime not previously studied in tidal analyses. It appears dissipation first acts to drive
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the system back toward an equilibrium by damping the eccentricity and oscillations in the system
caused by libration, before the more classical secular tidal behavior is seen. Thus, rather than
eccentricity and semimajor axis evolving concurrently as in classical tidal theory (e.g. [3§]), the

eccentricity is damped to a minimum before the semimajor axis evolves.
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Figure 4.4: (a) The secondary rotational energy (top), orbit energy (middle), and free energy
(bottom) of the stable system with secondary a/b = 1.2, b/c = 1.1. The energies are normalized by
the respective pre-impact equilibrium values. The oscillations within the energy are damped at the
same rate across the secondary, orbit, and free energies. Here Q4/ka =~ 1e5 and Qp/kp ~ 2.5e4.
(b) The Keplerian semimajor axis (top), eccentricity (middle), and libration angle (bottom) of
the stable system with the same secondary shape and dissipation parameters. The oscillations in
semimajor axis and libration are damped at the same rate the eccentricity approaches its non-zero
equilibrium value due to spin-orbit coupling.

4.3.2 Unstable System

We next perform the same simulation for the unstable system. The system energy is shown
in Fig. where again we plot the secondary rotational energy, the orbit energy, and the free
energy. Interestingly, on a comparable time scale as the stable system, the unstable system also
returns to an equilibrium configuration. A notable difference is the oscillations in energy appear to

converge linearly, unlike the stable system which experienced an exponential decay of oscillations.
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In the unstable system we again see an initial decrease in the free energy before it begins to increase
as the orbit expands.

In Fig. [4.5b, we plot the semimajor axis, eccentricity, and libration angle of the unstable
system. Again we see a linear, rather than exponential, decay in these elements. Once more,
the timescale of damping is approximately uniform across all these elements, also consistent with
the energy envelope decay times, highlighting the strength of the spin-orbit coupling. The binary
asteroid cannot settle into an equilibrium while the libration amplitude is nonzero, or equivalently

the eccentricity is not equal to its equilibrium value.
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Figure 4.5: (a) The secondary rotational energy (top), orbit energy (middle), and free energy
(bottom) of the unstable system with secondary a/b = 1.4, b/c = 1.3. The energies are normalized
by the respective pre-impact equilibrium values. The oscillations within the energy are damped at
the same rate across the secondary, orbit, and free energies. Here Q 4/ka =~ le5and Qp/kp ~ 2.5¢4.
(b) The semimajor axis (top), eccentricity (middle), and libration angle (bottom) of the unstable
system with the same secondary shape and dissipation parameters. The oscillations in semimajor
axis and libration are damped at the same rate the eccentricity approaches its equilibrium value
due to spin-orbit coupling.

An interesting takeaway from this result is both the stable and unstable systems reequili-
brate on comparable timescales. While previous analyses have shown unstable rotation will slow

dissipation [120} [92] [76], that applies to non-synchronous rotation, whereas our system never leaves
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an on-average synchronous configuration. [I00] predict that tumbling within the synchronous state
does not reduce energy dissipation and in fact can enhance it, and our results are consistent with
that finding. However, a unique finding in our analysis is the close relationship between the eccen-
tricity, libration, and oscillation within the semimajor axis. This is due to the spin-orbit coupling
in binary asteroids, as any deviation from an equilibrium spin state of the secondary will also affect

the orbit.

4.3.3 Analytic Models

An important question is how this numerical model compares to more classic analytical
models of energy dissipation. Here, we focus only on tidal dissipation since this is the dominant
mechanism. Analytic equations for the evolution of semimajor axis and eccentricity of a binary

system with e < 1 undergoing tidal dissipation are reported in [3§]:

a ka Mp ( Ry 5

—=3—— = 4.21

a QAMA<G> (4.21)
¢ 57Tks Mg (Ra\®> 21k My /Rgp\®
St MATB A ) 2B TA(TE ) (4.22)
e 8 QaMus\ a 2 Qp Mg\ a

where n is the mutual orbit mean angular velocity. Note in Eqs. [£:21] and [£:22] a refers to the
binary mutual orbit semimajor axis rather than the secondary’s longest semiaxis as used elsewhere
in this chapter. In Eq. for the eccentricity we see two terms: the first is the contribution from
tides raised on the primary and the second is the contribution from tides raised on the secondary.
The semimajor axis and eccentricity evolution is compared between the analytic model and our
numeric results in Fig. for the stable system and Fig. for the unstable system.

For both the stable and unstable systems, the analytic model does a good job describing the
secular rate of change of semimajor axis, but fails to account for the initial oscillations in semimajor
axis. The analytic model also fails to describe the eccentricity damping rate and predicts a much

slower decrease in eccentricity than what we see in our numeric model. These results make sense
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Figure 4.6: (a) The semimajor axis (top) and eccentricity (bottom) for the stable system (a/b = 1.2,
b/c = 1.1), comparing the numeric results to an analytic model. While the secular trend of
semimajor axis is consistent between the models, the analytic model does a poor job of describing
the eccentricity evolution. (b) The semimajor axis (top) and eccentricity (bottom) for the unstable
system (a/b = 1.4, b/c = 1.3), comparing the numeric results to an analytic model. While the
secular trend of semimajor axis is consistent between the models, the analytic model does a poor
job of describing the eccentricity evolution.

in the context of this problem; in our numeric model, the primary matches the assumptions in the
analytic model: a rapidly rotating sphere. However, our secondary does not match the assumptions
as it is neither spherical nor exactly tidally locked. Thus, we would expect to match the semimajor
axis drift as this is driven by tides on the primary, but not the eccentricity damping rate, which
has contributions from tides on the secondary. Furthermore, as the semimajor axis oscillations are
driven by libration of the secondary, the analytic model does not capture this behavior. Note that
our results have a non-negligible eccentricity, so we expect some error in the analytic model.

The analytic model of [38] makes no consideration of the secondary’s libration. For this we

turn to [42] who develop an expression for the damping rate of libration amplitude due to tidesEl :

. kg, ®2 3
bp=— B (i (4.23)
QSIp .sin2®p \ a

! The final result of this equation reported in [42] is missing the 1/ . term in the denominator.
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where the libration frequency wj is defined as

IS () (420

2K (sin® @) a

w] =

Here, wy = \/m is the spin disruption limit, K(k?) is the complete elliptic function of the
first kind, s = Ip.q*3(1 + q)(Ra/a)? is the secondary perturbation term with mass fraction
g =mp/m4. Here, a is the binary mutual orbit semimajor axis in units of the primary radius, and
recall S = (Ipy, — Ip)/IB,.. For the derivation and in-depth discussion of this model we refer the
reader to [42].

While this formula is derived for a planar, circular orbit, it can still accurately be applied
to our stable system as this remains essentially planar with a small eccentricity. We see in Fig.
[4.7] that, for the stable system, there is good agreement between our numeric results and this
analytic model. While the instantaneous dissipation rates can differ, the overall trend is similar
and both models converge to zero in the same time frame. Applying this analytic model to the
unstable system introduces error given the non-planar libration, but Fig. 4.8 still shows decent
agreement. The biggest difference for the unstable system is the rate of dissipation, where the
numeric model converges to zero faster than the analytic model. This indicates out-of-plane rotation

of the secondary increases the rate of dissipation compared to purely planar libration, consistent

with the findings of [100].
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Figure 4.7: The libration amplitude for the stable system (a/b = 1.2, b/c = 1.1), comparing the
numeric results to an analytic model. We see good agreement between the models, and both
converge to zero on the same timescale.

While [42] use the same equations as [38] for the orbit evolution (semimajor axis and eccen-

tricity), their derivation of the libration damping rate sidesteps the problem with the eccentricity
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Figure 4.8: The libration amplitude for the unstable system (a/b = 1.4, b/c = 1.3), comparing
the numeric results to an analytic model. The numeric model, experiencing non-planar libration,
dissipates to zero faster than the analytic model predicts for planar libration.

damping equation. Thus, the formula for libration damping gives a good approximation for the ec-
centricity damping since these quantities are closely related in the coupled problem. Of course, this
formula is more accurate for the stable, planar system. But a decent analytic approximation of the

system’s evolution can be made using only the semimajor axis and libration amplitude equations.

4.4 Effect of Tidal Parameters

As previously mentioned, there is considerable uncertainty surrounding the tidal parameters
Q/k for both the primary and secondary. We define three values for Q4/k to test: 10%, 10°, and
10%. We use these same values to test Qp/kp as well. First, we vary Q4/ka over these three values
while holding Qp/kp = 10° constant. Then we perform the opposite test by varying Qp/kp over
the same values while holding @ 4/ka constant. In this way we can determine which behaviors in
the system rely mainly on the primary or secondary. This range of Q/k values for both bodies
gives us an idea on how the tidal parameter affects the system evolution. We perform this analysis

for both the stable and unstable systems.
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4.4.1 Stable System

For the stable system (a/b = 1.2, b/c = 1.1), we first hold Qp/kp = 10° constant and vary
Qa/ka between 10* and 106. In Fig. we plot the libration amplitude, free energy, semimajor
axis, and eccentricity over 200 years. The free energy has been normalized by its pre-impact
equilibrium value. Note this is not a long enough time span for the system to fully equilibrate, but

it is long enough to see the secular behavior of the system.
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Figure 4.9: For the stable system a/b = 1.2, b/c = 1.1, we vary the value of Q4/k4 while keeping
Qp/kp = 10° constant. For 200 years, we plot the libration angle (top left), normalized free
energy (top right), semimajor axis (bottom left), and eccentricity (bottom right). While the rate of
change of the semimajor axis and free energy strongly depend on @ 4/k4, the libration amplitude
and eccentricity are largely independent of primary tidal parameters.
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From Fig. we see the dissipation of the libration amplitude has very little dependence
on Qa/ka, indicating it depends almost solely on @ p/kp. Conversely, the semimajor axis has a
strong dependence on @ 4/k4, as evidenced in the plot of free energy and semimajor axis. These
dependencies are expected from classical tidal theory. Unsurprisingly, smaller Q 4/k4 values (more
dissipative systems) expand the orbit more rapidly than large values of Q4/k4. For small Q4/ka
values, the secular trend is faster than the dissipation in semimajor axis oscillations, whereas large
Qa/ka values see the opposite, where oscillations in semimajor axis are damped faster than the
secular trend becomes dominant. In the plot of free energy, we see the least dissipative system slowly
losing free energy while the other systems are monotonically increasing, which is consistent with the
behavior seen in the semimajor axis. Overall this indicates that when @ 4/k 4 is larger than Qp/kp,
the system contracts its orbit first to damp semimajor axis oscillations and libration amplitude,
whereas when Q4/k4 is smaller than Qp/kp, the orbit expands faster than the secondary re-
equilibrates. Lastly, the eccentricity damping also appears to have only a small dependence on
Qa/ka, as there are only small differences in the trend between the values tested here.

Next, we perform the complement of this analysis by holding Q4/ka = 10° constant and
varying Qp/kp between 10* and 10°. In Fig. we plot the libration amplitude, the free energy,
semimajor axis, and eccentricity over 200 years.

In Fig. [£10] we see the dissipation of the libration amplitude has a strong dependence on
Q@ p/kp, with smaller values (more dissipative) damping libration faster. Looking at the free energy,
the secular trend appears to have only a small dependence on @ g/kp, but for small values of Qp/kp
we see the initial decrease in free energy. While the case Qp/kp = Qa/ka = 10° appears to have a
slope different from the other cases, its slope is actually changing slowly and approaching the same
rate as the others. The free energy corresponds to the semimajor axis, where the secular trend again
sees only a small dependence on @ p/kp, but the rate of damping oscillations does have a strong
dependence on Qp/kp. The most dissipative system (Qpg/kp = 10%) damps the oscillations fastest
and appears to have an initial trend of decreasing semimajor axis (consistent with the decrease

in free energy). This indicates that systems with a very dissipative secondary initially contract
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Figure 4.10: For the stable system a/b = 1.2, b/c = 1.1, we vary the value of Qp/kp while keeping
Qa/ka = 10° constant. For 200 years, we plot the libration angle (top left), normalized free
energy (top right), semimajor axis (bottom left), and eccentricity (bottom right). The dissipation
rates of the libration amplitude and eccentricity strongly depend on Qp/kp. For very dissipative
secondaries, the free energy initially decreases, which is not the case for secondaries with larger
@p/kp values. The secular rate of semimajor axis expansion seems independent of Qp/kp, but
the damping rate of oscillations in semimajor axis does depend on Qp/kp.

the orbit to reestablish equilibrium. Lastly, we see a strong dependence of eccentricity damping
on Qp/kp, with more dissipative systems unsurprisingly damping eccentricity the fastest. Again,

these dependencies are expected from classical tidal theory.

4.4.2 Unstable System

We next repeat the same analysis by varying Qa/ks4 and Qp/kp for the unstable system

(a/b = 1.4, b/c = 1.3). First, we hold Qp/kp = 10° constant while varying Q4/ka between 10*
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and 10%. We plot the libration amplitude, free energy, semimajor axis, and eccentricity for this

analysis in Fig.
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Figure 4.11: For the unstable system a/b = 1.4, b/c = 1.3, we vary the value of Q4/ks while
keeping Qp/kp = leb constant. For 200 years, we plot the libration angle (top left), normalized
free energy (top right), semimajor axis (bottom left), and eccentricity (bottom right). While the
rate of change of the semimajor axis and free energy strongly depend on @Q4/k4, the libration
amplitude and eccentricity are largely independent of primary tidal parameters.

Overall, we see very similar behavior between the unstable and stable system. Consistent
with classical tidal theory, it appears the libration amplitude and eccentricity damping are largely
unaffected by the value of Q4/k4 during this time. Again, the secular trend of free energy and
semimajor axis strongly depend on Q4 /k4 as expected. When Q4/ka > Qp/kp (i.e. Qa/ka = 109,

Qp/kp = 10°), the damping rate of semimajor axis oscillations is faster than the secular trend,
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and as a result we see an overall decrease in the free energy. At a longer timescale we expect both
the semimajor axis and free energy to begin increasing as the orbit expands.

We next hold Q4/ka = 10° constant and vary Qp/kp between 10* and 10°. For this test,

the libration amplitude, free energy, semimajor axis, and eccentricity are plotted in Fig.
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Figure 4.12: For the unstable system a/b = 1.4, b/c = 1.3, we vary the value of Qp/kp while
keeping Q4 /ka = leb constant. For 200 years, we plot the libration angle (top left), normalized free
energy (top right), semimajor axis (bottom left), and eccentricity (bottom right). The dissipation
rates of the libration amplitude and eccentricity strongly depend on Qp/kp. For very dissipative
secondaries, the free energy initially decreases, which is not the case for secondaries with larger
Qp/kp values. The secular rate of semimajor axis expansion seems independent of Qp/kp, but
the damping rate of oscillations in semimajor axis does depend on Qp/kp.

Again, there are strong similarities between the unstable and stable case. The damping rate

of libration amplitude and eccentricity strongly depend on Qp/kp, while the secular trends in



96

semimajor axis and free energy seem ignorant of Qp/kp, as expected from classical tidal theory.
However, the damping rate of semimajor axis oscillations does depend heavily on Qp/kp, with
more dissipative secondaries (small Qp/kp) damping these oscillations faster than the secular
trend develops, and as a result the free energy of the system initially decreases.

Based on these analyses of Q 4/k4 and Qp/kp, we can conclude that the libration amplitude,
eccentricity, and oscillations in semimajor axis mostly depend on Qp/kp, while the secular trend of
the orbit, i.e. semimajor axis expansion, is driven by Q 4/k4. When systems have a more dissipative
secondary, they re-enter equilibrium before any noticeable secular change in the orbit develops,
whereas when systems have a more dissipative primary the re-equilibrization of the secondary

takes longer than the secular evolution of the orbit.

4.5 Conclusion

We find that both stable and tumbling systems dissipate energy on comparable timescales to
return to a synchronous configuration. Previous studies have claimed that tumbling greatly reduces
the rate of energy dissipation [120 [76],[92], but this is only for the non-synchronous case. Our results
agree with [100] in that tumbling within the synchronous state can increase energy dissipation, and
the libration amplitude damps to zero before predicted for planar rotation. A unique result we
find is that non-principal axis rotation can damp as quickly as planar libration for strongly coupled
systems with efficient dissipation. We find in these systems the libration amplitude, both stable
and unstable, is tied closely to the orbit eccentricity and oscillations in the semimajor axis, as all
of these dissipate on the same timescale. For especially dissipative systems, the system returns to
equilibrium before any substantial secular trend is apparent.

By varying Q/k for both the primary and secondary, we find that the rate of libration
and eccentricity damping are strongly dependent on the secondary’s tidal parameters, but largely
independent of the primary’s. By extension, the oscillations in the semimajor axis also are mainly
dependent on the secondary’s tidal parameters. Conversely, the secular trend in the semimajor

axis mainly depends on the primary’s tidal parameters, but not the secondary’s. Thus, we find
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systems with Qp/kp < Qa/ka damp libration and eccentricity faster than secular changes in the
orbit become apparent. This also corresponds to an initial decrease in the free energy before the
semimajor axis begins expanding, unless the initial libration amplitude is small. On the other hand,
when Qp/kp > Qa/ka, the secular trend in the orbit is immediately obvious and the damping of
libration and eccentricity is relatively slow in comparison. Thus, if the secondary is very dissipative,
Hera may be able to measure the damping of the libration amplitude and eccentricity. In these
very dissipative systems, the coupling between eccentricity and libration means the eccentricity
dissipates much faster than predicted by the analytic models of [38]. Consequently, we do not
recommend using an analytic model to approximate evolution of a coupled system experiencing
libration, unless this system is not very dissipative or is already in an equilibrium. This also
suggests close binary asteroids with measured eccentricity have either a tumbling secondary or a

stiff, non-dissipative secondary.



Chapter 5

Planetary Encounters

5.1 Introduction

The problem of binary encounters with perturbing bodies has been studied both analytically
and numerically. [121] developed an analytic expression for the change in eccentricity of a binary
star system encountering a third body. In addition to the change in eccentricity, [122] also derived
the change in inclination. The change in energy of a perturbed binary system is studied by [123]
and again in [124]. [I125] combined all these results and compared them to numerical simulations
at a variety of encounter geometries. All these studies consider the three bodies to be spherical;
thus, they do not consider the spin-orbit coupling since gravitational torques are absent. In this
chapter we correct this simplification and only consider the third perturbing body, the planet, to
be spherical. Furthermore, we also investigate how planetary flybys affect the orientation of the
secondary in its orbit.

We will first derive the spherical-restricted full three-body problem, and demonstrate how
this can model binary asteroids under the influence of a perturbing gravitational body. In this
analysis we consider the larger primary asteroid as an oblate spheroid, and the smaller secondary
as a triaxial ellipsoid. The binary pair will be placed in a singly synchronous equilibrium and
perturbed by an Earth flyby in our analysis to investigate how a flyby can disrupt the equilibrium
configuration.

In the second half of this chapter we will apply this model to 1991VH in order to explain its

current excited dynamical state. We will consider various singly synchronous progenitor systems
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Figure 5.1: Relevant vectors in the spherical restricted full three-body problem.

and simulate close encounters with the Earth. Using a distribution of possible Earth encounter
geometries, we will test the hypothesis that a previous close Earth flyby could cause a singly-
synchronous binary asteroid to enter a dynamical state similar to the one 1991VH is observed in

today.

5.2 Spherical Restricted Full 3-Body Problem

The F2BP equations of motion are modified by the effects of a third gravitational body,
in our case a planet, leading to the spherical restricted full three-body problem (SRF3BP). This
problem is spherical restricted in the sense that the third body is considered to be a sphere, as it
is much larger than the two asteroids in the binary pair, and it is assumed the binary pair do not
exhibit significant torques on the planet.

We first develop the equations of motion for a binary asteroid pair influenced by a third
gravitational body. The larger primary asteroid is modeled as an oblate spheroid while the smaller
secondary is modeled as a triaxial ellipsoid. Despite these assumptions, the equations of motion
developed below do not assume any simplification to the geometry beyond the spherical planet and
can be applied to any arbitrary asteroid shapes. A diagram of the SRF3BP is shown in Fig.

In this illustration, 7 tracks the relative position of the secondary around the primary in the
binary system. We define 74 to point from the center of gravity (cg) to the primary A, and 75 to

point from cg to the secondary B. The vector 7s defines the position of the sphere relative to cg.
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Finally, 75/ 4 is the position of the sphere relative to the binary primary and 7s/p similarly is the
position of the sphere relative to the secondary.

Three potential energy terms are necessary to develop the equations of motion. The potential
energy between the two asteroids is U4, p, which we have already introduced in Sec. We now
add the subscript to avoid confusion with other potential energy terms. The potential energy
between the sphere and the primary is Ug/4 and similarly between the sphere and the secondary is
Us/p- These potentials are much simpler than the binary asteroid mutual potential owing to the
spherical shape of the third body; they are defined as the potential of body A or B multiplied by
the mass of the sphere.

We describe the binary system using the relative position vector 7 and relative position of
the sphere to cg, which is defined by the vector ¥s. The global coordinate frame is set with its
origin at cg, and thus the acceleration of the coordinate frame must be considered. Modeling the

binary system as a point mass at cg, the acceleration of cg is

(5.1)

-, -1 [aUS/A 8US/B]
rg = = + ==
ma+mp | Ofs/a OB

where m 4 is the mass of the binary system primary and mpg is the mass of the secondary. To

leading order, this can be well approximated as

- —HS
rs — ?%TS (52)

where ug is the standard gravitational parameter of the spherical third body. This demonstrates

that, to first order, the relative motion of cg and the sphere follows the classical two body problem.

The position vectors of each asteroid with respect to the center of gravity are

= — B (5.3)
ma + mp
g = — A (5.4)

ma +mp
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Note the relation ¥ = 7 — 4. Accounting for the acceleration of cg, the equations of motion for

each of the asteroids are:

- 1 [oU ou. .

Fa=— [ ALE L SIS (5.5)
ma or g4

-, 1 (—0Uyp 0Ug/p -
- — 7 5.6
"B= mm ( oF o) 0 (5:6)

Differentiating the relative position vector 7 yields

F=rpg—Ta. (5.7)

Substituting Eqs. and [5.6] into Eq. and rearranging terms gives the translational equation
of motion for a binary pair. Note the acceleration of cg has dropped out of the equation, which is

expected since we are only describing the relative motion of the asteroids:

100« L Oap 1 Uyp 1 OUsa
mp or ma or mp 6775/3 ma (97_"5/14'

(5.8)

P=

We can simplify this equation of motion by ignoring higher order terms in the force vectors between
the sphere and the asteroids. Here we approximate the motion by assuming the force vectors
between the sphere and each asteroid pass through the barycenters of the respective asteroids,
ignoring the non-spherical terms of the bodies. This is a reasonable assumption considering the
small sizes of the asteroids compared to the flyby distance. Using the standard gravitational

parameter of the sphere, ug, this approximation simplifies to

- ma+mpOUy/p Ts/B  Ts/A
F=— ~ 1S | 55— = 53 (5.9)
mampg or RS/B RS/A
The vectors 7's/p and 7'g/4 can be written in terms of 7" and 75 as:
= = ma =
Faim = Fa — — A & 5.10
g =Ts - A (5.10)
~ - mp -
r =7 + —. 511
s/ =TS+ (5.11)



102

These expressions can be further simplified by introducing the mass fraction v = m;ﬁ% =
o = s — (1 — V)7 (5.12)
TFg/a = Ts + VT (5.13)

We can now write the final form of the translational equation of motion:

po L0Uam fs ( V)Tg B :‘s—I—WS (5.14)
m o s~ (L= [+ ol
where we are using the reduced mass m = &AJZfB.

Next, the torque will be calculated. The rate of change of each asteroid’s angular momentum

is given by:
EA:EAXLUA—FMA—FMSA (5.15)
[y = L'y x @a+ My + Mg (5.16)

where the prime indicates a parameter of B expressed in the body fixed frame of A. E’B and M 3
are the rotational angular momentum of B and the torque it receives from A, respectively. ]\25 A
is the torque A receives from the sphere, and similarly for M ¢p- The quantities My and M 5 are

discussed in Sec. The torques caused by the sphere are:

L OUg

Mga = gya x GFS//A (5.17)
L U
MSB = TS/B X 8773//5 . (518)

Note the leading terms of Ug/4 and Ug,p do not contribute to the torques, and thus higher order
terms must be included in these equations. The angular acceleration of each body can thus be

written as:

. o - oU
QAzlzl <LAXWA+MA+FS/AX 87:5//j> (519)
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. o - oU
CUB :IE1 <LIB XWA+M/B+FS/B X 8775//?) (520)

where I4 is the inertia tensor of A and similarly for Ig for B.

The position and orientation of the binary asteroid pair can be completely described by

Equations [5.14], [5.19] and [5.200 We modified GUBAS with these equations to account for the third

body gravitational perturbations to numerically simulate a planetary flyby of the binary asteroid
pair. The modifications necessary simply consist of calculating and adding the ﬁs/ A, ﬁs/ B ]\Zis A,

and Mgp terms to the relevant existing equations of motion [126].

5.3 Monte Carlo Flyby Simulations

For this analysis, a generic, representative binary asteroid is modeled as an oblate spheroid
primary and a triaxial ellipsoid secondary. The oblate spheroid has an equatorial radius of 500
meters and a polar radius of 420 meters. The triaxial ellipsoid is 200 x 150 x 120 meters, with
the long axis aligned with the primary-secondary line of centers and the short axis aligned with the
primary’s short axis. The relative separation of the two bodies’ centers is 5 primary radii, and a
fourth degree and order gravity field between the bodies is used. The primary is a fast-rotator, with
a spin period of 3.5 hours, while the secondary is singly synchronous with a spin period equal to
the orbit period. This system is similar to 1991VH, but we will compute more accurate simulations
for 1991VH in Sec. 5.4

A hyperbolic flyby trajectory is generated by first selecting a closest approach distance, which
we call ¢, between the binary asteroid barycenter and the perturbing planet. A suitable hyperbolic
excess velocity of the flyby, v, is also chosen. These quantities define the eccentricity e and
semimajor axis a of the hyperbolic trajectory via the following:

o= 4 (5.21)

i
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(5.22)

Now that the hyperbolic geometry is defined, it must be oriented in space. This is done using
the angular Keplerian elements: Longitude of the ascending node 2, inclination i, and argument
of periapsis w. In order to test the entire solution space, these angles are randomly drawn in a
series of Monte Carlo simulations. The longitude of ascending node and argument of periapsis are
randomly chosen between 0 and 27, and the inclination angle is chosen between 0 and 7. These
three angles are independently generated for each simulation in 100 Monte Carlo runs for defined

values of ¢ and vs. The full hyperbolic trajectory definition is illustrated in Fig.

Figure 5.2: Diagram showing the hyperbolic trajectory. For a given closest approach distance ¢
and hyperbolic excess velocity vy, the hyperbolic trajectory is oriented by selecting a longitude
of ascending node 2, inclination %, and argument of periapsis w. The binary system barycenter is
used as the origin.

5.3.1 Results

During each Earth flyby simulation, changes in the binary asteroid mutual orbit are charac-
terized by the time history of its semimajor axis, eccentricity, and inclination, while the orientation
of the secondary is characterized by its relative Euler Angles. An example of this time history

is shown in Fig. where ten simulations of the binary system, each with a randomly oriented
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geometry, are plotted over six days, with closest approach occurring at the start of the second day.
The hyperbolic excess speed of these simulations is 10 km/s and the closest approach is 100,000 km.
A six day integration time is sufficient to capture the impulsive nature of the planetary encounter.
The only difference between these simulations is the randomly chosen geometry.

The flybys behave as a nearly impulsive change to the binary system. The orbit is changed
from planar, circular, and synchronous to eccentric and inclined. While the secondary doesn’t lose

lock in any of these flybys, there are substantial increases in the libration angle.

Secondary Orientation

Binary Orbit Elements . 20T
L o]
— 2600 | S —
S ‘ ﬂ/\ ——————— < o . v
S 2400 - 3
-20
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0.1 5
I“005 - 0 NN Vo A\
© == -~ = & V0.V 8\ &N
0 - -5 .
0 8 4 > 6 0 1 2 3 4 5 6
2 50 ‘
= | = ' >
- 1 / w OF ————— ) )
i > <
M
0 = g
0 1 2 8 4 5 6 ®o 1 2 3 4 5 6
Time [d] Time [d]

Figure 5.3: The time history of the binary asteroid mutual orbit semimajor axis (top left), eccen-
tricity (middle left), and inclination (bottom left), along with the secondary roll (top right), pitch
(middle right), and libration (equivalently yaw, bottom right) angles for a 10 km/s flyby with a
closest approach distance of 100,000 km. The ten simulations each have a randomly generated flyby
geometry, and the colors are arbitrarily chosen to distinguish these ten simulations.

This analysis is repeated for various values of flyby velocity, ranging from a relatively slow
encounter of 7 km/s to a much faster 24 km/s for every flyby distance tested. The Earth flyby
distances range from a very close flyby of 30,000 km to a more distant 500,000 km. One hundred
Monte Carlo simulations are run for every combination of flyby distance and velocity to test the
entire solution space of encounter geometry.

The resulting changes in binary mutual orbit and secondary orientation are averaged over all
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Figure 5.4: The average change in binary orbit element and secondary orientation (left column) and
the associated 3¢ standard deviation in changes (right column) as a function of closest approach
distance. The left-hand column of plots give the average changes in 100 Monte Carlo simulations
while the right-hand column gives the 3¢ standard deviation of those same simulations for each
flyby distance and velocity tested. Thus the large majority of the results of a series of simulations
are captured between the two sets of plots and will fall within the range T + 30,.

encounter geometries for simulations in which the binary system remains stable (the secondary does

not impact the primary or escape the mutual orbit). The average change in elements is found by
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differencing the average element in the final three days of the simulation and the average element in
the first day of the simulation. In this way the strong dynamics within +1 day of closest approach
are not considered, but the fluctuations in the elements following the flyby are accounted for in
the average change. Since initially the orbit elements are essentially unchanging, averaging over
one day is sufficient to obtain a measure of these elements. After the flyby, the orbit period is
unpredictable and not necessarily constant as the flyby changes the resulting dynamics in various
ways. Thus, an average over three days is used, as this is long enough to ensure two full orbits are
considered. The change in the secondary’s Euler angles are found by differencing the maximum
angle after the flyby with the angle prior to the flyby, which is zero in all cases. These results
are then averaged over all 100 simulations to consider all flyby geometries in order to understand
how the closest approach distance and flyby velocity affect the binary asteroid dynamics. The
absolute value of the average change in element along with the 30 standard deviation are shown
in Fig. as a function of closest approach distances for each value of flyby speed. As expected,
the average change in elements decreases as the flyby distance increases and as the flyby speed
increases. Additionally, the variance in these changes decreases as flyby distance increases and as
flyby velocity increases. Thus, close, slow flybys have the largest change and the largest variance
in these changes. Conversely, distant, fast flybys have the smallest change and smallest variance in
these changes.

The simulation results see a large variance for the close flybys which drops off at far flybys.
To explore this, we plot the changes in semimajor axis for 70,000 km flybys and 500,000 km flybys.
Fig. shows a histogram of the semimajor axis changes in these simulations. The changes from
a 70,000 km flyby have a much broader range of outcomes than the 500,000 km results, illustrating
the trend seen in Fig. |5.4

The impulsive planetary flyby can significantly change the binary mutual orbit, as discussed
in previous studies. However, this analysis also shows that close planetary encounters can cause
the secondary to lose lock and tumble in its orbit. Even distant flybys can perturb the secondary’s

libration amplitude by a few degrees.
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Figure 5.5: Histograms showing the various changes in semimajor axis for 70,000 km flybys (top)
and 500,000 km flybys (bottom). The 70,000 km flybys see a much wider range in semimajor axis
change than the 500,0000 km flybys, illustrating the larger variance in outcomes from close flybys.

The impulsive nature of these flybys is consistent with the assumptions made in previous
studies of binary asteroid planetary encounters [123, [124] [125]. Given this consistency, we compare
these high-fidelity numerical results to the analytic approximations developed by [122] and [124]
and reported in a compact form in [I25]. These analytic models are repeated here for convenience.
Averaging over all encounter geometries, the changes in binary asteroid mutual orbit semimajor

axis, eccentricity, and inclination can be approximated by

5/2
Aa ~1.48 ¢ msa - (5.23)
(ma+mp) vooq
3/2
Ae ~ 1.89 G msa — (5.24)
(ma+mB) veoq
G mga’/?
Ai ~ 0.75 (5.25)

(ma+mp) veo@®



109

4 7 km/s 4 10 km/s " 18 km/s 24 km/s
10* s " " 10, " . 10t - " " y
. %
E .
= 102 o 102 . 10 .
g * ‘. . .
: : . ° ’ .
10° . 10° — 10° A
0 2 4 6 0 2 4 6 0 2 4 6 2 4 6
x10° x10° x10° x10°
0
100} 10°F] 10
| . ) °
Q102 . 10% . 10° . .
< . N .
| .
10 10 10 :
0 2 4 6 0 2 4 6 0 2 4 6 2 4 6
x10° x10° x10° x10°
1021 102 3
=0 | RN 0% -
= 10%} . 10° . . .
| . . . . .
2 L ) ) . J 2L . ) 2 . . 4 2 . .
10%, 2 4 6 105, 2 4 6 0%, 2 4 6 0%, 2 4 6
Closest Approach [km] x10° Closest Approach [km] x10° Closest Approach [km] x10° Closest Approach [km] x10°

Figure 5.6: The analytic approximation for an impulsive change in semimajor axis, eccentricity, and
inclination compared to the numeric averages. The analytic approximation is plotted as curves while
the numeric results are shown as data points for the flyby distances tested. The two approaches
generally agree to within an order of magnitude, with the analytic approximation almost always
over-predicting the change in each element compared to the numeric results. Note the logarithmic
scale in the y-axis, which leads to the apparent divergence between the numeric results and the
analytic approximation at far flyby distances.

Fig. compares the analytic curves of the approximate changes in binary mutual orbit
elements to the numeric results. Overall, the analytic approximation is a relatively good fit to
the numeric results, despite the fully coupled spin-orbit dynamics used in our numeric model.
The two results agree to within about an order of magnitude over the entire domain, with the
analytic approximation almost always over-predicting the change in each element, especially at
further close approach distances. This discrepancy is unsurprising since the analytic model is only

an approximation, and similar discrepancies are seen in the analysis in [125].
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5.3.2 Disruptions

Some of the very close flybys, with a flyby distance less than 50,000 km, can disrupt the
binary system. This includes changes that result in the binary secondary impacting the primary or
escaping from the mutual orbit. The above results only consider cases in which the binary asteroid
is perturbed but remains stable. Now we examine simulations that disrupt the system. For each
flyby speed tested, the number of simulations that cause disruption are counted, and the percentage

of very close flybys that cause disruptions are reported in Fig.

35
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Figure 5.7: The percentage of very close flybys (closer than 50,000 km) that cause disruptions in
the binary asteroid system. Disruptions include the secondary impacting the primary or escaping
from the mutual orbit. No disruptions occurred with flybys further than 50,000 km.

As expected, as flyby speed increases, the number of disruptions decreases. This is consistent

with smaller impulsive changes at faster flyby speeds.

5.3.3 Loss of Lock

Loss of lock occurs when the secondary’s libration angle reaches 90 degrees [42]. We next
examine the flyby conditions that will cause the secondary to reach a libration angle of 90 degrees
and lose lock, causing the BYORP effect to terminate, in turn pushing the binary system into a

new phase in its evolution. To do this we first define the flyby parameter, which is the coefficient
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used in the analytic model defined in [125]:

G mga®/?

P = .
(ma+mp) Vooq?

(5.26)

This parameter characterizes the flyby by relating the closest approach distance, flyby speed,
binary system mass and separation, and the planet’s mass in one coefficient. We calculate the flyby
parameter for all of the simulations, and plot the average change in libration angle for each of these
simulations as a function of the flyby parameter, so that each data point is the average of all 100
Monte Carlo simulations at a specific combination of closest approach distance and flyby velocity.
This investigation is plotted in Fig. which has the shape of a sigmoid function. Based on this
analysis, the secondary loses lock at a flyby parameter of approximately 0.1 on average. At a flyby
speed of 10 km/s, this corresponds to a closest approach of 73,000 km for our binary system, which
is consistent with the Monte Carlo results. Fig. also shows the maximum change in libration
angle over all simulations, demonstrating that encounters with a flyby parameter lower than this

value can still lose lock, with a flyby parameter as low as 0.06 still losing lock.
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Figure 5.8: The change in libration angle for all simulations as a function of the flyby parameter.
The dashed line shows a 90 degrees libration. The average change over all simulations is shown as
purple circles, and the maximum change over all simulations is shown as orange squares.

In order to validate these results, we turn to the analytic model for secondary libration
developed in [71]. This work uses the system’s free energy to determine when the secondary has

sufficient energy to begin circulation. The free energy is defined as the total energy of the system
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excluding the primary’s rotational energy, since the primary’s rotation is essentially unaffected by
the secondary’s dynamics. The general expression for the normalized free energy is

L(1-v)9? 1 Ipwk
Efree = 2 a2n? 2a2n2mpg

+V (5.27)

where V is the normalized potential energy, and we have normalized using the secondary’s mass,

the maximum ellipsoid semiaxis, a;, and the mean motion at this distance, n = \/G(ma + mp)/a3.

[71] introduce a simplified, planar form of this expression, given below

1K 1 11g.(1—v)r2¢2
- - 1 _ —12 - 32 B
5T + 2( V)i +

2 I,

Efree = + V(f, (;53) (528)

Here, K is the free angular momentum, defined as K = 1,0/ + Ip .¢. I, is the general moment of
inertia, defined as I, = I, B,Z—H/FQ. I, B, is the nondimensional z-component of the secondary’s inertia
tensor, @ is the argument of longitude of the secondary and ¢p is the secondary’s libration angle.
The prime indicates differentiation with respect to nondimensional time, and the bar indicates
a normalized quantity. Finally, V (7, ¢g) is the normalized potential of a system with an oblate
primary, which is not repeated here. [71] define this potential energy using a second order expansion
in the moments of inertia. For the singly synchronous system, ¢ = 0. Note that [71] define their
mass fraction as 1 — v, where v is the mass fraction used in this work. It is also important to note
that all these quantities are only defined in-plane.

In the analytic model, [71] derive a sufficient value of ¢z required for the secondary to break

lock and begin circulation. This value is defined as

I _ s 7’3
B=— |Ch+1a:—Tas— (Cp+1Ta:—Iaz) | (5.29)
IB,zr m
where
CE = —QfB’z + jB,y + fB,z (5.30)
Cl; = I_B@ - 21_373/ + I_B,z (5.31)

and 7, is the apoapsis radius of the mutual orbit if C’E +1 Az — I Aq > 0 or the periapsis radius

if C’E + I, —Iazx < 0. In this analysis, we assume a circular orbit, so that r,, = r, which leads
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to a conservative estimate of the energy required to cause circulation. Substituting this value for

's into Eq. gives an analytic solution for the circulation energy. Since the system is initially
locked, the initial value of ¢’5 is zero. Thus, we have all the information required to estimate the
change in energy that will result in circulation of the secondary. For our system, this change in
nondimensional energy is approximately 1.444 x 1074,

Finally, we calculate the average change in energy for all simulations using Eq. These
values are plotted as a function of the flyby parameter in Fig. This Figure also shows the
analytic solution for the change in energy that will cause circulation, which is plotted as a dashed
horizontal line. Fig. shows that circulation can start at a flyby parameter near 0.1, with the
possibility of circulation at flyby parameters smaller than this value. These results are consistent

with those from Fig.

Change in Free Energy
=)
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Figure 5.9: The change in free energy for all simulations as a function of the flyby parameter. The
dashed line shows the analytic prediction of where circulation will begin.

5.4 1991VH Flybys

Binary asteroids are characterized by strong spin-orbit coupling [69 [34]. These internal
dynamics can easily excite the secondary into a complex rotational state given an external per-
turbation [90, [84]. Variations of the spin and orbit period of a system experiencing only principal

axis rotation are generally not large enough to explain the variations seen in the observations [96].
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The lifecycle of NEAs is chaotic and driven by close encounters with the terrestrial planets, so a
reasonable explanation for the excited dynamics of 1991VH is a recent close planetary encounter
with the Earth. [127] showed that close Earth encounters with 1991VH are common, and it has also
been shown that such close encounters can excite both the internal orbital and spin dynamics of
binary asteroids [125] [126]. Thus, it seems the most natural explanation for the current dynamical
state of 1991VH is NPA rotation within the secondary caused by an external perturbation and
driven by the internal dynamics. This dynamical state has been postulated by [6] and [76], and
here we provide a more quantitative analysis of this possibility. We test the hypothesis that the
observed dynamical state of 1991VH can be explained by a single close Earth encounter in the past.
To achieve this, we perform another suite of Monte Carlo simulations, where a singly-synchronous
1991 VH-like system is perturbed by the Earth in a variety of encounter geometries. We then com-
pare the orbit period, secondary rotation period, semimajor axis, and eccentricity of the post-flyby

system to check for similarities with the current observations.

5.4.1 Earth Encounter Simulations

Our hypothesis is that 1991VH was previously in a singly-synchronous state, similar to the
majority of observed binary steroids [6], before a close Earth encounter added eccentricity to the
system and excited the system into its currently-observed chaotic state. To test this hypothesis, we
vary possible pre-encounter orbit periods for the singly-synchronous state, then simulate a variety
of Earth encounter conditions using the SRF3BP derived in this chapter.

In these simulations, we fix the bulk density of the system to be p = 1.6g/cm? [76], and
set the primary and secondary densities equal to one another. Thus, when we choose the pre-
encounter orbit period, this fixes the pre-encounter semimajor axis. Instead of using the Keplerian
relationship to determine the semimajor axis, we adopt the approach defined in Appendix [A] but
inverted to calculate semimajor axis from orbit period.

In these simulations, we will use the F2BP dynamics, and thus allow for the primary to be

aspherical. We set the primary Jo = 0.02 (S. Naidu, personal communication, September 2020),
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Table 5.1: The physical parameters used in the Monte Carlo simulations of Earth close encounters.

Parameter Symbol Range
Pre-encounter Binary Orbit Period Tore 27-37 hr
Secondary Diameter Dp 400-500 m
Secondary Prolateness a/b 1.1-1.5
Secondary Oblateness b/c 1.1-1.5

and use a second degree-and-order expansion of the mutual potential. We fix the primary volume-
equivalent diameter to 1.2 km.

We generate realistic flyby geometries of 1991VH relative to the Earth by propagating its
orbit backward in time, taking into account the uncertainties in its ephemeris. We do this using
the semi-analytic NEO propagation tool developed by [127]. The results of this propagation for
the past 100,000 years is shown in Fig. showing every close approach within 150,000 km of
Earth.

There are a cluster of possible flybys around 25,000 years ago, followed by another cluster
around 40,000 years ago. After these periods, uncertainties grow large enough that we have a
more uniform distribution in flybys. The distribution of the longitude of the ascending note is
generally uniform for all flybys, but the hyperbolic excess velocity has a clear evolution with time,
generally decreasing into the past until around 80,000 years ago. The inclination of the flybys
appears roughly Gaussian, and centered around 90°. The argument of periapsis is centered around
either 0/360° or 180°. We also see a uniform distribution of the Earth-secondary phase angles at
closest approach, indicating we are testing a wide range of possible geometries.

For the pre-encounter binary asteroid, we use the range of possible values outline in Table
This gives the pre-encounter orbit period, as well as the size and shape of the secondary. The
separation distance is calculated from the orbit period such that the secondary is in a physically
circular orbit, using the F2BP dynamics to eliminate pre-encounter libration from the secondary.

We use the SRF3BP dynamical model derived in this chapter. This model calculates the
full spin-orbit coupling between the primary and secondary while also influenced by a distant and

large spherical perturber, in our case the Earth. We simulate the flyby for 20 days with closest
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Figure 5.10: The close approach distance and hyperbolic excess speed, along with the Keplerian
angles of the hyperbolic flyby trajectories as a function of time in the past. We also plot their overall
distributions as histograms. These flybys are calculated by propagating the heliocentric orbit of
1991VH into the past and finding close approaches with Earth. We also plot the distribution of
Earth-secondary phase angle at closest approach used in our Monte Carlo analysis.

approach centered at 10 days. After this, we hand off the results to the pure F2BP to speed up
computational time without needing to track the effect of the Earth, and simulate the system for

a full year.
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5.4.2 Results

As shown in Sec. Keplerian elements are inaccurate in describing binary asteroids. As
such, we will also adopt the use of the ‘observable’ semimajor axis and eccentricity in our results.
These quantities are defined using only the maximum and minimum separation distances within
some time interval; in this analysis we will use a time interval of 5 days.

This still leaves the question of how best to calculate the secondary’s spin period, which
is a key piece of information provided by observations. We are concerned with the dynamics of
1991VH that will reproduce these observations, so our approach should mimic how the spin period
is calculated in these observations. Generally this is done using lightcurves of the secondary [6]. We
define synthetic lightcurves, which we will calculate using the visible cross section of the secondary’s

cross-sectional area:

A = m\/2262¢2 + §2a2c2 + 320202 (5.32)

where Z, g, and Z is the direction of the observer defined in the body-fixed coordinates of the
secondary, and a > b > ¢ are the semiaxes of the secondary ellipsoid.

After calculating the cross-section area, we perform a 1-degree Fourier fit over the same 5-day
observation window. If the r-squared value of the fit is at least 0.5, we keep the fit as a measurement
of half the secondary spin period. Due to the symmetry of the perfect ellipsoid, the Fourier fit will
only measure half the spin period, so we correct by a factor of 2 to obtain the true spin period.

We perform 4,600 Monte Carlo simulations of Earth close encounters. In each of these
simulations we calculate the stroboscopic orbit period of the post-encounter system. To match
the observations, we remove any results that have an average orbit period less than 30 hours or
greater than 35 hours. After this removal, we obtain 1,866 results, which are plotted in Fig.
This plots the secondary spin period measurements as a function of closest approach distance, with
dashed lines bracketing the observed values.

From Fig. we see a large grouping of secondary spin periods in the 30-35 hour range.

These are the systems which remain synchronous with the orbit period after the flyby. We see most
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simulations fall in this category, but a significant number of simulations do have faster or shorter
secondary spin periods, indicating these systems have become asynchronous. The number of results
falling within the observed window is small but significant, indicating it is possible to reproduce
the observed systems after a single Earth close encounter.

We see a narrow range of flyby conditions that are able to reproduce both the observed
secondary rotation period and the orbital eccentricity. These flybys have a close approach distance
within the range of 50,000 - 80, 000 km. Closer than this produces an eccentricity that is too large,
while further than this does not provide a sufficient perturbation to induce asynchronous rotation
in the secondary.

In Fig. we plot the post-encounter observable semimajor axis as a function of pre-
encounter orbit period. Again, the dashed lines bracket the observed values. Here we see to achieve
the observed value, the pre-encounter orbit period of the system was likely between 28 and 35
hours. However, to match the observed eccentricity, the pre-encounter orbit period was likely not
within the 30-33 hour range. This indicates the orbit period and semimajor axis of 1991VH have
likely not changed very significantly as a result of a possible Earth encounter in its past, and the

main change is the eccentricity and rotation of the secondary.

5.4.3 Example History

Next we present an example simulation providing a close match with observations. This
system was initially in a circular orbit with a separation distance of 3.11 km and an orbit period
of 29.9 hours. The secondary ellipsoid has a volume-equivalent diameter of 458 m, and axis ratios
a/b = 1.39 and b/c = 1.17. This system undergoes an Earth encounter with a close approach
distance of 46,580 km with a hyperbolic excess speed of 7.6 km/s. The hyperbolic elements are
1=178° Q=217 and w = 193°.

To study this history, we integrate the system forward for 10 years after the flyby and plot the
post-encounter secondary spin period and orbit period in Fig. [5.12] The results are not a perfect

match, but lie very close to the observed values. The secondary spin period alternates between
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Figure 5.11: (a) The secondary spin periods as a function of Earth closest approach. The dashed
lines bracket the range of observed values, and the color gradient shows eccentricity. (b) The
observable semimajor axis as a function of pre-encounter orbit period. The dashed lines bracket
the range of observed values, and the color gradient shows eccentricity.

epochs of more chaotic rotation and quasi-constant spin. The periods of quasi-constant spin last
for several years at around a 10 hour spin period, generally consistent with observations. During
the more chaotic epochs the spin period varies between 10 and 40 hours, and larger values are also
possible. We note the actual observations of the secondary’s rotation period in 1991VH do not see
these longer rotation periods, although there is a possible estimate of a spin period up to 29 hours
(see Table [2.1)).

Likewise, the orbit period fluctuates between around 31.5 and 33 hours. The observed orbit
period ranges between 32.5 and 32.8 hours. Thus, our simulated orbit period is not an exact
match, but very close. There is a clear correlation with the secondary spin period. During the
quasi-constant secondary spin period, the orbit period is slightly less than 32 hours, but increases
during the periods of chaotic rotation.

In Fig. we plot the observable semimajor axis and eccentricity. The semimajor axis
ranges between 3.23 and 3.32 km. Similar to the orbit period, these values are a close match to
the true observations of 32.4-32.6 km. Again there is a correlation with the secondary spin, with a

lower semimajor axis during quasi-constant spin and a larger value during the chaotic rotation.
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The eccentricity ranges between 0.02 and 0.15. The true eccentricity values range from 0.03
to 0.07. The periods of higher eccentricity correlate the the chaotic rotation and lower eccentricity
during quasi-constant spin. So while our simulated eccentricity values can exceed these observations,

they are overall generally consistent with observations.
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Figure 5.12: The fitted secondary spin periods (top) and stroboscopic orbit period (bottom) for
one example simulation over 10 years after an Earth encounter.
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Figure 5.13: eriods (top) and stroboscopic orbit period (bottom) for one example simulation over 10
years after an Earth encounter. (b) The observable semimajor axis (top) and eccentricity (bottom)
for one example simulation over 10 years after an Earth encounter.

We track the secondary’s orientation with a set of 1-2-3 roll, pitch, yaw Euler angles relative
to the rotating Hill frame. Fig. shows these Euler angles over time for this example. During
the period of quasi-constant spin, the secondary is generally only librating in its roll angle, either
around 0° or 180°. However, the other angles are circulating, indicating even in this period of
apparent stability the secondary is still fully tumbling. During the periods of chaotic rotation, all

three angles are circulating.
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Figure 5.14: The roll (top), pitch (middle), and yaw (bottom) angles tracking the secondary’s
orientation relative to the singly-synchronous equilibrium.

In this simulation, the secondary enters a state of fully chaotic rotation. As this dynamical
state closely reproduces the observations, this is another indicator that 1991VH is indeed experi-
encing chaotic rotation in the secondary.

Overall, this simulation demonstrates that due to the chaotic nature of binary asteroids, it
is possible for a single Earth encounter to transform an equilibrated, singly-synchronous binary

asteroid into a system that looks similar to the current 1991VH.

5.4.4 Secular Energy Dissipation

While we have demonstrated a close Earth encounter can create a system similar to 1991VH
from a previously singly-synchronous binary asteroid, it is unclear how long-lived this excited state
will last. The earliest Earth encounter sufficiently close to produce these dynamics was around
12,000 years ago [127].

In the singly-synchronous configuration, for a given spin rate of the primary the system’s
energy is minimized for the amount of angular momentum in the system. A perturbation such as
a close planetary flyby will change the energy and angular momentum such that NPA rotation is
allowable, precipitating an exchange of angular momentum between the secondary and the orbit.
Since the secondary’s angular momentum is much smaller than that of the orbit and primary, a

small excess in energy at a given angular momentum level allows for NPA rotation.
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In the minimum-energy configuration, the equilibrium spin rate is defined by Eq.
Because the secondary is in the 1:1 spin-orbit resonance in this configuration, its spin rate relative
to an inertial frame is also defined by Thus, the angular momentum for this configuration is

simply written as:

G(Ma+ M 3
H= (IBZ+M7’2)\/(A:B) <1+ 21) + Ipowa (5.33)
T 2r
where
I=1Ip,+Ip,—2Ip, (5.34)
and
MM
= _—A75 (5.35)
Ma+ Mp

Here we are explicitly assuming the primary is limited to principal-axis rotation about its major
axis.
In the equilibrium configuration, the orbital velocity is v = 7. Using this, the corresponding

minimum energy can be written as [34]:

E* = %(IBZ - M?“Q)G(]WAT;MB) <1 + 3121> - % (1 + 2121) + %IAzwi. (5.36)

When the system is perturbed away from this equilibrium, it will dissipate energy at a con-
stant angular momentum. As the orbit expands and the primary’s rotation rate slows, it will
eventually be constrained to synchronous rotation in the secondary. This happens at the combina-
tion of separation and primary spin rate defined in Eq. At this point energy dissipation will
continue due to the rapidly rotating primary. However, there will not be enough energy to allow
for a complex spin state in the secondary. As dissipation occurs, the separation distance r will
increase while the primary’s spin rate w4 will decrease. The primary methods of energy dissipation
considered is tidal torques, and we implement the model defined in Sec.

Using the results from Section [5.4.3] we integrate the equations of motion forward for another

100 years using the sphere-ellipsoid equations of motion. To improve numerical stability, we switch

to a set of nondimenstional units, with the primary’s mass as the mass unit, the initial separation
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as the length unit, and the Keplerian orbit period at this distance as the time unit. The total
energy, free energy, and primary spin rate in these units are plotted in Fig. demonstrating
the energy dissipation. Here we are defining free energy as the total energy minus the contribution

from the primary.
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Figure 5.15: The total energy (top), free energy (middle), and the primary’s spin rate (bottom),
plotted in nondimensional units for 100 years.

Next, in Fig. [5.16] we also plot the total and free angular momentum. This ensures our
system is conserving total angular momentum accurate to within 1076, However, due to the
secular evolution, the free angular momentum (the contribution of the secondary and the orbit) is
increasing.

To predict the system’s future behavior, we perform a linear fit to both the total energy and
the primary spin rate. The linear fit is a conservative estimate, as dissipation will in reality slow
as the separation distance increases. Using this fit, we can extrapolate the total energy and the
primary’s spin rate at a future time. Using the primary’s spin rate, numerically solving Eq.

provides the separation distance required to conserve angular momentum, then Eq. at these
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Figure 5.16: The total angular momentum (top) and free angular momentum (bottom) plotted in
nondimensional units for 100 years.

values gives the energy for the singly-synchronous configuration at this angular momentum level,
what we call the minimum energy. The difference between the total energy and this minimum
energy is the excess energy, which is plotted in Fig. [5.17

As we see, the excess energy is greater than 0 only for around 5,000 years in this case,
suggesting NPA rotation would in fact be relatively short lived for these tidal parameters. Indeed,
a close Earth encounter for 1991VH did not occur within the past 12,000 years [127].

To validate this predicted time for NPA rotation, we integrate the system for 10,000 years.
The results of this integration are shown in Fig. [5.18| plotting the libration angle, semimajor axis,
and eccentricity. In this plot, the libration angle is the angle between the secondary’s body-fixed
z-axis and the position vector of the secondary relative to the primary.

From Fig. we see very good agreement with the predicted duration of NPA rotation
and these fully numerical results. The libration angle stops circulation a little before 5,000 years,
very similar to the prediction by our linear extrapolation. In this example, the secondary settles
into the anti-synchronous case where it has flipped 180° from its initial orientation. This plot also
shows the reduction of eccentricity, which happens much faster than predicted in analytical models

[39, 128]. During this initial energy dissipation, the eccentricity is dissipating quicker than the
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Figure 5.17: The excess energy of the system at this level of angular momentum. When the curve
reaches zero, there is no longer any excess energy and the system must be in the singly-synchronous
configuration.

semimajor axis is expanding, although we do see a secular increasing trend in the semimajor axis

envelope toward the end of the simulation.
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Figure 5.18: The libration angle (top), semimajor axis (middle), and eccentricity (bottom) of our
example system undergoing tidal dissipation.

With the linear dissipation model validated by this detailed numerical integration, we now
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extend the analysis to different values of secondary tidal parameters. The secondary’s libration
dissipation is driven primarily by the parameters of the secondary [70} 128], so we can limit our
analysis to only these parameters while keeping the primary’s parameters constant.

Fig. plots the total time for which NPA rotation is permissible as a function of secondary
tidal parameters. The latest a flyby could have occurred was around 12,000 years ago, which is
plotted as a dashed black line. Assuming it was an Earth encounter that provided the excitation to
place 1991VH in an excited dynamical state, this places a lower bound on Qg /kp of around 2 x 10°,
although in reality it would likely be higher. This is relatively large for a rubble pile secondary
[61], and using the model of [115] would require a 15 m or smaller dissipative regolith layer or less

around the secondary. However, these values are still within the realm of possibility.
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Figure 5.19: The permissible time of NPA rotation as a function of secondary tidal parameters.
Close Earth encounters were possible starting around 12,000 years ago, which is marked as a dashed
black line. This places a minimum boundary on secondary tidal parameters assuming 1991VH was
excited by a past Earth encounter.

5.5 Conclusion

The dynamical evolution of binary asteroid systems is not fully understood. In this chapter
we have shown that planetary encounters could play a significant role in this process. Due to the

spin-orbit coupling present in binary asteroids, planetary flybys exert both gravitational forces and
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torques on the individual asteroids. The forces cause an impulsive change in the binary asteroid
mutual orbit, while the torques can significantly perturb the secondary away from a synchronous
orbit. The effect of these perturbations drop off exponentially as the flyby distance increases, and
have a smaller effect at faster flyby speeds. Planetary encounters not only perturb the mutual
orbit of a binary asteroid system, they also can significantly affect the spin state of the secondary,
causing large libration amplitudes and even breaking lock after close flybys. While we have focused
exclusively on close planetary encounters in this chapter, these equations can also be applied to
study the solar effects of the heliocentric orbit on the binary asteroid dynamics.

We have also investigated the feasibility that the current excited dynamical state of 1991VH
is the result of a previous close encounter with Earth. We find that it is relatively easy to excite
NPA rotation of the secondary of 1991VH. This analysis reveals it is most likely that 1991VH
was in a singly-synchronous configuration with an orbit period between 28 and 35 hours, although
likely not within the 30-33 hour range. A single close Earth encounter around between 50,000
km and 80,000 km could have then placed the system into its current dynamical state. Because
the current eccentricity of 1991VH is relatively small, this indicates the semimajor axis and orbit
period of the system did not significantly change as a result of the flyby. However, the spin-orbit
coupled dynamics are sufficient to place the secondary into its currently excited rotation state as
a result of this flyby. A flyby closer than 50,000 km is possible if secular dissipation has reduced
the eccentricity into the range observed today. This excited state could then persist to the current
day without energy dissipation returning it to the archetypal singly-synchronous state, provided
the secondary is not very efficient at energy dissipation, or sequential close encounters counteract

dissipation.



Chapter 6

The DART Impact

6.1 Introduction

In the first planetary defense test of a kinetic impactor, the NASA Double Asteroid Redirec-
tion Test (DART) spacecraft impacted Dimorphos, the secondary in the Didymos binary asteroid
system, on September 26, 2022 [12]. The impact altered the trajectory of Dimorphos around Didy-
mos, reducing the orbit period by around 33 minutes [60]. Studying and understanding the effects
of the DART impact is one of the main motivations for this thesis. We will use numerical sim-
ulations to study the post-impact system, and connect this to the pre-impact system using the
momentum transfer from the spacecraft to the asteroid. We outline the algorithm used in some de-
tail in Appendix [A] This relies on the use of observable elements and the stroboscopic orbit period
to connect real-world observations to numerical simulations in GUBAS and other models. The case
study of Didymos after the DART impacts demonstrates the usefulness of studying the perturbed
dynamics of binary asteroids, as we are able to glean new information using this approach.

Ground-based observations of the system have shown a possible reduction in eccentricity and
a loss of the precession signal [129]. From our analyses thus far, we know these are indicators of
NPA rotation in Dimorphos. This Chapter will explore this possibility in depth with a quantitative
analysis. The observable elements introduced in Chapter [2, and the stroboscopic orbit period in
particular, have been used by the DART team to calculate the momentum enhancement factor /3

of the impact [75], one of the level one objectives of the mission [59].
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6.2 Problem Setup

The system parameters initially used in this analysis for the pre- and post-impact Didymos
system are given in Table estimated from the initial measurements after the DART impact. In
calculating the axis ratios for Didymos and Dimorphos, we use the shape extents defined in [12].
For a conservative approach, we triple the uncertainties in the extents to ensure we sample the
full 30 parameter space. We limit a/b > 1.01 for both shapes to avoid cases where b > a, which
corresponds to an unstable pre-impact equilibrium [87], or a = b, in which the system decouples
and the spin-orbit equilibrium vanishes. We employ a suite of Monte Carlo simulations that sample
over the uncertainties in the pre- and post-impact orbits as well as the uncertainties in the body
shapes.

Note the considerable uncertainty on the pre-impact semimajor axis, which is equal to the
separation between Didymos and Dimorphos at the impact time under the (physically) circular orbit
assumption. While DART imaged the system before the impact, there are significant uncertainties
in the positions of the bodies’ centers of mass since the internal density distributions are unknown,
which manifests in a large uncertainty in the pre-impact semimajor axis. Thus, the pre-impact
separation is instead measured with radar data in [60].

For this work, we develop a method of ensuring our models are accurately capturing the
behavior of the real system, outlined in Appendix [A] In the simulations, we first numerically
determine the required density of the primary to achieve an equilibrated randomly selected pre-
impact system. This is done using a secant search algorithm. We then iterate an instantaneous A¢
on the secondary’s orbital velocity until the system converges to the post-impact orbit period using
a second secant search. This allows us to connect the pre-impact system to the post-impact system.
We include radial and out-of-plane A% components such that the full Av vector is anywhere within
30° of the orbit tangent direction, consistent with the impact and ejecta geometries discussed in
[12] and [75], respectively.

We assume uniform density distributions of the asteroids and an equilibrated pre-impact orbit
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Table 6.1: Parameters for the Didymos binary asteroid system. Uncertainties are reported as lo
Gaussian unless noted as a uniform distribution. The secondary diameter and axis ratios are from
the pre-impact body, and truncated at a lower limit of a/b = 1.01.

Parameter Value Uncertainty /Note | Source
Pre-impact orbit period [hr] 11.92148 +0.000044 [82]
Post-impact orbit period [hr] 11.372 +0.0057 [60]

Pre-impact semimajor axis [m)] 1206 +35 [60]
Pre-impact eccentricity 0 assumed [82]
Primary diameter [m] 761 +26 [12]
Secondary diameter [m] 151 +5 [12]
Primary a/b axis ratio 1.01-1.11 uniform (30) [12]
Primary b/c axis ratio 1.21-1.56 uniform (30) [12]
Secondary a/b axis ratio 1.01-1.13 uniform (30) [12]
Secondary b/c axis ratio 1.32-1.69 uniform (30) [12]
Secondary density [kg/m?3] 1500-3300 uniform (30) [12]

with zero observable eccentricity and zero secondary libration. [80] and [75] outline justifications
for these assumptions. In this work we initially ignore any torque applied to Dimorphos from the
impact, as we are mainly concerned with the orbital dynamics. However, we will later consider the
libration and stability of the secondary while including torque.

In our GUBAS simulations, both Didymos and Dimorphos are modeled as triaxial ellipsoids
with semiaxes a > b > c¢. We use a second-degree and -order gravity expansion between these
bodies. Given the uncertainties in the body shapes and their unknown internal mass distributions,

there is no advantage to using a higher-order gravity expansion.

6.3 Effect of the DART Impact

From the approach in Sec. we can calculate the change in specific orbital angular mo-
mentum to predict if the true anomaly should be librating or circulating. Assuming a circular
pre-impact orbit and a planar, head-on impact with the secondary, the impulsive change in specific

orbital angular momentum is easily calculated:
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Ah = rAvy. (6.1)

For the initial calculation of Avy = —2.7 mm/s [75], the change in specific orbit angular momentum
is about —3.2 m?/s. While the actual impact conditions are more complicated than this simple
analysis, this value is sufficiently beyond the circulation threshold of roughly —2 m?/s from Fig.
1] and Eq. [3-3 that we can confidently predict that the DART impact changed the system’s

momentum sufficiently to push it out of an equilibrium state.

6.3.1 Change in Velocity

Next, we calculate the along-track Avr necessary to achieve the observed post-impact orbit
period. While we include three-dimensional components in our analysis, we find essentially only
the along-track change in velocity has an effect on the orbit period. As a function of the pre-
impact observable semimajor axis, the along-track Awvp is plotted in Fig. Based on the

Keplerian relationship, we fit Avpr as a function of the square-root of the pre-impact semimajor

axis: Avp =~ —5.86% + 3.19 mm/s, where again ag is the pre-impact observable semimajor
axis in meters. This numerical fit only applies to the range of data shown in Fig. and should
not be extrapolated out of this domain. Our results agree with those presented in [75], with a
Avy = —2.7 £ 0.1 mm/s, however here we highlight the dependence on the pre-impact observable
semimajor axis. This also demonstrates that any component of the full Av vector not aligned with
the orbit tangent direction does not appreciably affect the post-impact orbit period and is thus
unobservable from the ground.

Besides the dependence of Avp on the pre-impact observable semimajor axis, we also find a
smaller dependence on Didymos’s oblateness, or its Jo gravity term. This is shown in Fig. [6.1b
where as Didymos becomes more oblate (larger Jy values), the magnitude of Avy needed to achieve
the post-impact orbit period decreases. While the dependence of Avp on the pre-impact semimajor
axis dominates, it’s also important to estimate Didymos’s Jo coefficient to fully understand the

effects of the DART impact.
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Figure 6.1: (a) Change in along-track velocity as a function of the possible pre-impact observable
semimajor axis. There is a strong relationship between Awvp and pre-impact observable semimajor
axis. (b) Change in along-track velocity as a function of Didymos’s possible Jy gravity coefficient.
The magnitude of Avr decreases slightly as Didymos’s Jo increases.

By calculating the Avr caused by the DART impact, we are able to convert this to a change in
momentum. Unfortunately, the mass of Dimorphos is unobservable based on current measurements.
However, the change in momentum can be reported as a function of this unknown parameter, as we
did in [130]. This work satisfies the level one requirement of calculating the momentum enhancement

of the DART impact.

6.3.2 Change in Semimajor Axis

Next, we calculate the change in the observable semimajor axis. From the Monte Carlo
simulations we calculate the post-impact observable semimajor axis and solve for the change in
the observable semimajor axis. We find Aa = —37 + 1 m (1), but the change in semimajor axis
depends on the pre-impact observable semimajor axis, as illustrated in Fig. 6.2 Again, using a
simple linear fit, we find Aa ~ —37.64 (126‘%) 4+ 0.91 m. From the Monte Carlo simulations, the
post-impact observable semimajor axis is also directly calculated, equal to 1170 + 34 m (10).

Thanks to the linear relationship between the pre- and post-impact observable semimajor

axis, it is simple for measurements of the post-impact semimajor axis to add additional constraints
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Figure 6.2: The change in observable semimajor axis as a function of the possible pre-impact
observable semimajor axis. There is a strong linear relationship between the post- and pre-impact
semimajor axes.

to the pre-impact value. This is important, as we have already seen the importance of tightening
the constraints on the pre-impact observable semimajor axis, as Awvp strongly depends on this
quantity. Thus, a major advantage and contribution of ESA’s Hera mission, planned to return to
Didymos to study the post-impact system in early 2027, is the ability to precisely measure the
current semimajor axis [64].

This linear relationship is expected from basic Keplerian dynamics. From Kepler’s third

law, we know the following relationship between orbital period and semimajor axis for a common

barycenter:

Pt _ P

—= == 6.2

o = (62)
This can be rearranged and, substituting in the parameters from Table we find

P2 2/3 aq
—ai (5] =1168.65 ) m .
as = ay <P1> 68.65 1206 m m (6.3)

Even though the F2BP dynamics are non-Keplerian in reality, applying Kepler’s third law provides
a relatively accurate estimate for the relationship between the pre- and post-impact semimajor
axis. Furthermore, this illustrates the linear relationship. Thus, precise measurements from Hera
of the post-impact semimajor axis also provide estimates for the pre-impact semimajor axis. This

in turn leads to a more accurate estimate for the system’s mass and the Avp of the DART impact,
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provided the orbit has only experienced minimal secular evolution since the impact.

6.3.3 Change in Eccentricity

Finally, we discuss the post-impact eccentricity. The change in observable eccentricity is plot-
ted in Fig. as a function of the pre-impact observable semimajor axis. Notably, while previous
quantities have depended strongly on the pre-impact observable semimajor axis, the eccentricity
is largely independent of this quantity. From an initial orbit with zero observable eccentricity, the
post-impact eccentricity is 0.031 4 0.002.

It is worth discussing the skewed distribution in Fig. in which the change in observable
eccentricity is occasionally much smaller than the representative value of 0.031. Each data point
in Fig. is the average post-impact observable eccentricity over the full simulation time of
100 days. The lower averages correspond to simulations in which the secondary enters a state of
non-principal axis (NPA) rotation, as discussed in Sec. Approximately 18% of our simulation
runs result in this attitude instability.

Next, we relax the initially circular orbit assumption. Using only the nominal system (i.e.,
the parameters from Table without the uncertainties), we vary the pre-impact observable ec-
centricity. Fig. [6.3D] shows the post-impact observable eccentricity as a function of the pre-impact
observable eccentricity. In these simulations, we only apply a tangential Avr, and the perturbation
occurs when the secondary is either at apoapsis or periapsis of the now-eccentric pre-impact orbit.
This means the two curves in Fig. define an envelope of permissible eccentricity values. De-
pending on where in the orbit the secondary is at the time of the impact, the resulting eccentricity
can lie anywhere in the area bounded by the two curves. Thus, measuring the post-impact eccen-
tricity can give constraints to the pre-impact eccentricity. However, if the pre-impact orbit was
eccentric, it is unknown where in its orbit Dimorphos was at the time of the impact, so a precise
relationship between pre- and post-impact eccentricity is impossible.

To illustrate the change in Dimorphos’s orbit, we plot the system with the nominal pre- and

post-impact orbits ignoring the uncertainties in Table in Fig. [6.4] This shows the differences
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Figure 6.3: (a) Change in observable eccentricity as a function of the possible pre-impact observable
semimajor axis. The change in eccentricity is largely independent of the pre-impact semimajor axis.
The pre-impact orbit is assumed physically circular. The simulation runs with a skewed smaller
eccentricity change are the result of tumbling in the secondary. (b) The post-impact observable
eccentricity as a function of the pre-impact observable eccentricity. The two curves define an
envelope in which the post-impact observable eccentricity may exist, depending on where in its
orbit the secondary was at the time of the perturbation.

in the mutual orbit caused by the DART impact. For illustration purposes we use the radar shape
model from [8I] scaled to the size calculated by [12] for Didymos, and the DRACO shape model
of Dimorphos from [I2]. The outer orbit is the pre-impact, and the inner orbit is the post-impact.
Only the first full orbit after the impact is plotted, and over time this orbit will precess around

Didymos.

—— Pre-Impact Orbit
—— Post-Impact Orbit
200
0

e _—

E

Figure 6.4: The pre- and post-impact orbits for the nominal system plotted to scale. For illustration
purposes, the scaled radar shape model is used to show Didymos [81] and the [I2] shape model is
used to show Dimorphos.
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6.4 Dimorphos Mass Loss and Reshaping

We now relax our assumption of no mass loss or reshaping of Dimorphos from the DART
impact. This is an important consideration, as [I31] showed that reshaping of Dimorphos can con-
tribute to the momentum enhancement factor estimate. To achieve this, we modify our algorithm
so that after the system’s mass is calculated to match the pre-impact orbit period, we re-sample
the secondary size and shape, keeping its density the same. DART impacted roughly along the in-
termediate axis of Dimorphos [12], so any reshaping will decrease the ellipsoid’s b axis to first order.
This is equivalent to increasing the a/b ratio and decreasing the b/c ratio. In reality, reshaping may
result in an asymmetric secondary [132]. However, while our secondary is still an ellipsoid shape,
we are in effect changing its moments of inertia, which are the dominant quantities in calculating
the mutual potential.

We re-sample a/b and b/c for Dimorphos, raising the upper limit of a/b to 1.3 and decreasing
the lower limit of b/c to 1.1. To reflect the reality of decreasing the b axis, in re-sampling the axis
ratios, we adjust the uniform distribution so that the lower limit of a/b is equal to its pre-impact
value (so it always increases) and the upper limit of b/c is equal to its pre-impact value (so it
always decreases). The new limits on post-impact a/b and b/c are somewhat arbitrary but allow
for relatively large changes in the secondary shape.

To account for mass loss, we also re-sample the volume-equivalent radius of Dimorphos. We
center our sampling on the pre-impact value and draw from a half-normal distribution with a
standard deviation of 0.1 m, ensuring we do not increase the radius. The standard deviation of
the post-impact radius was chosen to approximately match the initial mass-loss estimate of [133],
around 0.3-0.5% of the assumed Dimorphos pre-impact mass.

Accounting for mass loss and reshaping slightly reduces the magnitude of Avpr needed to
achieve the post-impact orbit period. Our new estimate is Avp ~ —2.6 £ 0.1 mm/s. This effect
was not considered in [75], and thus they may have over-approximated the impact-induced Avr, as

reshaping is likely significant as we will show later in the chapter. To explore this shift, we plot Avp
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as a function of the mass loss in Fig. and as a function of reshaping a/b in Fig. We find
Awvr has a negligible dependence on the mass loss, likely given the minimal percent change of the
mass. However, the magnitude of Avyp slightly decreases with larger changes to a/b, consistent with
results from [I131], who showed reshaping of the secondary changes the mutual potential between
the bodies, which contributes to changes in the orbit period. We find no trend with Avp and the

b/c ratio.

. L L L _3 ’ L . L L L
0 2 4 6 8 10 0 005 01 015 02 025 03
Mass Loss [kg] «107 A a/b
(a) Change in Velocity Accounting for Mass Loss (b) Change in Velocity Accounting for Reshaping

Figure 6.5: (a) Calculated Avr as a function of Dimorphos’s mass loss. Within reasonable values
for mass loss, there is no strong trend in Avp. (b) Calculated Avr as a function of Dimorphos’s
reshaping of its a/b ratio. For impacts that cause more reshaping, the required Avy magnitude to
achieve the post-impact orbit period is smaller on average.

We also find a relationship between reshaping of a/b and the post-impact observable ec-
centricity. For larger changes in a/b, the change in observable eccentricity slightly decreases on
average. This is another important consideration to make when interpreting the system’s current

eccentricity. Fig. shows this relationship.

6.5 Precession

As discussed in Sec. the shape and spin state of the secondary has a significant effect
on the orbital apsidal precession rate. Using the estimated apsidal precession rate in Didymos

[134], we can place constraints on the secondary shape and libration. We refine our inputs, so
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Figure 6.6: Calculated observable Ae as a function of Dimorphos’s reshaping of its a/b ratio. For
impacts that cause more reshaping, the change in eccentricity is on-average reduced.

rather than using the full range of values in Table we use Jo = 0.09 for Didymos and the
separation of the orbit at the time of the DART impact of 1.189 km [134]. We assume Dimorphos
was in a circular orbit about Didymos prior to the perturbation, and fix the Dimorphos b/c = 1.2.
From observations the estimated apsidal precession rate in Didymos is @ = 6.7°/day [134]. In the
analysis of precession, we limit the orbital motion to planar, so we switch our model to the planar
F2BP.

In our algorithm, we iterate a tangential and instantaneous Awvr on the orbital speed of
Dimorphos until our post-impact system matches the measured post-DART orbital period of 11.37
hours. Once this is achieved, we perform a second iteration to the secondary’s rotation rate: we
add a 6(;52 to correctly achieve the estimated apsidal precession rate.

In Fig. [6.7a] we plot curves that represent combinations of secondary elongation and spin
perturbation that replicate the apsidal precession rate in Didymos. For a given Dimorphos Cbo,
or equivalently an a/b value, there are two values of spin perturbation 5&2 that can reproduce
the observed precession rate. Thus, some knowledge of the perturbation’s geometry is required to
resolve the ambiguity between the two curves. For the geometry of the DART impact, we likely
have a negative value of (5(152 [134], corresponding to the lower of the two curves in Fig.

These curves demonstrate that for the nominal system (ignoring uncertainties on the shape
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of Didymos and the orbit geometry), we are required to have an a/b 2 1.25, equivalent to having
C99 2 0.018. This is a purely dynamical constraint indicating significant reshaping in Dimorphos as
a result of the DART impact, which complements the physical argument for the same phenomenon
by [135]. This is also consistent with the estimation of the system parameters by [134].

We can also use this approach to investigate the allowable libration amplitude in the system.
Here we see uniformly increasing libration amplitude with increasing Cs. The minimum Cos results
in a libration amplitude of around 10°, indicating the system has at least this libration amplitude.
Smaller values are permissible given the uncertainties in the system, but most combinations of

parameters will result in a libration amplitude larger than this value.
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Figure 6.7: Plots of numeric results showing (a) The required spin perturbation and (b) the re-
quired libration amplitude as functions of Dimorphos prolateness necessary to reach the measured
precession rate.

6.6 Dissipation

One question of interest is how quickly will energy dissipate from Didymos following the
DART impact? This is important to understand, as the system may have evolved before the
arrival of Hera. To investigate this, we integrate the system forward for 10 years and plot the

eccentricity over that time using the sphere-ellipsoid model while incorporating dissipation from
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three-dimensional tidal torque and NPA rotation. We test a variety of combinations of tidal pa-
rameters. For a system which remains in stable, principal-axis rotation, the results are shown in
Fig.

In the stable case, we see the fastest eccentricity dissipation occurs for very small values of
Qs/ks, which is expected from the literature [70]. We also see if Q/ks > Qp/kp, the eccentricity
increases, which is also a classical result. In all cases, there is still significant eccentricity by the
time of Hera’s arrival, about 5 years after the DART impact. However, for the extremely dissipative
cases, the eccentricity is around half its value immediately after the DART impact. If Hera measures
an eccentricity much smaller than the value obtained from ground-based measurements, this will
constrain the tidal parameters of the system. However, if the tidal parameters are larger, there will
not be a significant change in eccentricity by the time of Hera’s arrival.

Next, we repeat the same analysis for a case in which Dimorphos enters NPA rotation, plotted
in Fig. [6.9] In this case, we see the systems which are very efficient at dissipating energy are able
to return to a circular orbit prior to Hera’s arrival, as eccentricity is essentially eliminated within 5
years. This is due to the NPA rotation providing another mechanism to dissipate energy, resulting in
a faster secular change to the orbit. However, as tidal parameters increase and the system becomes
less efficient at energy dissipation, the eccentricity again can see very little change, and any secular
trend may be dominated by chaotic fluctuations due to the angular momentum exchange with the
tumbling secondary.

Here, we have demonstrated the possibility of Hera measuring secular changes to Didymos.
This is only possible in a select few cases, and provided the system is in principal axis rotation.
If Dimorphos enters NPA rotation, it is very unlikely Hera will be able to measure any secular

changes within the system during its limited mission duration.

6.7 Lightcurve Analysis

Following the DART impact, lightcurves of Dimorphos were detected spanning from Decem-

ber 2022 into January 2023 at 7 distinct epochs. Upon analysis, the amplitude of the cross-section
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Figure 6.8: The eccentricity over 10 years for various combinations of tidal parameters in a system
remaining in stable rotation.

variation over Dimorphos’s rotation and the offset in mean anomaly between the minimum of the

secondary lightcurve and the center of the mutual event varied across these epochs [136]. These

measurements are shown in Table where C' is the visible cross sectional area of Dimorphos and

M is its mean anomaly. These variations are intriguing, so to provide more context to the obser-

vations we utilize high-fidelity GUBAS simulations to generate synthetic lightcurves and compare to

the data.

6.7.1

Numerical Simulations of the Dimorphos Lightcurves

Due to the uncertainties surrounding the parameters of the Didymos system, we again adopt

a Monte Carlo approach. After further refinement incorporating newer observations, the new inputs
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Figure 6.9: The eccentricity over 10 years for various combinations of tidal parameters for a system
in NPA rotation.

to the simulation are given in Table Given the small uncertainties in the pre- and post-impact

orbit period, we fix these values at 11.9215 and 11.3675 hours, respectively [129]. We also fix the

diameter of Didymos D; = 711.4 m and its elongation a; /by = 1 since it is very nearly axisymmetric

and its rapid rotation will average out the effect of any minor elongation [I134]. Thus, Didymos is

modeled as an oblate spheroid. We model Dimorphos as a triaxial ellipsoid with an instantaneous

shape change at the time of the impact. The spin period of Didymos is 2.26 hr and the initial spin

period of Dimorphos is taken to be the same as the initial orbit period [I129]. The remaining system

parameters have an associated uncertainty and are detailed in Table 6.3

The initial velocity of the pre-impact system is determined by the separation at impact. The
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Table 6.2: Dimorphos lightcurves post-DART impact.

Epoch AC/Cpmean AM [°]
2022-12-14 to 15 0.12 -11.9
2022-12-22 0.12 +4.2
2022-12-28 to 31 0.07 +5.3
2023-01-11 0.17 -0.7
2023-01-14 to 16 0.13 -26.3
2023-01-18 0.12 +15.5
2023-01-28 to 29 0.24 +4.6

Table 6.3: Parameters of the Didymos system and their uncertainties used in our Monte Carlo
simulations. Most estimates are from [134], except for the estimates of off-tangent velocity angle and
the momentum enhancement factor, which come from [I30]. We chose b; /c; to approximately match
the estimate of Didymos Jy. To accommodate our assumption of uniform density distributions and
a second order gravity expansion, we inflate our shape uncertainties.

Parameter Symbol Estimate | Distribution
Separation at impact 70 1189 + 25m Normal
Didymos b/c ba/ca 1.35 £ 0.08 Normal
Dimorphos effective diameter Do 150 4 7.5m Normal

Dimorphos pre-impact a/b az0/b2o | 1.02£0.02 Normal
Dimorphos pre-impact a/c aszpo/ca0 | 1.52£0.02 Normal

Dimorphos post-impact a/b az/bs 1.1-14 Uniform
Dimorphos post-impact b/c ba/co 1.0-1.6 Uniform
Velocity perturbation v 0.98 — 1.02 Uniform
Off-tangent velocity angle 0 0° —30° Uniform
Momentum enhancement factor 15} 2.5 —4.5 Uniform

velocity is calculated as

2
vg = 6v X %ro (6.4)

where T is the pre-impact orbit period. The velocity perturbation dv allows for some amount
of pre-impact eccentricity. The algorithm takes the initial state and iterates the bulk density of
the system using a secant search algorithm to match the pre-impact orbit period, as described in
Appendix [A] Then, the instantaneous effects of the impact are applied. We pick a new shape for
Dimorphos, and iterate the tangential Avr using another secant search algorithm to match the

post-impact orbit period. Along with the Awvp, we also apply an off-tangent Av and a torque
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imparted by the off-center impact and the net ejecta momentum. The radial Av, and out-of-plane

Awv, are calculated using the off-tangent velocity angle:
Av, = Av, = Avrsinf. (6.5)

The torque is calculated using the relative location and velocity of the DART impact. DART
impacted at a position relative to the center-of-figure, which is equal to the center-of-mass given

our uniform density assumption, given in [12]:
Freg = [~8.31,—-83.2,-13]T m (6.6)

and a relative velocity:

Tpet = [—1062.71,5963.7,1032.0] T m/s. (6.7)

The perturbation to the spin rate of Dimorphos caused by the torque of the DART spacecraft and
ejecta is calculated by

AG = Il_gl/BmDART(Frel X grel)- (68)

Note this approach involves the implicit assumption that the ejecta momentum is aligned with the
incoming DART velocity vector. In reality this is not the case, but here we are only using this
approach to apply a spin perturbation to the secondary. Without a spin perturbation, we would
under-estimate the likelihood of inducing significant NPA rotation.

We run a total of 15,743 Monte Carlo simulations in GUBAS sampling over the uncertainties
listed in Table [6.3] We use a second degree-and-order expansion of the mutual potential for com-
putational efficiency. Given the uncertainties in the mass distributions, there is no added benefit

to using a higher order gravity expansion.

6.7.2 Synthetic Lightcurves

Beginning with the geometry at the moment of the DART impact, we integrate forward 130
days. Starting 79 days into the simulation we begin generating synthetic lightcurves. This matches

the first observation of a Dimorphos lightcurve on 14 December 2022. To keep our individual
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synthetic lightcurves uncorrelated and to approximately match the strategy of the real lightcurves,
we generate a synthetic lightcurve once every 3 days, with each lightcurve spanning about 8 hours.
The lightcurves are generated using a spin pole of Didymos of A = 310° and § = —80.4° [129].

In the synthetic lightcurves, we use ray tracing within our numerical simulations to calculate
the time of mutual events. We measure a mutual event as anytime the two asteroids overlap or
cast a shadow on the other (corresponding to occultations and eclipses, respectively). We measure
the time of the mutual event as the time at the center of the event.

For direct comparison with observations, we calculate the total visible cross section of Dimor-
phos. This eliminates the need to assume any scattering law in these simulations. For the shapes,
we use a polyhedron shape model for Didymos and a triaxial ellipsoid for Dimorphos since there is
no shape model of Dimorphos post-impact. The shape parameters are sampled in the Monte Carlo.
To calculate the visible cross section of Dimorphos, we use the expression of the visible area of an
ellipsoid, given in Eq.

Following the approach of lightcurve decomposition, we also fit a first degree Fourier series to
the Dimorphos lightcurve. From this Fourier fit we can easily find the minimum and the amplitude
of the lightcurve. The amplitude is converted to AC/Cipeqn and the minimum is compared to the
mutual event time to calculate the timing offset. We can then compare these parameters to the
measured values of the actual lightcurves. An example of one of these synthetic lightcurves is shown
in Fig. [6.10] along with the relevant information we calculate from each generated lightcurve.

The epochs in which Dimorphos lightcurves were obtained span 46 days. Generating a
synthetic lightcurve every 3 days results in 16 synthetic lightcurves for each Monte Carlo GUBAS

simulation. This results in a total of 251,888 synthetic lightcurves.

6.7.3 Simulation Results

Of the 15,743 simulations, about 73% are in NPA regime 2 (epicyclic tumbling), and the
rest in NPA regime 1 (no tumbling), discounting the few cases that could be considered in NPA

regime 3 (constant tumbling), as it is difficult for the DART perturbation to place the system into
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Figure 6.10: An example of a synthetic lightcurve generated using our numerical approach. We fit
a first degree Fourier series to the numerical data, then use this fit to calculate the timing offset
from the mutual event. The time of the mutual event is the time at the center of the event.

this state. However, not all of these systems match the observed apsidal precession rate. [134]
estimate a precession rate of 6.7 £+ 0.2°/day using a combination of lightcurves and radar data.
[129] estimate a precession rate of 7.3 & 2°/day using lightcurves. Given the uncertainties already
involved in our Monte Carlo approach, we eliminate any systems with a precession rate outside the
range of 5 — 9°/day for the first 30 days after impact, consistent with the larger uncertainties from
[129]. Only about 20% of systems (52,128 synthetic lightcurves) are consistent with this observed
precession rate. For the remainder of this work, we only deal with these systems.

We first look at the statistics for the event offset timings, which are shown as a histogram
in Fig. We break the simulations into two groups: those with rotation in NPA regime 1 and
those in NPA regime 2. The actual measurements from Table are shown as red vertical lines.
Overall, the two populations are overlapping, with those in NPA regime 2 having a slightly wider
distribution in event offsets, as expected. However, both populations cover all 7 observations, so it
is unlikely we will be able to determine the level of attitude instability in Dimorphos from event
offset timings alone.

Next we examine AC/Ciean calculated from the synthetic lightcurves. Fig. shows a

histogram of AC//Cpean, again split into regime 1 and regime 2 NPA rotation. Notably, these
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Figure 6.11: A histogram of the mutual event offsets calculated from the synthetic lightcurves,
measured in degrees. We split the simulations into NPA rotation regime 1 and regime 2. The
actual measurements are plotted as red lines.

two populations have distinct distributions, with those in regime 1 following a pseudo-normal
distribution, whereas the regime 2 distribution has a skewed distribution covering higher values
of AC/Chean. This difference in distribution means only those systems in regime 2 NPA rotation
are able to span all 7 observations listed in Table [6.2] again shown as red lines. This indicates
we may be able to distinguish between regime 1 and regime 2 of NPA rotation using the observed
AC/Crean-

To further investigate how AC/Cpean may differentiate between the two possible regimes
of NPA rotation, we plot our simulation results in greater detail. Fig. shows the synthetic
AC/Cipean for each lightcurve as a function of the secondary’s ag/by. Thus, each value of ay/bo
will correspond to 16 realizations of AC/Ciyean, one for each synthetic lightcurve generated from
a single GUBAS run. We see a general linear trend for both regimes, where increasing az/bs leads
to generally increasing AC/Cipean, which is expected since more elongated secondaries will have
a bigger difference between their maximum and minimum cross sections. Fig. demonstrates

that no system in NPA regime 1 is able to span the full width of observed AC/Ciean, but systems
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Figure 6.12: A histogram of synthetic AC'/Cipean values. We split the simulations into NPA rotation
regime 1 and regime 2. The actual measurements are plotted as red lines.

with an ag/by around 1.32-1.35 overlap with the cluster of observed AC/Ciean values of around

0.12-0.13.
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Figure 6.13: A scatter plot of synthetic AC/Cean values as a function of ag/be. We split the
simulations into NPA rotation regime 1 and regime 2. The actual measurements are plotted as red

lines.
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In Fig. we see a bifurcation within regime 1 as as/be increases. To investigate this, we
plot the same for by /cs in Fig. and for as/cy in Fig. [6.14bl This reveals a more complicated
domain. There are clear islands within by /co for which regime 1 rotation is impossible, and similarly
for as/ce. This can help us place additional constraints on the secondary shape. Small values of
ba/co are unlikely to reproduce the observed distribution. For ay/co, we see a range between ~ 1.4

and 1.8 have AC'/Ciyean distributions most similarly to the observed.
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Figure 6.14: A scatter plot of the synthetic AC/Cean as a functin of (a) ba/co and (b) az/ca.
We split the simulations into NPA rotation regime 1 and regime 2. The actual measurements are
plotted as red lines.

The question of the source of these regions of instability still remains. There are clear regions
of secondary shapes which do not permit regime 1 rotation. A likely cause is resonances among the
natural frequencies of the system as discussed in Sec. [3.6] To investigate this, we plot our shapes as
a function of ay /by and by /ca, still broken up into the two NPA regimes, in Fig. On top of this
we also plot resonant curves calculated from the natural frequencies within the linearized system.
This is the same approach presented in Sec. [3.6 Immediately we see wherever the resonant curves
overlap, regime 1 of NPA rotation is not permitted. To clarify, we note that domains for which
NPA regime 1 is permitted do not preclude NPA regime 2, as there is overlap within those areas.

In Fig. we also see a large empty domain for large values of ag/bs 2 1.3 and for values of

~
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ba/co between ~ 1.1 and 1.4. Shapes within this region are inconsistent with the estimated apsidal
precession rate of the orbit and have thus been eliminated from the system. This places additional
shape constraints on the system. Very elongated shapes (having a large as/by) are only permissible

of by/cy is large or small.

Figure 6.15: A scatter plot of the secondary shapes as a function of as/by and by/cy, broken into
the two NPA regimes. Resonances up to 3:1 are plotted as curves, and we see overlap of these
resonance curves does not permit regime 1 rotation.

Plotting these simulation results suggests we should focus on AC'/Cipean as the most promising
method of determining the attitude stability of Dimorphos. However, we cannot formally discount
the use of mutual event offset timings, nor have we formally shown our observations are definitively
consistent with regime 2 of NPA rotation. For this, we must apply a rigorous statistical test to

compare our simulations with the observed data.

6.7.4 Statistical Tests

Our goal is to determine which of our simulated distributions is consistent with the observed
distribution, both for mutual event offsets and AC/Cpean. For each simulation we have two discrete

sample populations (one simulated and one observed) from a continuous distribution. Thus, we
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choose the two-sample Kolmogorov-Smirnov test (hereafter KS2 test), which is a non-parametric
test used to determine how likely is it that the two samples come from the same distribution
[137,138]. The null hypothesis of the KS2 test is that the two samples are from the same continuous
distribution. We note that a high p value from the KS2 test indicates it is more likely that the two
samples are consistent with the same underlying distribution than a low p value, as a small p value
indicates one should reject the null hypothesis and a large p value means we do not have enough
evidence to reject the null hypothesis. Thus, by construction of the KS2 test (and all other rank
tests), we cannot definitively prove our simulated samples come from the same distribution as the
observed, merely that they are not inconsistent with one another.

We first apply the KS2 test to the simulated sample of mutual event offsets compared to the
observed sample. Fig plots the p value of the KS2 test for each simulation as a function of
secondary shape. We see simulations in both NPA regime 1 and regime 2 span the full breadth
of possible p values, and thus we are unable to separate these populations statistically. This is
consistent with our expectations from Fig. and indicates both possible rotational states will
produce a similar distribution of observed mutual event offset timings. Thus, we cannot practically
use these observations to determine the rotational stability of the secondary.

Next, we apply the same approach to the cross section variation AC'/Cipean from our simulated
and observed lightcurves. Fig. [6.16b] plots the p value obtained from the KS2 test as a function
of secondary shape. Here we see distinct differences in the distributions, where systems in NPA
regime 1 are limited to smaller p values, entirely less than 0.25. On the other hand, systems in NPA
regime 2 span the full breadth of p values, with some systems having p > 0.9. This indicates the
systems with the least evidence for rejection of the null hypothesis are in NPA regime 2; in other
words NPA regime 2 is more consistent with the observed samples than NPA regime 1. Again, this
is consistent with our expectations from Fig. [6.12

The systems in NPA regime 1 with the largest p values are clustered between ag/bs = 1.3
to 1.35. Recall this is the region in Fig. where the linear slope of the simulated AC/Ciean

crosses with the clustered observed values around 0.12 — 0.13. But overall, there is not a single
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simulation in which a system in NPA regime 1 is able to span the full width of observed AC/Ciyean

values. This is consistent with the conclusions drawn from Fig.
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Figure 6.16: (a) The KS2 test p value for the mutual event timing offsets of each simulation
compared to the observed data as a function of Dimorphos shape ratios. Both regime 1 and regime
2 have similar distributions of p values. (b) The KS2 test p value for the AC/Cipean values of each
simulation compared to the observed data as a function of Dimorphos shape ratios. Here we see
regime 1 only has small p values, but regime 2 can have large or small p values. The simulations
with the highest p values in AC/Chean are shown as stars in both plots.

From Fig. we see there are 16 systems with p > 0.9. In theory, these systems should be
the most consistent with the observed distribution of AC/Cipean values. We plot these 16 systems’
AC/Cipean as a function of their ag/by in Fig. m In general we see good agreement between the

simulated and observed data and acceptable ag /by values ranging between 1.1 and 1.4. All of these
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systems are in regime 2 of NPA rotation.
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Figure 6.17: The 16 systems with the best match to the observations, showing the simulated
AC/Cipean for each az/be. The actual observations are shown as red lines.

6.7.5 Example Dynamics

Next we will take a closer look at a few representative cases of these systems. An additional
constraint from observations we have not yet applied is the apparent disappearance of the precession
rate about 70 days after the impact [129]. [129] hypothesizes this is caused by a reduction in the
eccentricity due to the onset of secondary NPA rotation, as we discussed in Sec. [3.6.4] This

behavior will help evaluate the feasibility of our simulations in reproducing the observations.

6.7.5.1 Case 1

In the first example case we plot the simulated AC/Cpean over time compared to the observed
values in Fig. This system is our best match to the data overall, as it has the largest p value
for both the mutual event offsets and cross section variation. While this simulation generally
exhibits a similar distribution as that observed, it does not reach the largest observed AC/Ciean
value, 0.24. In fact, generally this large AC/Cpean value is the most difficult to reproduce with
simulations. However, it is possible the system is capable of reproducing this value and we simply

haven’t sampled it, which is why it is not statistically ruled out.
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Figure 6.18: The synthetic AC/Chean for this simulation plotted over time. The true observed
values are shown as red squares. Generally we see good agreement, however, the synthetic data do
not reach the maximum observed value.

We also plot the 1-2-3 Euler angles of the secondary, corresponding to roll, pitch, yaw, in Fig.
This shows the onset of the barrel instability around 120 days into the simulation. Throughout
the full simulation time the secondary is in NPA rotation within the synchronous configuration,
demonstrated by 62,05 < 90°. The precession rate, as plotted in Fig. [6.20] increases rapidly around
80 days into the simulation, consistent with the observations of the system. This corresponds to a
change in the system, where the eccentricity quickly decreases causing the true anomaly to return
to a state of libration and the longitude of periapsis measures the angular position of the secondary.
This mimics the observations reported by [129], who see a disappearance of the eccentricity and
precession rate about 70 days after the impact. These results corroborate their argument that this

is due to NPA rotation. Here, we specify that this must be NPA rotation in regime 2.

6.7.5.2 Case 2

We show another example case, in which the simulated AC/Cpean does fully span the range

of observed values. This is shown in Fig. where we plot the simulated AC/Ciean against the
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Figure 6.19: The 1-2-3 (roll, pitch, yaw) Euler angles for the simulation. We see the secondary in
NPA rotation about the synchronous configuration, with the barrel instability starting about 70
days into the simulation.
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Figure 6.20: The longitude of periapsis and Keplerian eccentricity for the simulation. The precession
rate is constant for the first 70 days of the simulation, where it then jumps and varies as angular
momentum is exchanged in the system. This corresponds to a change in the eccentricity.

observed. Once again, we see a good match between the observed and simulated cross sectional

variation, and the distributions are consistent.
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Figure 6.21: The synthetic AC/Chean for this simulation plotted over time. The true observed
values are shown as red squares. This demonstrates that the synthetic data span the full width of
observed values.

Plotting the secondary’s 1-2-3 Euler angles in Fig. [6.22| reveals that in this case the barrel
instability occurs much sooner. Additionally, this corresponds to the secondary switching to NPA
rotation around the anti-synchronous configuration, demonstrated by 63 > 90°. The secondary
switches between the synchronous and anti-synchronous configuration several times throughout the
simulation. Furthermore, the longitude of periapsis, plotted in Fig [6.23] shows several instances
of switching between slow and rapid precession as angular momentum is exchanged between the

secondary and the orbit.

6.8 Conclusion

In this Chapter we have provided a detailed analysis of the effects of the DART impact.
Using the F2BP in a Monte Carlo approach, we are able to calculate the change to Didymos’s
orbit, including the tangential Awvp, along with the semimajor axis and eccentricity of the post-
impact orbit. We found reshaping of Dimorphos caused by the DART impact requires a smaller

Awvr than would otherwise be required. The reshaping also reduces the post-imapct eccentricity of
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Figure 6.22: The 1-2-3 (roll, pitch, yaw) Euler angles for the simulation. We see the secondary start
in NPA rotation about the synchronous configuration, but at the onset of the barrel instability about
25 days into the simulation it switches to NPA rotation about the anti-synchronous configuration.

Over the simulation it switches between the synchronous and anti-synchronous configuration several
times.
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Figure 6.23: The longitude of periapsis and Keplerian eccentricity for the simulation. The precession
rate is constant for the first 35 days of the simulation, where it then fluctuates as angular momentum
is exchanged in the system. This corresponds to a change in the eccentricity.

the orbit.
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We can use estimates of the apsidal precession rate to estimate the reshaping in Dimorphos.
Because the precession rate depends on the shape and spin of the secondary, there are only certain
combinations of elongation and spin rate that result in the observed value. As a result of this
constraint, we place a nominal lower bound on the post-impact as/by of Dimorphos of roughly
1.25, although smaller values are possible when considering uncertainties within the system. This
is consistent with observations and impact simulations [135, 134].

Finally, by generating synthetic lightcurves of the post-impact orbit and rotational dynamics
of the system, we argue Dimorphos is currently in a state of NPA rotation experiencing epicyclic
tumbling. A detailed statistical analysis reveals the changing amplitude of Dimorphos’s lightcurve
is best explained by this NPA rotation.

We need to note that Didymos is still subjected to considerable uncertainties. The only
realistic way to handle this is by making assumptions regarding the system and the DART impact.
While Hera will help alleviate this issue, our predictions made here are only a best guess, limited
by the uncertainty.

Thus, this Chapter demonstrates how a thorough understanding and study of the perturbed
dynamics of binary asteroids reveals additional information from observations. This dynamical
analysis has revealed significant reshaping in Dimorphos caused by the DART impact, as well as
a perturbation to its spin rate. This change in shape and spin likely results in significant NPA
rotation within Dimorphos.

The tools and methods developed throughout this thesis have been used to help complete the
objectives of the DART mission. Thanks to these analyses, we are able to calculate the momentum
enhancement factor of the DART impact [75], and we have an idea of what Hera will find when it
arrives at Didymos. This ultimately leads to a deeper understanding of the dynamical evolution of

binary asteroids.



Chapter 7

Conclusion

In this thesis, we have provided a detailed analysis of the dynamics of near-Earth binary
asteroids. These binary asteroids are common, particularly among fast rotators, and have been the
target of several recent, upcoming, and proposed missions. Their coupled dynamics make them a
dynamically rich and complicated subject of study. We developed a variety of tools to investigate

these dynamics, and applied these tools to a diversity of systems.

7.1 Thesis Summary

In Chapter [2, we introduced the common dynamical models that have been developed in the
literature to study the full two-body problem (F2BP). The highest-fidelity of these models is limited
to a purely numerical implementation due to the complexity of the dynamics. However, limiting
the motion to purely planar, or assuming one of the bodies to be spherical, are simplifications that
allow for an analytical consideration of the spin-orbit coupled problem. We also introduced three
archetypal binary asteroids: 1996FG3 as an example of a system in equilibrium; Didymos as an
example of a recently perturbed system; and 1991VH as an example of an asynchronous and chaotic
system.

We also analyzed the dynamics of a binary asteroid in equilibrium and pointed out the
shortcomings of a traditional Keplerian treatment of these dynamics. We introduced a set of
observable elements that can be used to easily relate real-world measurements of these systems

to numerical models. These elements are vital to gaining an understanding of the behavior of
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real-world systems.

Chapter [3| then delved into an analysis of the dynamics of these systems once they’ve been
perturbed out of an equilibrium. This begins with a discussion of the true anomaly within these
systems; when the system is in the singly-synchronous configuration, the true anomaly is trapped at
periapsis while the longitude of periapsis circulates with the secondary. We calculated the threshold
to break this configuration, beyond which perturbations are sufficient to allow the true anomaly
to begin circulating with the secondary around the primary. Once the system is perturbed, the
secondary is able to librate around the synchronous spin rate. This libration results in fluctua-
tions in its spin rate, which are compensated by fluctuations in the orbit rate to conserve angular
momentum. These variations in the orbit period are driven by the natural frequencies within the
system, and can thus provide information on the moments of inertia of the secondary if these vari-
ations are measured. A rendezvous mission such as Hera at Didymos may be able to leverage this
phenomenon to help understand the interior structure of the secondary.

The apsidal precession of the orbit can also help provide information on the secondary. Our
investigation demonstrated how the shape and spin of the secondary play an important role in the
orbital precession rate. As the precession rate can be observed by ground-based observations, this
is an important quantity to consider in any analysis of binary asteroids. We also demonstrated
the complex relationship between these parameters in determining the precession rate, and thus
analyses are limited to a numerical approach.

We also analyzed how resonances among natural frequencies within these binary asteroids
can induce non principal-axis (NPA) rotation in the secondary. This means certain shapes of the
secondary are naturally unstable, and small perturbations can result in large changes to the spin
state, also leading to perturbations to the orbit due to spin-orbit coupling. When the secondary
enters NPA rotation, the resulting change in its angular momentum leads to an on-average decrease
in the orbit’s eccentricity. This means a decrease in orbital eccentricity is an indicator of NPA
rotation within the system. Chaotic rotation within the secondary also leads to chaotic variations

within the orbit period as angular momentum is passed between the secondary and the orbit.
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Lastly, the precession rate can vary rapidly and widely as a result of this angular momentum
exchange. Thus, observations of the eccentricity and precession rate can elucidate the spin state of
the secondary, making these important observables.

Due to secular energy dissipation, any non-equilibrated binary asteroid will eventually return
to a minimum-energy configuration. We studied this process in Chapter [4 In this chapter we
generalized classical tidal torques to three dimensions for applications to binary asteroids with a
secondary in NPA rotation. We also applied a model to incorporate dissipation as a result of
NPA rotation, in which flexure results in internal dissipation in the non rigid-body dynamics case.
We applied these models to Didymos to investigate how an excited binary asteroid returns to an
equilibrium. We found the eccentricity dissipates much faster than predicted, sometimes resulting
in an initial decrease in the semimajor axis before tidal torques result in a secular increase in this
parameter. We also found NPA rotation in the secondary is not necessarily long lived, and the
system can relatively quickly transition back into synchronous, principal axis rotation depending
on the dissipation parameters of the system.

In Chapter [ we analyzed how close planetary encounters affect the dynamics of binary
asteroids. To accomplish this, we derived a high-fidelity dynamical model in which the gravitational
forces and torques from a distant spherical planet are incorporated into the internal dynamics of a
binary asteroid. Using this model, we simulated a wide variety of flyby conditions, and calculated
the flyby conditions sufficient to cause the secondary to become asynchronous with the orbit rate.
While close flybys have a large impact on the dynamics, the effect rapidly drops off as the periapsis
distance increases; we find the effect becomes weaker than predicted by analytical models as the
flyby distance increases.

We also tested the hypothesis that the excited dynamics of 1991VH are the result of a past
close encounter with the Earth. In this analysis, we found a relaxed, synchronous 1991 VH-like
system can be excited into a dynamical state similar to the one observed today as a result of such
a flyby. In particular, flybys closer than 100,000 km are able to achieve this level of perturbation,

provided the shape of the secondary is near a resonance. This allows the internal dynamics to evolve
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the secondary spin rate close to the values currently observed for the system. When incorporating
our energy dissipation model, we found the excited dynamics of 1991VH are not necessarily long-
lived. This makes arguments for the system to be relatively inefficient at dissipating energy and for
the flyby to be relatively recent. Alternatively, successive flybys could slow energy dissipation. The
most recent possible close encounter with the Earth was about 12,000 years ago, which constrains
the dissipation parameters of the secondary.

Finally, in Chapter [0, we applied the tools developed throughout this thesis to Didymos in
order to understand the effects of the DART impact. As we developed the most accurate method
of connecting observational data to numerical models, we are able to accurately model the post-
impact system. By matching our models to the observations, we calculated a change in velocity,
semimajor axis, and eccentricity of the spin-orbit coupled system. This approach was used in
calculating the momentum enhancement factor of the DART impact, one of the mission’s level-
one science goals. Using the analyses we developed, we concluded that the DART impact likely
caused massive reshaping of Dimorphos, and the shape of the body found by Hera will likely by
significantly different than the shape estimated by DART.

By generating synthetic lightcurves of the post-impact system, we also argued that Dimorphos
is probably in a state of NPA rotation as a result of the impact. This comes from an observed
variation in its cross section, which is best explained by significant out-of-plane rotation. Other
observations point to a reduction in eccentricity and a loss of the precession signal, which are also
indicators of NPA rotation.

To conclude, this thesis has developed a thorough understanding of the dynamical evolution of
perturbed near-Earth binary asteroids. This work was used in NASA’s DART mission to calculate
the momentum transfer of the impact, as well as to understand the dynamics of the post-impact
system. We also are able to show how the dynamical state of 1991VH is easily explained as the
result of a previous close planetary encounter. Beyond these two examples, this work has led to a
better understanding of the behavior within binary asteroids, which improves the scientific return

of ground-based observations and flyby missions.
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7.2 Future Work

The research carried out for this thesis opens several doors for future work. This includes the
role played by inclination, the effects of a third body in a triple system, the dynamical environment
around binary asteroids, and incorporating higher-order dissipation effects driven by motion on and

within the asteroid.

7.2.1 Inclination

One major subject which would benefit from additional research is the consideration of incli-
nation within the binary asteroid mutual orbit. Even with the inclusion of full three-dimensional
motion in the systems studied in this work, these systems are still considered to have effectively
planar orbits. To be specific, the angular momentum vectors of the orbit plane and the primary’s
rotation are essentially aligned. In simulating planetary encounters, some of the most perturbed
systems did end with a few degrees of inclination, as seen in Sec. However, we never per-
formed an in-depth analysis of these effects. Some preliminary analyses on this topic have revealed
some intriguing results, however. In carrying out a classical averaged analysis of the Lagrangian
Planetary Equations, the secular rates of change of the eccentricity, inclination, and argument of

periapsis are written as

de —30307“8# sin ¢ cosw (g sin®i — 1) (71)
dt 2a5n (e2 — 1) '
di _ 30307“86/1, COS 1 COS W (5 cos?i — 1) (72)

dt 8an (e2 —1)°

do  —3p (2Cy0rdaesini(e? — 1)(4 — 5sin® i) 4+ Csorg sinw (4(e? — sin? §) + 5sin® i + 35e? sin? i(sin? i — 1)))

dt 8abensini(e? —1)3
(7.3)
when considering up to the third zonal gravity term. Typically, these analyses only include up

to the second zonal term, as this is the dominating perturbation. But with the inclusion of the

third degree term, the eccentricity and inclination are no longer constant on average, and we see an
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additional term in the apsidal precession rate. This suggests a pseudo-Kozai effect in play, where
the eccentricity and inclination trade off. With irregular shapes in asteroids, the third degree zonal
term could be significant in some systems, leading to a fluctuation of eccentricity in non-planar
binary asteroids. Due to spin orbit coupling, this fluctuation is compensated by an additional
precession of the primary’s spin pole. This is just one effect of adding inclination to the system,
and future research is necessary to fully understand how mutual inclination affects both the orbital

dynamics and the rotational dynamics of the primary.

7.2.2 Triple Systems

The work carried out thus far has exclusively focused on binary systems. However, NEA
triples have been found to exist, and even quadruple systems. There are two well-characterized
NEA triples: 2001 SN263 and 1994 CC. An interesting aspect of these systems is they both have
non-negligible eccentricities within the mutual orbits, and the orbital planes of the two satellites are
not co-planar [139]. Given the paradigm of the singly-synchronous binary system, one would expect
triple systems to be an extension of this, with both satellites tidally locked in circular orbits. A
suitable explanation has been proposed in the form of close planetary encounters perturbing these
systems. But then, why don’t we see more binary asteroids with eccentricity and inclination? Are
triple systems simply more susceptible to these perturbations, or are these effects easier to detect
in triples? Are these examples just a selection bias? There are many questions to be answered
surrounding the evolution of NEA triples. Furthermore, the discovery of the contact binary satellite
of Dinkinesh opens a new possibility about two moons that collide and formed a single moon [140].
How frequent are these contact binary satellites, and is is possible Dinkinesh used to be a triple
system that experienced some evolution or perturbation that destabilized the system, causing the
collision of its moons? This is a highly relevant line of questioning necessary to understand the

evolution of rubble piles in general.
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7.2.3 Dynamical Environment

Lastly, another area of future work is understanding the dynamical environment around
binary asteroid systems. This is applicable both to natural dynamics and artificial satellite nav-
igation and mission design. One major question to answer is the evolution of a possible debris
disk around Didymos after the DART impact. In the short term this helps us unravel the mystery
of post-collision dynamics within rubble piles. In the longer term, this helps us investigate the
possibility of quasi-satellites within binary systems. A highly relevant problem in this field is the
possibility of Dimorphos debris remaining in the Didymos system until the arrival of Hera, which
could potentially provide an unknown source of risk to the mission. Related, this is also applicable
to the mission design of Hera itself in finding stable orbits around the system. The two cubesats
carried by Hera will attempt to land on Dimorphos, and these maneuvers will require an in-depth
understanding of the dynamical environment. This problem is essentially the restricted full three-
body problem, which has primarily only been studied in the literature when confined to a circular
orbit. However, as we have shown, Dimorphos is now on an eccentric orbit, and perhaps even more
importantly, it is experiencing chaotic NPA rotation. These characteristics provide challenges to

the Hera mission and should be comprehensively studied.

7.2.4 Structural Dissipation

While we have considered the effects of internal energy dissipation in this thesis, our analysis
only considered simple models for tidal torques and NPA dissipation. Additional effects may play
an equally important, or perhaps an even more important role. These depend on the physical
structure of rubble piles. The main example of this is landslides, which could be an efficient
method of dissipating energy. These have the dual effect of removing energy via friction, but also
changing the shape of the asteroid. If the post-impact shape of Dimorphos is unstable, it could
be susceptible to such landslides. Perhaps post-DART Dimorphos is experiencing rapid energy

dissipation as its new shape settles into a minimum energy configuration, serving to reduce the
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time required to return the system to a singly-synchronous state. The literature has begun to
discuss this phenomenon, particularly how NPA rotation could induce surface movement [109].
However, much work remains on this problem, and Hera may be able to identify recent landslides
on the surface of Dimorphos. Larger shape changes, resulting from structural failure on a larger
scale, could also decrease the time required for the system to return to an equilibrium state. A
mechano-dynamical model is required to investigate this effect, which can simultaneously simulate

the rotational dynamics and the stress state of the asteroid.
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Appendix A

Observation Fitting Algorithm

One of the main tools developed in this thesis is an algorithm to match numerical simulations
to observations. This is important to ensure accurate representations of real-world systems. This
algorithm was used to calculate the momentum change in Dimorphos as a result of the DART
impact, and can also be used to estimate the mass of a binary asteroid, since a traditional Keplerian
approach will give an erroneous estimate.

From lightcurve and radar data, the most accurate measurement of NEA binaries is the
orbital period. Thus, this is the parameter we should match. We will call this parameter T,ps. An

observation of the semimajor axis is used as the initial separation distance.

(1) Velocity. For a physically circular orbit, we set the velocity equal to v = R% where R is
the separation distance. To add eccentricity to the system, we can add a scalar multiplier

to this, and tune it until the desired observable eccentricity is achieved.

(2) Secondary Rotation. We set the rotation period of the secondary equal to Tpps to ensure
the system is singly synchronous. If there is eccentricity in the system, we can iterate this
value to tune the libration within the system. The minimum libration amplitude in this

case is the forced libration.

(3) Density. Next we iterate the density p through a secant search algorithm while minimizing

the error in orbit period. We calculate the stroboscopic orbit period, which we call T;,.
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The iteration is defined as

Pn—1 — Pn—2
Tlon1) — T(pn2) (A1)

pn = pn—1—T(pn-1)

where the function T'(p) = Tyops — Tsim(p). We can assume both bodies have equal densities,

or fix one body’s density and calculate the density of the other.

(4) Change in Velocity. To model the DART impact, we perform another iteration on
tangential velocity to match the new orbit period. We now have a new value of T, which

we use in the algorithm,

Un—1 — Un—2
n = Un—-1 — T n— . A2

(5) Orbit Precession. We can also match the precession of the orbit. If the shape of the
primary and secondary are fixed, we can iterate over the secondary’s spin rate. This
iteration takes the form

‘(bn—l - én—.Q
(¢n—1) - T((ZSN—Q)’

qz.bn = d')nfl - T(Qﬁnfl)T (A3)

where now our error function is T'(¢) = wops — Wsim(P), where ¢ is the apsidal precession

of the orbit.

Using all of these steps, we can accurately match our numerical simulations to the observations
of the real system. This allows us to accurately model any system, provided we have information

about the orbit period, separation distance, and size and shape information about the asteroids.
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