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NASA’s Double Asteroid Redirection Test (DART) mission will be the first full-scale
demonstration of a kinetic impactor for planetary defense. On September 26, 2022, the DART
spacecraft is expected to impact Dimorphos, the secondary component of the Didymos binary
asteroid system. The DART impact will reduce Dimorphos’s relative orbital velocity, shrinking
both its semimajor axis and orbit period. The mutual orbit period will then be measured us-
ing ground- and space-based observations in order to deduce the momentum transfer efficiency,
which is an important parameter in planetary defense that has never been measured experimen-
tally at a realistic scale.

This thesis comprises a set of studies on the spin and orbital dynamics of the Didymos sys-
tem conducted in support of the DART mission. Owing to the close proximity of Didymos and
Dimorphos and their irregular shapes, the mutual dynamics are non-Keplerian and exhibit a high

degree of spin-orbit coupling, which often requires the use of specialized numerical methods to



model the system. First, we conducted a benchmarking and sensitivity study to identify the best
simulation codes for future DART-supported studies and to understand how small perturbations
in the initial conditions can affect the resulting dynamical evolution of the system. Then, we
demonstrated that Dimorphos can enter a wide range of post-impact spin states, including pos-
sible chaotic non-principal axis rotation, depending on its shape and the amount of momentum
transferred by the DART impact. We then explored the implications of an excited spin state,
including the possibility of ongoing granular motion on Dimorphos’s surface resulting from the
orbital perturbation induced by the DART impact.

This thesis is focused predominantly on the dynamics of the Didymos binary. However,
there are many other binary systems among the near-Earth asteroid population with similar phys-
ical and dynamical properties, making the results presented here relevant to the NEA binary

population in general.
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Preface

The research presented in Chapters 2—5 has been previously published. Chapter 2 was
published in Icarus as “A benchmarking and sensitivity study of the full two-body gravitational
dynamics of the DART mission target, binary asteroid 65803 Didymos” (Agrusa et al., 2020).
Chapter 3 was published in Icarus as “The excited spin state of Dimorphos resulting from the
DART impact” (Agrusa et al., 2021). Chapter 4 was published in The Planetary Science Journal
as “Dynamical evolution of the Didymos-Dimorphos binary asteroid as rubble piles following the
DART impact” (Agrusa et al., 2022a). Finally, Chapter 5 was published as a letter to the Editor
in Astronomy & Astrophysics as “Rotation-induced granular motion on the secondary component
of binary asteroids: application to the DART impact on Dimorphos” (Agrusa et al., 2022b). Each

chapter is presented here with minor modifications from their previously published versions.
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Chapter 1: Introduction

Asteroids are fascinating small worlds, thought to be leftover planetesimals, the building
blocks of our solar system that formed the planets. They undergo a range of interesting dynamical
and physical processes that can be used to understand the origin and formation both the asteroids
themselves and our solar system. Life on our planet is deeply intertwined with the asteroids;
it is thought that asteroid impacts on the early Earth delivered the necessary ingredients for life
including water (Albarede, 2009; Daly and Schultz, 2018; Sarafian et al., 2014), while at the same
time asteroid impacts present a small, but nonzero threat to humanity today (Farnocchia et al.,
2015; Harris et al., 2015). Most asteroids are found within the asteroid belt between the orbits
of Mars and Jupiter. This thesis, however, focuses on a particular subset classified as near-Earth
asteroids (NEAs) which encompasses all asteroids whose orbits come within 1.3 au of the Sun.
Among the population of NEAs, this thesis focuses even more narrowly on binaries, in which the

system consists of two asteroids orbiting one another.



1.1 Binary Asteroids

1.1.1 Overview

Speculation about the existence of binary asteroids first came from indirect evidence, in-
cluding irregular lightcurve features and anomalous events during occultation events (van Flan-
dern et al., 1979). Although none of these suspected binaries turned out to be real, they ignited a
serious interest in the planetary astronomy community. Several extensive observing campaigns of
main-belt asteroids (MBAs) during the 1980’s failed to find any satellites, leading to doubts about
their existence (Gehrels et al., 1987; Gradie and Flynn, 1988). Things changed dramatically in
1993 when the Galileo spacecraft, en route to the Jupiter system, flew past (243) Ida where it
fortuitously imaged a smaller companion, Dactyl, shown in Fig. 1.1 (Belton et al., 1995; Chap-
man et al., 1995). The discovery of the Ida-Dactyl system in the main belt revolutionized asteroid
science, kicking off a wave of observational campaigns in search of other binary systems. Before
Galileo, the existence of binary asteroids remained an open question, as demonstrated by the
Asteroids 11 chapter titled “Do Asteroids Have Satellites?” (Weidenschilling et al., 1989). When
this question was answered by Galileo, the follow-up chapter in Asteroids III needed only minor
changes to its title: “Asteroids Do Have Satellites” (Merline et al., 2002). No longer restricted to
a theoretical curiosity, discoveries of binary systems skyrocketed and so did our understanding
of their formation and evolution.

The first indications for additional binary systems came from lightcurves of NEAs contain-
ing multiple frequencies that were attributed to the presence of a second orbiting body (Pravec

and Hahn, 1997; Pravec et al., 1998). In 1998, the first definitive ground-based detection of an



Figure 1.1: An image taken by the Galileo spacecraft of asteroid Ida and its satellite Dactyl.
Image Credit: NASA/JPL/Processed by Kevin M. Gill.

asteroid satellite was (45) Eugenia’s smaller companion Petit Prince, which was discovered via
direct imaging (Merline et al., 1999). Soon afterwards, the first radar detections of NEA binaries
were made (Nolan et al., 2000; Ostro et al., 2000). The rate of discoveries surged in the early
2000s, and binary asteroids were discovered throughout the solar system, including among the
near-Earth, Mars-crossing, main-belt, and Jupiter Trojan population. At this time, the first dis-
coveries of binary Trans-Neptunian objects (TNOs) were also announced (Veillet et al., 2002).
Today, we know of hundreds of binary systems throughout the solar system in addition to several
known triple systems. Just recently, a third satellite of (130) Elektra was discovered, making it the
first known quadruple asteroid (Berdeu et al., 2022). The physical and dynamical properties of
these multiple systems can be used to constrain their formation. By understanding the formation

of binaries, we can also learn about the environments from which they formed.



1.1.2 Binary Asteroid Formation and Evolution

Here, we provide a summary for how small NEA binaries (primary diameter <20 km) are
thought to form. Formation mechanisms depend on both the size and heliocentric orbit of an
asteroid, so we point the reader to the broader review chapter on binary asteroid formation by
Walsh and Jacobson (2015) for a discussion on formation for other asteroid populations.

Approximately ~10—15% of Earth’s impact craters are doublets with both components
having the same age, suggesting that binaries ought to make up roughly this fraction of the NEA
asteroid population (Melosh and Stansberry, 1991). Similar fractions of doublet craters can also
be found at Venus and Mars (Cook et al., 2003; Vavilov et al., 2022). Sure enough, both light
curve and radar observations find that roughly ~15% of NEAs are binaries (Margot et al., 2002;
Pravec et al., 1999). Additionally, Pravec and Harris (2000) found that roughly ~50% of NEAs
with spin periods less than ~3.5 h were part of binary systems. If these binaries are forming
after injection into near-Earth space, then these population statistics indicate that NEA binary
formation is a highly efficient process, given that the typical dynamical lifetimes of NEAs are
only ~10 Myr (Gladman et al., 2000).

Most binary NEAs have similar physical and dynamical properties. The primaries are al-
ways less than ~10 km in diameter and typically have a fast rotation period, somewhere between
~2.2 and 4.5 h. The secondary component is usually elongated, in synchronous rotation (i.e.,
tidally locked), and on a tight orbit with a separation of only 1.5—3 primary diameters. These
systems often have a mass ratio Mp /M < 0.2, where M, and Mg are the respective masses
of the primary and secondary (Pravec et al., 2016; Walsh and Jacobson, 2015). Interestingly,

their total angular momentum (rotational plus orbital angular momentum) is close to, but not



exceeding, the critical spin limit if all the system’s mass were contained in a single body with
the same bulk density, a strong indication that these binaries formed by somehow exceeding their
spin limit (Pravec and Harris, 2007). For a spherical body, this spin limit can be approximated by
the threshold at which the centrifugal acceleration exceeds the self-gravitational acceleration for

a test particle at the equator,

we = \/4mpG /3, (1.1)

where p is the body’s bulk density and G is the gravitational constant.

Initially, tidal encounters with the terrestrial planets were a popular theory to explain the
NEA binary population. Bottke and Melosh (1996a,b) found that planetary flybys of fast-rotating
rubble-pile asteroids (approximated as a contact binary) could produce a binary in ~15% of
encounters. With more sophisticated numerical methods, Richardson et al. (1998) found that tidal
encounters were capable of producing binaries, although at a much lower frequency. In a follow-
up study, Walsh and Richardson (2006) found that tidal disruption-produced binaries struggled to
match the observed distributions of primary shapes, rotation periods, as well as binary semimajor
axis and eccentricities. Furthermore, a Monte Carlo method found that tidal encounters could
only produce a binary fraction of ~1—2%, indicating that another formation mechanism must be
dominating binary production (Walsh and Richardson, 2008). The discovery of a small binary
asteroid in the main belt (where there are no planetary encounters, of course) confirmed that tidal
encounters could not sufficiently explain the binary fraction among NEAs (Warner and Harris,
2007).

A more promising theory for NEA binary formation is spin-up driven by the Yarkovsky-



O’Keefe-Radzievskii-Paddack (YORP) effect. First coined by Rubincam (2000), the YORP ef-
fect is simply a result of photons carrying momentum. As an asteroid receives sunlight, some
light is immediately scattered, and some is absorbed and then re-emitted in the infrared. Due
to the asteroid’s irregular shape and rotation, both of these effects impart a slight torque on
the asteroid. Although this torque is small, it can substantially change the spin rates of small
NEAs within their dynamical lifetimes. The YORP timescale increases with asteroid radius as
Tyorp X R? and with heliocentric distance as Tyorp X @2, making it an effective spin-up mech-
anism for small NEAs and relatively unimportant in the main belt and for larger bodies (Bottke
et al., 2006; Vokrouhlicky et al., 2015). YORP-attributed spin-rate changes have been detected
with ground-based observations (Lowry et al., 2007; Taylor et al., 2007) and in situ at Bennu with
the OSIRIS-REx spacecraft (Hergenrother et al., 2019).

YORP-driven spin-up as a binary formation mechanism was first proposed in the Asteroids
1 review chapter by Bottke et al. (2002). When a detailed shape model of binary asteroid 1999
KW, (now named 66391 Moshup and illustrated in Figure 1.2) was made using radar during
a close encounter with Earth, it was discovered that the primary had an oblate shape with a
pronounced equatorial ridge (Ostro et al., 2006). It was suggested that a rotational fission event
could have created the binary system, and any excess in-falling material could have formed the
primary’s equatorial ridge (Scheeres et al., 20006).

This led to two schools of thought for how a binary system would form to produce a fast-
rotating primary with an equatorial ridge along with a nearby secondary in synchronous rotation.
The first can be referred to as “rotational fission” in which a body exceeds its spin limit leading to
a single catastrophic fission event where the body splits into a binary (Scheeres, 2007). Jacobson

and Scheeres (2011a) found that a single ejected fragment (i.e., the secondary) would have a

6
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Figure 1.2: The radar-derived shape model for the primary (Alpha) and secondary (Beta) com-
ponents of 66391 Moshup (formerly known as 1999 KW,). Image Credit: Ostro et al. (2006).

positive free energy, meaning that the system was technically unbound and could not remain
long-term stable. If, however, the secondary were able to undergo subsequent fissions, forming
temporary triples, then this free energy could be released, allowing the secondary to finally enter
a synchronous (and stable) rotation state. The third body is usually not long lived, and either
gets ejected or re-impacts the primary or the secondary. They proposed that an equatorial ridge
would form in cases when a fissioned body impacts the primary. In an additional study, Jacobson
et al. (2016) found that this idea can sufficiently reproduce the observed population fractions of
binaries as well as other subgroups (triples, pairs, etc.).

The second idea, referred to here as “mass shedding”, is where the secondary is built in
orbit through gravitational accumulation of material shed from the primary (Walsh et al., 2008,
2012). In this model, the secondary is gradually built over several YORP cycles, in which a small
amount of mass is shed during each event. By modeling the primary as an aggregate of thousands
of constituent particles, this theory is able to produce the equatorial ridge through reshaping as it

spins up and slowly loses mass.



Both models suffer some challenges when looking into the details. For example, the Ja-
cobson and Scheeres (2011a) model is a two-dimensional dynamical model and recent work has
indicated that non-planar motion may play an important roll in the spin and dynamical evolution
of a secondary (Agrusa et al., 2021; Cuk et al., 2021; Quillen et al., 2022a). Davis and Scheeres
(2020b) revisited the rotational fission hypothesis with a higher-fidelity, three-dimensional nu-
merical code and found that much of the evolutionary pathways are preserved, with the relative
likelihoods of secondary ejection, secondary fissions, and primary re-impacts changed slightly. In
addition, extending the dynamics to three dimensions increases the timescales for these processes
to occur. In both Jacobson and Scheeres (2011a) and Davis and Scheeres (2020b), the initial con-
ditions (i.e., mass ratio, secondary shape, etc.) are user-selected and randomly generated, rather
than self-consistently formed in the simulation. Given that these bodies are assumed to be rubble
piles, the gravitational and contact interactions among constituent mass elements may play an
important role in determining their post-fission masses, shapes, and other physical and dynami-
cal properties. In addition, the formation of the primary’s equatorial ridge is assumed to occur,
rather than explicitly modeled, anytime fissioned material re-impacts the primary. Aside from
these challenges, the theory does a good job at explaining the observed population of binaries
and subset populations, such as doubly synchronous systems and contact binaries.

On the other hand, the mass-shedding hypothesis arguably does a better job at self-consistently
producing the equatorial ridge of the primary due to its discrete model of the gravity and contact
interactions between constituent mass elements. In this way, it also “naturally” forms a secondary
by allowing it to form in orbit through gravitational re-accumulation. However, the model suffers
a couple drawbacks. The first is that a long-lived mass-shedding process may be inhibited by

so-called “stochastic YORP”, in which both the direction and magnitude of the YORP torque are
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highly sensitive to the body shape (Cotto-Figueroa et al., 2015; Statler, 2009). This means that
the YORP effect may be self-limiting, as a body can spin-down just as easily as it spins-up. If the
YORP torque changes each time the primary sheds some material, then it may be impossible to
ever shed enough material into orbit within the asteroid’s dynamical lifetime. In any case, most
evidence suggests that these binaries form predominantly through YORP spin up, although the

precise details regarding their formation are still an open question.

1.1.3 Binary Asteroid Dynamics
Binaries are an extremely useful tool for studying the physical properties of asteroids. For
example, the mass of the system can be obtained through Kepler’s Third Law,

4m2a3

M= _——""
GP?’

(1.2)

where « is the binary semimajor axis, P is the orbit period, and G is the gravitational constant.
For most binaries, the mass of the primary dominates the system mass, so this usually results
in a strong constraint on the primary’s mass and a relatively weak constraint on the secondary’s
mass. Given estimates of the sizes (and therefore the volumes) of the binary components, a mass
estimate can also be used to get a density estimate. In addition, the composition of the asteroid
can be estimated with spectroscopic measurements, which can be combined with the bulk density
to infer physical properties like the porosity.

Most asteroids are non-spherical, owing to their small sizes and weak self-gravity. In ad-
dition, most binaries, especially among the NEA population, are on tight orbits meaning that the

two components are only separated by several primary radii. As a result, the mutual dynamics are



highly coupled and non-Keplerian. In other words, their dynamics cannot necessarily be mod-
eled with a point-mass approximation, as the rotational motion of both bodies affects their orbital
motion, and visa versa. In most cases, Kepler’s Third Law is only off by ~1%, meaning that this
does not strongly affect estimates for the system’s mass and bulk density. However, accounting
for the irregular shapes of both components is important for modeling their dynamical evolution.

Generally, accounting for irregular body shapes and spin-orbit coupling requires some level
of approximation and specialized numerical methods are often required. There is a wide range
of analytic and numeric approaches to solving what is often called the Full Two-Body Problem
(F2BP), which is briefly summarized here.

A sphere-ellipsoid model is often employed to simplify the F2BP, which treats the primary
and secondary as a rigid, uniform-density sphere and ellipsoid, respectively (e.g. Scheeres, 1994,
2007). This approximation often does a good job at capturing general dynamical properties, such
as the attitude stability of the secondary, as a function of parameters like its shape and orbital
eccentricity. In addition, the gravitational potential due to spheres and ellipsoids have exact ana-
lytical formulations, meaning that simulations can be extremely fast. However, as our knowledge
of asteroid shapes has improved, some higher-order effects due to their irregular shapes can not
be completely captured by an idealized ellipsoid approximation. Given a polyhedral shape model
of an asteroid, the gravitational potential can be calculated numerically to exact precision, as-
suming that the body has a uniform bulk density (Werner and Scheeres, 1997, 2005). Given a
radar-derived shape model for example, the polyhedral gravity method can yield much higher
fidelity results (Fahnestock and Scheeres, 2006, 2008). Recent developments have significantly
improved the computational speed of polyhedral methods with minimal sacrifice in fidelity or
precision. For example, the “inertia integral” method can approximate the gravitational interac-
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tion between polyhedral rigid bodies to a desired degree and order, in a recursive formulation that
is extremely efficient (Davis and Scheeres, 2020a; Hou et al., 2017).

Other numerical methods for solving the F2BP include the Finite Element Method (FEM)
(Gao et al., 2022; Nakano et al., 2022; Yu et al., 2019). One advantage with this approach is
that it easily allows for irregular internal mass distributions, which can be useful to study the
influence of internal structure on the system’s dynamics. The most straightforward approach to
capturing irregular shapes or mass distributions in the F2BP (at least conceptually), is to approx-
imate an irregular body as a set of point masses (or spheres), where gravity can then be found
by summing over all the mass elements (Geissler et al., 1996; Rossi et al., 1999; Scheeres et al.,
1998). The beauty of this “mascon” (mass concentration) approach is that the number of par-
ticles can simply be increased to obtain higher precision, however, this comes at an increased
computational cost. This is especially costly when the mutual gravity between two bodies must
be calculated, as the computation time scales as O(N 2), where N is the number of particles.
Although, there are approximate methods that can improve this scaling relation at the expense
of precision. However, in the case of rubble-pile asteroids, this approach can be used in which
the rigid-body assumption is relaxed and contact interactions between constituent particles or
“boulders” can be self-consistently modeled. This means, for example, that shape changes due to
landslides can be modeled in a way that is fully coupled to the resulting dynamics (Agrusa et al.,

2022a).
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1.2 The Asteroid Impact Hazard

1.2.1 Overview

Perhaps the most famous asteroid impact is that which ended the reign of the dinosaurs 66
million years ago. This asteroid, estimated to be tens of kilometers in diameter, created a ~150
km diameter impact crater in the Yucatan Peninsula of Mexico (Alvarez et al., 1980; Bottke et al.,
2007; Desch et al., 2021). Today, there are only ~1,000 NEOs greater than 1 km in diameter,
of which ~95% have been discovered with none posing a realistic threat (Harris and D’ Abramo,
2015; Harris and Chodas, 2021). Owing to the collisional evolution of small bodies in the solar
system, there are far more small asteroids than there are large asteroids (Bottke et al., 2005, 2015).
There are an estimated ~25,000 NEOs greater than 140 m diameter, of which only ~1/3 have
been found. At this size scale, an Earth impact would be capable of causing regional devastation.
Similarly, ~100, 000 NEOs larger than 50 m in diameter are thought to exist and only ~2% have
been discovered. These sized impactors are capable of destroying a urban area. Not only are
these smaller NEOs numerous, they are also much dimmer owing to their smaller surface area,
making them extremely challenging to detect and track.

Asteroid impacts are a low-probability, yet extremely high-consequence risk. Although a
devastating asteroid impact is unlikely to occur within our lifetimes, they are the only natural
disaster that is entirely preventable. We are always periodically reminded of the existential threat
that asteroids pose, such as the 1908 Tunguska event that leveled 2000 km? of forest (Chyba
et al., 1993; Kulik, 1927), the 2013 Chelyabinsk air burst (Popova et al., 2013), and the tidal

disruption and impact of comet P/Shoemaker-Levy 9 with Jupiter (Hammel et al., 1995; Weaver
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Figure 1.3: (a) Tidally-disrupted fragments of Comet P/Shoemaker-Levy 9 prior to impacting
Jupiter. Image credit: NASA/ESA/STScI. (b) Images of Jupiter where the impact sites can be
seen as dark brown spots. Image credit: NASA/ESA/STScI. (c¢) Photographs taken at the Tun-
guska impact site, showing thousands of trees that were knocked down. Image credit: Leonid
Kulik.

et al., 1994). Images of Shoemaker-Levy 9’s impact on Jupiter and photos from the Tunguska
impact site are shown in Figure 1.3. In 2029, the ~350 meter diameter potentially hazardous
asteroid (PHA) (99942) Apophis will pass within Earth’s geosynchronous orbit (Farnocchia et
al., 2013; Giorgini et al., 2008). This encounter is so close that tidal forces will be strong enough
to potentially alter Apophis’s spin and surface features (DeMartini et al., 2019; Yu et al., 2014).
In 2016, NASA created the Planetary Defense Coordination Office. And for the first time,
the Planetary Science and Astrobiology Decadal Survey included a dedicated chapter for plane-

tary defense (National Academies of Sciences and Medicine, 2022). In recent years, planetary
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defense has become a flourishing field that the Decadal Survey aptly described as “applied plane-
tary science”. NEO detection, characterization, and mitigation all rely heavily on a deep scientific

understanding of NEOs, including their dynamical, compositional, and geophysical properties.

1.2.2 The DART and Hera Missions

The Double Asteroid Redirection Test (DART) mission is planetary defense demonstration
mission that will assess a kinetic impactor as a viable mitigation strategy (Cheng et al., 2016;
Cheng et al., 2018; Rivkin et al., 2021). A kinetic impactor or kinetic deflector is a technique
to simply ram a spacecraft into an asteroid at a high-enough speed to sufficiently alter its orbit
and prevent an eventual collision with the Earth. The DART spacecraft, shown in Fig. 1.4, suc-
cessfully launched from Vandenberg Space Force Base on November 24, 2021. It is expected to
impact Dimorphos, the secondary component of the Didymos binary asteroid, on September 26,
2022 with an estimated mass and relative speed of ~535 kg and ~6.15 km/s. The impact will be
approximately head-on, decreasing Dimorphos’s orbital speed, shrinking the binary semimajor
axis and orbit period. Figure 1.5 shows a schematic of the expected geometry of the Sun, Earth,
Didymos system, and the DART spacecraft at impact. Several days before DART strikes Dimor-
phos, it will deploy the Light Italian CubeSat for Imaging of Asteroids (LICIACube), managed
by the Italian Space Agency (ASI). LICIACube will fly by the system, capturing images of the
early phases of crater formation and ejecta production, as well as image the backside of Dimor-
phos (Dotto et al., 2021). With ground-based observations, the new orbit period can be measured,
from which the momentum enhancement factor, commonly referred to as 3, can be estimated.

The momentum enhancement factor, /3, is a dimensionless parameter describing the effec-
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(a) (b)

Figure 1.4: (a) Computer rendering of the DART spacecraft with its solar panels fully deployed.
Image credit: NASA/Johns Hopkins APL. (b) The DART spacecraft as it was being loaded into
the rocket fairing. Image credit: NASA/Johns Hopkins APL/Ed Whitman.

15



Dimorphos
Orbit Normal

Dimorphos Orbit Plane Dimorphos Velocity

DART Velocity

Dimorphos
Velocil
elocity DART

To Earth

Ecliptic Z

Dimorphos
4 Orbit Normal

Dimorphos

Dimorphos s/
Orbit Normal P

~ Ad /

ﬁ"""‘n i /
DART = /

Velocity
Dimorphos’
Velocit
Ecliptic Z elocky

To Sun

Figure 1.5: Expected geometry for the DART impact. The impact will be nearly opposite the
orbital motion of Dimorphos. This figure is taken from Rivkin et al. (2021).

tiveness of a kinetic impactor and can conceptually be thought of as the ratio of net momentum
imparted to the target divided by the momentum delivered to the target. In an perfectly inelastic
collision, (3 is simply equal to 1. In a realistic impact, a crater is formed and ejecta is produced
that travels in a direction (generally) opposite the motion of the kinetic impactor. Any ejecta
exceeding the escape velocity will contribute to the net momentum transfer, thus “enhancing” the
kinetic impact and making /3 exceed 1. For our purposes, S can be thought of as a scalar quan-
tity. In reality, however, 3 is a three-dimensional vector that depends on a range of parameters

including target material properties, impact geometry, spacecraft mass, velocity, and shape. In an
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ideal, one-dimensional case, 3 can be written as,

5 =1 4 Pejecta, (1.3)

Psc

where pejecia 1s the momentum carried by the escaping ejecta, which is traveling opposite to the
momentum of the spacecraft, ps.. Then, for an idealized head-on impact, the change in Dimor-

phos’s orbital speed can be written as,

B, (1.4)

where M. and v, are the spacecraft (i.e., DART) mass and speed, and M, is the target (i.e.,

Dimorphos) mass. This Awv results in a change in orbit period of approximately,
AP A
= :3(1) _07 (1.5)

where v is Dimorphos’s pre-impact orbital speed, a is the pre-impact semimajor axis, and n is

the pre-impact mean motion. This series of equations makes a number of assumptions,

1. The DART impact is head-on, exactly opposite the orbital motion of Dimorphos.
2. All ejecta travels exactly opposite to the incoming DART momentum vector.

3. The impact is also aligned with Dimorphos’s center of mass, such that there is no imparted

torque.

4. The impact can be treated as an instantaneous event, such that Dimorphos’s velocity changes
immediately according to Awv.
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5. The binary orbit is Keplerian, where the two components behave as ideal point-masses and

there is no spin-orbit coupling. The binary orbit is also circular.

6. The change in orbit period AP is small compared to the orbit period, P.

Although all of these assumptions introduce some level of error, the uncertainty in the mass
of Dimorphos (which will not be measured by DART or LICIACube) will likely dominate the
uncertainty in the determination of . In practice, the formula that will be used to determine 3
for the DART mission accounts for the three-dimensional nature of the momentum enhancement
factor (i.e., assumptions 1 and 2 are not made) (Rivkin et al., 2021).

The European Space Agency (ESA) will launch the Hera mission in 2024, which will arrive
at the Didymos system in late 2026, roughly ~4 years after the DART impact (Michel et al., 2018,
2022). Its principal objectives are to characterize the dynamical and physical properties of the
system. One of the principal measurements that Hera will make is the mass of Dimorphos, which
will substantially improve upon DART’s estimate for 5. In addition to being the first full-scale
demonstration of a kinetic deflection, DART will also be the first mission to a near-Earth binary
asteroid while Hera will be the first to comprehensively characterize a binary, making for an

exciting technological and scientific opportunity.

1.2.3 The Didymos Binary Asteroid

(65803) Didymos was first discovered at Kitt Peak Observatory in 1996 (Alday et al., 1996).
Didymos is classified as both a NEA and PHA, as the intersection of its orbit and Earth’s comes
within 0.05 au, although it poses no threat to Earth. In 2003, it was discovered that Didymos

was a binary asteroid (Pravec et al., 2003). Its provisional name was originally 1996 GT, but was
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renamed to Didymos, which means “twin” in Greek, after its binary nature was discovered. The
word “Didymos” is used interchangeably to refer to the entire binary system, or just the main
body or the “primary”. The primary has also been referred to as Didymos A in the literature. The
official IAU designation for the name of Didymos’s satellite, or “secondary”, is (65803) Didymos
I Dimorphos, or more informally, simply “Dimorphos”. Dimorphos is a Greek word for “having
two forms”, a nod to how its form will change following the DART impact. Dimorphos has been
colloquially referred to in the literature as “Didymos B” or “Didymoon”, but Dimorphos is now
the officially adopted name.

The system has a heliocentric semimajor axis, eccentricity, and inclination of 1.64 au,
0.384, and 3.4°, respectively. The primary (Didymos) and the secondary (Dimorphos), have
respective diameters of ~780 and ~160 m, and are separated by only ~1200 m or ~3 primary
radii. The radar-derived shape model for Didymos shows that it is oblate, and has a slight equa-
torial ridge, which is typical for NEA binaries (Naidu et al., 2020a). Didymos is a fast-rotator,
with a spin period of 2.26 h. Based on the ~11.92 h binary orbit period, semimajor axis, and
estimated body volumes, the system has a bulk density of ~2.2 g cm™3. Figure 1.6 shows Didy-
mos’s net surface gravity given its estimated shape, bulk density, and spin rate. Due to the strong
centrifugal acceleration, the net gravity is zero at the equator indicating that Didymos is nom-
inally exceeding its critical spin limit. In order to maintain its structural stability, this implies
that Didymos must have some combination of (a) a higher bulk density than estimated, (b) some
degree of interparticle cohesion, and/or (c) the primary is actively shedding mass (Zhang et al.,
2017, 2018, 2021). The shape of the secondary is not yet known, so it is assumed to have an
approximate ellipsoidal shape in accordance with similar systems, with axis ratios a/b = 1.3 and

b/c = 1.2, where a,b and c are its respective long, intermediate, and short axis lengths. The
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Figure 1.6: The radar-derived shape model for Didymos from Naidu et al. (2020a). The z, y, and
z axes are coordinated in the body-fixed frame such that z is parallel to the spin axis and x points
along Didymos’s longest axis length. The facet colors show the net surface gravity at Didymos’s
2.26 h rotation period at the nominal bulk density of 2.2 g cm™3. At the equator, the centrifugal
acceleration is so strong that it cancels out the gravitational acceleration.

secondary’s spin is assumed to be synchronous with the ~11.92 h mutual orbit period, although
this has not been directly confirmed. Table 1.1 lists the current best estimates of the physical and
dynamical properties of the system.

Owing to the irregularly shaped bodies and their close separation, the system experiences a
high degree of spin-orbit coupling and non-Keplerian motion. As a result, the system’s dynamical
evolution is highly sensitive to Dimorphos’s unknown shape and spin state. Adequately capturing

the mutual dynamics for these types of systems often requires the use of high-fidelity F2BP codes.
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Table 1.1: The current best estimates for the physical and dynamical parameters of the Didymos
system as of Didymos Reference Asteroid (DRA) v. 3.21. Some of these parameters will likely
change shortly after this thesis is published when DART arrives. Reported uncertainties are 1o.

Parameter Value
Volume-Equivalent Diameter of Primary Dp 780 £30 m
Volume-Equivalent Diameter of Secondary Dg 164 + 18 m

Bulk Densities of Components pp 2200 £ 350 kg m 3

Mean Separation of Component Centers a,i, 1.20 £ 0.03 km

Secondary Shape Elongation ags/bg, bs/cg 1.3 £ 0.2, 1.2 (assumed)
Total Mass of System M (5.55 +0.42) x 10" kg
Secondary Orbital Period P, 11.9216289 =+ 0.0000028 h
Secondary Orbital Eccentricity e, < 0.03

Primary Rotation Period Pp 2.2600 £ 0.0001 h
Secondary Rotation Period Pg Py, (assumed tidally locked)
Secondary Orbital Inclination 7., 0° (assumed)

Didymos’s close distance from the Earth at the time of the DART impact, combined with
the fact that Dimorphos has a relatively short orbit period, makes it an ideal testbed for a ki-
netic impactor. If DART instead deflected a single asteroid, it would require a measurement of
the change of the asteroid’s heliocentric orbit, which is both challenging and time consuming,
potentially taking years to observe a noticeable change (e.g., Makadia et al., 2022). Instead, by
impacting Dimorphos, the binary orbit period will change by several minutes compared to its ini-
tial ~11.92 h orbit period, something that can be readily measured with Earth-based observations

in the weeks following the impact (Naidu2022; Rivkin et al., 2021; Scheirich and Pravec, 2022).

1.3 This Dissertation

The work presented in this dissertation consists of several projects related to the dynam-
ics of the Didymos system that were conducted in support of the DART Mission. Although the

chapters focus exclusively on the Didymos-Dimorphos binary, the methods and much of the con-
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clusions apply broadly to binary systems in general. All chapters were previously published in
peer-reviewed journals and are presented here with minimal modification. Chapter 2 presents a
benchmarking and sensitivity study of the full two-body dynamics of the Didymos system. The
main goals of this chapter were to determine the optimal F2BP code to inform future studies and
to understand the sensitivity of the system dynamics to the initial conditions. During this study,
we found that the spin or libration state of Dimorphos is very sensitive to its initial orbital ve-
locity. Given that the DART impact will substantially change Dimorphos’s orbital velocity, this
finding naturally led to the investigation described in Chapter 3. Here, we studied the spin state of
Dimorphos as a function of its unknown shape and 3 (which corresponds directly to the change in
orbital velocity) using GUBAS, the F2BP code that was adopted after the benchmarking exercise
of Chapter 2. We found that the post-impact spin state is highly sensitive to both the shape and /3,
and that various spin-orbit resonances could potentially lead to chaotic rotation as a result of the
DART impact. Given the possibility of a highly excited post-impact spin and orbital state, Chap-
ter 4 relaxed the rigid-body assumption of previous studies and simulated the mutual dynamics
with one or both components treated as rubble piles. We found the same general result, that the
post-impact spin may become chaotic for certain values of 5 and body shape, which further con-
firms the predictions of Ch. 3. Due to the excited post-impact spin and tidal environment, we also
found that long-term granular motion on the surface of Dimorphos is plausible, depending on
the body shape and 3. The numerical approach used in Ch. 4 likely underestimates any surface
motion for reasons explained in the chapter. To explore the possibility of dynamically triggered
surface motion further, Chapter 5 explores the evolution of accelerations felt on Dimorphos’s
surface as a function of 3 and the bulk density. We find that surface motion is plausible, although
the likelihood and magnitude depends strongly on the bulk density and shape, both of which are
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not yet well-constrained. Finally, Chapter 6 summarizes this thesis and briefly discusses potential

future work, related to both Didymos and binary asteroids in general.
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Chapter 2: Benchmarking and sensitivity study of the Didymos system

2.1 Chapter Preface

This chapter was published in Icarus under the title, “A benchmarking and sensitivity study
of the full two-body gravitational dynamics of the DART mission target, binary asteroid 65803
Didymos” (Agrusa et al., 2020). This benchmarking study was assigned to the Dynamics Work-
ing Group (WQG) as part of DART’s Investigation Task Plan. The main goals of the study were
to understand the sensitivity of the system’s dynamics to different initial conditions and to iden-
tify the best simulation code for future studies in support of DART. I led the analysis, wrote the
manuscript, and ran one of the four simulation codes. However, this study would not have been
possible without major contributions from Alex Davis, Gene Fahnestock, and Toshi Hirabayashi.

The following chapter appears nearly unaltered with respect to its journal version. How-
ever, since the manuscript was published, “Dimorphos” was selected as the official name for the
secondary component of the Didymos system. In its published version, this manuscript referred
to the primary as “Didymos A” and the secondary as “Didymos B”. Any references to “Didymos
A” have been replaced with “Didymos” and “Didymos B” has been replaced with “Dimorphos”.
The reader will notice however, that some of the figures still contain the original naming scheme.
Also, the “UCB” simulation code was given the official name “GUBAS” after this paper was

published. However, we keep the original nomenclature in this manuscript, as the other three
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simulation codes are also referred to based on their institution of origin. Some of the introduc-
tory material may be somewhat repetitive with Chapter 1, so the reader may skip to Section 2.3
if desired.

As a further point of clarification, the eccentricity reported in Table 2.6 and Figures 2.3
and 2.4 is the Keplerian eccentricity. In other words, the eccentricity is computed based on the
respective positions and velocities of the center of masses of the two binary components. Due
to the system’s non-Keplerian dynamics, this differs slightly from the geometric eccentricity. In
addition, the orbit period reported in Table 2.6 is simply in inverse of the average angular velocity
of the orbit. It should be noted that this period is not perfectly fixed, and that the mutual orbit
period varies with time as a result of spin-orbit coupling. We point the reader to Meyer et al.
(2021) for further discussion on this caveat. In subsequent chapters, the precise definition of the

eccentricity, orbit period, and other orbital elements is specified as appropriate.

2.2 Introduction

The Asteroid Impact & Deflection Assessment (AIDA) collaboration is a NASA- and ESA-
supported effort to test the capability of a kinetic impactor for hazardous asteroid mitigation.
NASA will lead the Double Asteroid Redirection Test (DART) mission, which will achieve a
kinetic impact on the secondary (Dimorphos) of 65803 Didymos, a near-Earth binary asteroid, in
the fall of 2022 (Cheng et al., 2018). ESA will lead Hera, a follow-up mission to rendezvous with
Didymos to characterize the system and visible effects of the impact (Michel et al., 2018). The
main goal of the DART mission is to demonstrate the kinetic impactor technique by intercepting

the secondary, causing a change in the binary orbital period that can be measured with ground-
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based observations.

In this work, we present results from a suite of benchmarking simulations conducted by the
DART Investigation Team’s Dynamics Working Group to better understand the complex mutual
dynamics, to constrain the sensitivity of the simulated Didymos system to initial conditions, and
to identify the appropriate numerical methods to fully capture the dynamics. In Section 2.2.1 we
describe the physical and dynamical properties of the Didymos system. Section 2.3 introduces
the four dynamics models used in this study and the initial conditions of the simulation cases.
The results are presented in Section 2.4. Finally, we discuss future work to better understand the

Didymos binary in Section 2.5.

2.2.1 The Didymos System

Discovered in 1996, 65803 Didymos is classified as a near-Earth object and potentially
hazardous asteroid with a heliocentric semi-major axis of 1.644 au (Alday et al., 1996). In 2003,
it was discovered that Didymos is a binary system (Pravec et al., 2003). The binary has a mutual
orbit period of P, ~ 11.9217 h and a semi-major axis of ayp ~ 1.19 km (Naidu et al., 2020a;
Pravec et al., 2006). According to the binary mean separation and orbital period, Kepler’s third
law for assumed point masses implies a system mass of My ~ 5.37 x 10! kg.

The primary (Didymos) is ~780 m across and has an oblate shape and equatorial ridge, and
the secondary (Dimorphos) is approximately 164 m across and we assume an ellipsoidal shape
similar to that of other NEO binary secondaries. Didymos is a fast rotator, with a spin period
of 2.26 h. A polyhedral shape model with 1996 facets was derived by Naidu et al. (2020a) from

combined radar and light curve data. In the simulations presented here, Dimorphos is assumed to
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be synchronous (i.e., tidally locked) with its long axis initially aligned with the line of centers. It
is also assumed that both bodies are in principal axis rotation and that their spin poles are initially
aligned with the binary orbit normal.

Table 2.1 summarizes the relevant physical and dynamical parameters of the Didymos sys-
tem. These are the nominal system parameters adopted by the DART investigation team at the
current time and will be updated throughout the DART mission as new measurements become

available.

2.3 Methodology

The Didymos binary is an example of the full two-body problem (F2BP), where the ro-
tational and translational dynamics are fully coupled, due to the objects’ irregular shapes and
the close proximity of the components. As a result, the system’s dynamical evolution is espe-
cially sensitive to the shapes and initial positions and orientations of each component, thus F2BP

simulation codes are necessary to fully capture the system’s dynamics.

2.3.1 The Simulation Codes

Four different codes were tested in this study, each developed by team members at NASA
JPL, University of Colorado Boulder (UCB), Auburn University, and the University of Maryland
(UMaA), respectively. Only some of these codes have official names, so we refer to each code by

the institution that developed it for simplicity. Brief descriptions of the codes are given below.

NASA JPL The JPL code is based on the formulation of the mutual gravitational potential

between two polyhedral bodies developed by Werner and Scheeres (2005). It calculates the
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Symbol Parameter Value Comments/References
o Semi-major Axis 1.19 4+ 0.03 km (Naidu et al., 2020a)
c:b:a Secondary Axis Ratios 1:1.2:1.56 Assumed, based on other binary systems.
Dp Diameter of Primary 780 £ 30 m (Naidu et al., 2020a)
Ds Diameter of Secondary 164 £ 18 m Derived from Dp and Ds/Dp
Ds/Dp Size Ratio 0.21 +£0.01 (Scheirich and Pravec, 2009)
€orb Binary Orbit eorb < 0.03 Upper limit, assumed zero. (Scheirich and
Eccentricity Pravec, 2009)
Torb Binary Orbit 0.0 Assumed.
Inclination
A\, 8) Mutual Orbit Pole (310°,—84°) + 10° Ecliptic coordinates, (Naidu et al., 2020a;
Scheirich and Pravec, 2009)
Mys Total System Mass (5.37 £0.44) x 10t kg Derived via Kepler’s 3rd Law with Py, and
Qorb -
Py Binary Orbit Period 11.9217 + 0.0002 h One possible orbit solution. (Scheirich and
Pravec, 2009)
Pp Primary Spin Period 2.2600 £ 0.0001 h (Pravec et al., 20006)
Ps Secondary Spin Period 11.9217h Assumed.
op Primary Bulk Density 2170 + 350 kg m 3 Derived based on Dp and Miys.
0s Secondary Bulk 2170 + 350 kg m ™3 Assumed.
Density

Table 2.1: Physical and dynamical parameters of the Didymos System. These are the current
nominal values adopted by the DART investigation team. Because these parameters are con-
stantly being refined by ongoing observations, these are not exactly the same parameters used
in this study. The initial conditions of the simulations presented here differ slightly, but remain
within the uncertainty bounds given here. (See Table 2.3 for the simulation initial conditions.)

28



mutual gravitational potential and its gradients through a Legendre polynomial series expansion,
truncated to a desired order, and integrates the discrete-time Hamiltonian equations of motion
using the Lie-Group Variational Integrator (LGVI) developed by Lee et al. (2007). This code
was written in C++ and parallelized to run on a cluster computer environment, due to the high

computational cost of the potential and gradients evaluation at each timestep.

University of Colorado Boulder (UCB) The recently developed UCB code utilizes inertia
integrals to expand the mutual gravitational potential according to the formalism derived by Hou
et al. (2017). This tool, known as the General Use Binary Asteroid Simulator (GUBAS), is now
publicly available! and can easily be run on a single desktop computer. Despite the different
mathematical formulations for the mutual gravitational potential and its gradients between the
JPL and UCB codes, they agree to near-machine precision for the same given expansion order of
the mutual potential, since they used the same numerical integrator (LGVI) for the simulations
run herein. However, the inertia integral formulation allows for the attitude and mass distribution
to be decoupled and computed separately, which allows for a more computationally efficient
implementation and thus faster runtimes. The present study served as a convenient test to confirm

that the UCB code does in fact achieve the same result as the JPL code.

Auburn University The Auburn code is a simplified version of the UCB code. It expands
the inertia integrals only to second order according to the formulation given by Hirabayashi and
Scheeres (2013). The equations of motion are solved with an 8th-order Runge-Kutta scheme.
This code can be thought of as evaluating the mutual gravitational potential of the system as if

the Didymos shape model were replaced with a best-fit ellipsoid. Although the Auburn code

"https://github.com/alex-b-davis/gubas
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Primary Secondary

N 3355 3546

Poulk [g cm™?] 2.104 2.104

Pparticle [gcm ] 3.8947 3.7329
Tavg [m] 21 4.4

Table 2.2: Physical parameters for PKDGRAV particles. All particles in each respective body
are given a uniform particle density in order to achieve the desired bulk density of 2.104 g cm 3.
Tavg 1 the mean particle radius. The particle size distributions for the primary and secondary are
sampled from a normal distribution with mean ;4 = 21 m, standard deviation 0 = 4.2 m and
1 =4.4m,0 = 0.88 m, respectively. The size distributions both have 10 cutoffs.

does not fully capture perturbations due to the asymmetric shape of the primary, it is extremely
fast and is a useful reference point to understand the effect of higher-order perturbations due to

Didymos’s shape.

University of Maryland (UMd) Unlike the other three codes that represent the primary and
secondary as monolithic and homogeneous bodies of some arbitrary polyhedral or ellipsoidal
shape, the UMd code treats each body as a rigid aggregate of many spherical particles. The code,
called PKDGRAV, is a parallel N-body tree code (Richardson et al., 2000; Stadel, 2001). The
UMd code uses a primary consisting of ~3500 particles in order for the average particle diameter
(~42 m) to be within the spatial resolution of the radar shape model (~50 m). Details of UMd’s
representation of each body are shown in Table 2.2. The translational motion is integrated with a
fixed-step second-order leapfrog integrator, while the rotational motion is integrated with a time-
adaptive fourth-order Runge-Kutta scheme within each leapfrog step (Richardson et al., 2009).
Note that PKDGRAV’s k-d tree is not used, so the forces and torques are computed by summing
over every particle at every timestep to ensure the highest possible accuracy at the expense of
speed.

Snapshots of the simulations of Didymos are shown in Fig. 2.1. The key differences are that
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JPL, UCB, and Auburn simulate the full radar-derived Didymos shape model with an ellipsoidal
Dimorphos, with the mutual gravitational potential expanded to some desired order of accuracy.
The UMd method fills a volume with randomly packed spherical particles, then carves each body
to match the desired shape and computes the mutual gravitational potential of the packed spheres
exactly without truncation to any order. Because of the different mass representations of each

method, there will be inherent variations between these approaches.

2.3.2 Initial Conditions

The 11 simulations presented here comprise a small subset of cases that the Dynamics
Working Group has studied thus far. These simulations were selected to compare code perfor-
mance and better understand the system’s sensitivity to uncertainty in its initial state. Using the
nominal values for the mass of each body and their separation, we computed the initial conditions
to approximately put the system on a circular Keplerian orbit. This is considered the “nominal”
simulation case. More details on the initial conditions for the nominal case are shown in Table
2.3. We then give these initial conditions slight perturbations to test the system’s sensitivity to the
initial relative velocity of the secondary and the initial rotation phase of the primary. See Table
2.4 for details of the 11 test cases, along with a schematic in Fig. 2.2. Each group selected a
timestep for their respective code, based on numerical convergence and runtime constraints, with
each code conserving energy to one part in a million or better over the entire simulation. Each
of the 11 test cases was simulated for a total of 150 days of simulation time. All codes modeled
the system as two rigid bodies interacting purely through their mutual gravity, with all additional

forces or torques such as solar tides, BYORP, or internal dissipation turned off.
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(a) Radar shape model of Didymos and the assumed ellipsoidal shape of Dimorphos. JPL, UCB, and
Auburn simulate the full radar-derived primary shape model with the mutual potential expanded to various
orders of accuracy.

(b) The UMd representation of the binary, where randomly packed spherical particles fill the shapes of
each body and the potential is computed explicitly over every particle.

Figure 2.1: Representations of the Didymos binary among the different codes. Both of these
images are a top-down view (i.e. from the mutual orbit north pole) at the start of the simulation.
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Parameter

Value

Notes

System Mass

5.276428 x 10! kg

Primary Mass

5.228011 x 10! kg

Secondary Mass

4.841661 x 10° kg

Primary Bulk Density 2103.4kgm™?
Secondary Bulk Density 2103.4kgm™?
Secondary Axis Lengths a =103.16 m a is oriented along line of centers at ¢ = 0.
b=179.35m
c=66.13m
Initial Body Separation 1.18 km
Initial Relative Velocity 0.17275ms™! Relative velocity of the body centers. Derived to achieve

circular Keplerian orbit with period of 11.9216 h.

Primary Spin Angular
Velocity

0.0007723 rad s *

Equivalent to a 2.26 h spin period. Aligned with mutual
orbit pole.

Secondary Spin Angular
Velocity

0.0001464 rad s~*

Equivalent to a spin period of 11.9216 h, in order to
match the Keplerian orbit period. Aligned with orbit pole.

Table 2.3: Initial conditions of the nominal simulation.

Each group output previously agreed-upon state variables at a 1-minute cadence (except

for UMd which had hourly outputs due to data storage constraints). With such a high output

cadence, we were able to compare both short- and long-term evolution of the binary system with

each simulation code. The JPL and UCB codes were run with the mutual gravity expansion

set to 4th order; this choice is accurate enough to capture the dynamics with high fidelity while

keeping the computation time manageable. UCB also repeated the nominal case with the gravity

expansion order set to 8th order to confirm that the choice of 4th order was indeed sufficient to

accurately model the system. Again, the Auburn code is limited to 2nd order, while the UMd

code has no order truncation.
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Name Description

nominal The nominal, unperturbed initial state. The initial conditions are calculated using Newton’s
version of Kepler’s Third Law to give a circular orbit based on the total system mass and
mean separation.

posR, negR The initial velocity of the secondary’s barycenter is perturbed by +0.0005 m/s in the
instantaneous orbital radial direction.

posT, negT The initial velocity of the secondary’s barycenter is perturbed by £0.0005 m/s in the
instantaneous orbital tangential direction (along-track).

posN, negN The initial velocity of the secondary’s barycenter is perturbed by +0.0005 m/s in the
instantaneous orbital normal direction (out-of-plane).

ph+1, ph+3, the initial rotation phase of primary shape model is adjusted by rotating 1 or £3 degrees
ph—1, ph—3 from nominal, around the primary spin pole.

Table 2.4: Description of the 11 simulation cases.

Z axis Y axis

A, .,
%,
%™,

';9/0 s,

Side View Top-Down View %a

posTT

X axis

negT 1

Figure 2.2: Schematic of the perturbations to Dimorphos. The X, Y, and Z axes are the three
principal axes of Didymos. The nominal case has the long axes of both bodies aligned. The ph=£3
and ph=£1 cases have Didymos rotated about its spin axis such that its X axis is pointed +3 or £1
degrees away from the direction to Dimorphos.
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# Processors timestep [s] # timesteps wallclock [h]

Auburn 1 60 216,000 ~several min
NASA JPL (4th Order) 512 40 324,000 38.0
UCB (4th Order) 1 40 324,000 5.6
UCB (8th Order) 1 40 324,000 111.55
UMd 4 1.875 6,912,000 702.0

Table 2.5: Each code’s performance for its nominal run, with a total integration duration of 150
d.

2.4 Results

2.4.1 Code Performance

Since each code was run on different machines (see acknowledgments) with different
timesteps and numerical routines, normalized performance comparisons can be troublesome. In
Table 2.5, we simply show the runtimes for the nominal case along with the number of processors
and timesteps used by each code. The Auburn code is orders of magnitude faster than the other
codes, given its 2nd-order approximation of the mutual potential. This makes it a useful tool for
quick tests, however it does not capture higher-order perturbations due to the asymmetric shape of
the primary. It should also be noted that the UCB or JPL codes would have similar performance
if the mutual potential approximation were set to 2nd order. The UMd code had the longest run-
time, due to a combination of its small timestep and requirement to compute the gravitational
potential on a particle-by-particle basis. The 4th-order UCB code offers the best combination of
speed and accuracy, as we will see in the following section. Therefore, the Dynamics Working
Group has recommended that the UCB code be adopted for future rigid-body dynamics studies

related to DART.
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Orbit Period [h] Semi-Major Axis [km] Eccentricity

Auburn 11.8138797 1.1747401 0.0055961390
NASA JPL 11.8062721 1.1743513 0.0059765762
UCB (4th Order) 11.8062824 1.1743520 0.0059765772
UCB (8th Order) 11.8053794 1.1743062 0.0060210983
UMd 11.8211246 1.1750370 0.0051450228
Kepler Orbit 11.9216030 1.1800000 0.0000000000

Table 2.6: Simulated time-averaged orbital period, semi-major axis, and eccentricity for the nom-
inal case. All codes use exactly the same initial conditions and body masses, so the deviations
from a Keplerian orbit and among the codes themselves are due to different mass representations
of the primary and secondary. Each quantity is rounded to enough decimal points to show devia-
tion between nearly identical numbers.

2.4.2 The Nominal Case

The orbit period, semi-major axis, and eccentricity for each code’s nominal case is shown
in Table 2.6 along with what those values would be if the system were Keplerian. As expected,
the NASA JPL and UCB (4th Order) results are nearly identical. They also match closely to the
8th-order result, indicating that the 4th-order approximation is capturing the mutual gravitational
potential with high fidelity. The deviations in the orbit period and semi-major axis are driven
by each code’s representation of the mass distribution, and thus the mutual potential, of the two
bodies.

Figure 2.3 shows the evolution of the system over 2 d (~4 orbital periods) as determined
by each simulation code for the nominal case. Since the bodies do not follow a precise Keplerian
orbit due to their irregular shapes, the orbital eccentricity and inclination are osculating—they
are instantaneous values evaluated based on the position and motion of the body centers for each
simulation output.

Since each group used a numerically converged timestep, the differences they show in the

system’s orbital evolution are attributable to how each code represents the mass distribution of
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each body. The oscillations in the various orbital elements are small and are driven by the shape
perturbations of the primary. The bottom two plots in Fig. 2.3 show the obliquities of each body,
defined as the angle between the body’s spin axis and the mutual orbit pole. Due to its 2nd-order
gravity approximation, the Auburn code shows negligible out-of-plane motion, indicating that
the small changes in the inclination and obliquities with the other three codes are mainly driven
by asymmetries in the primary shape.

The NASA JPL and UCB codes at 4th order are indistinguishable in Fig. 2.3 and the 8th-
order version shows almost no appreciable difference. All codes show qualitative agreement,
given their known differences. Because the UMd code had an output frequency of one hour, the
inclination and obliquity plots look artificially jagged.

To study the orbital elements over longer time scales, we take a running average to remove
short-term behavior. This is shown for the nominal case over the full 5-month simulation in Fig.
2.4. The long-term evolution is quite stable, with the orbital elements remaining constant or
drifting by a very small amount. One apparent effect is that each code has a different average
semi-major axis and eccentricity. This is again a result of different mass representations, which
sets the initial mutual potential, and thus the eccentricity and equilibrium separation. This high-
lights the influence of the primary’s shape on the orbital properties of the system. In general, the
codes agree well, with differences attributable to their respective representations of each body.
Because we expect the Didymos binary to be stable over long periods, our ability to capture

long-term stability in its mutual orbit is reassuring.
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Figure 2.3: The nominal case over 2 d (~4 orbital periods). The NASA JPL and UCB codes
show perfect agreement at 4th order, and the UCB 8th-order version matches closely as well. The
Auburn code is evaluating the mutual gravitational potential to 2nd order, so it doesn’t capture
higher-order effects of the primary’s asymmetric shape on the mutual orbit. The choppy noise in
UMd’s plot of Dimorphos’s Obliquity is a result of its coarser output cadence.
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Figure 2.4: A running average of orbit parameters for the nominal case over 5 months. The first
and last 10 d of data are cut off due to the running average using ~ 10 days worth of data (20
orbital periods).
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2.4.3 Primary Rotation Phase

The only constraints we place on the orientations of the primary and secondary are that
their spin axes be initially aligned with the mutual orbit pole. In our nominal case, the primary’s
long axis is aligned with the line of centers at ¢ = 0, but this choice is arbitrary. A precise
measurement of the primary’s orientation relative to the secondary at a given epoch with ground-
based observations prior to the DART impact will be very challenging, so we treat the primary’s
initial rotation phase as a free parameter. Therefore, understanding the system’s sensitivity to the
initial primary rotation phase is essential to developing methods for predicting the position of the
secondary at later times.

To test this sensitivity, we varied the initial primary rotation phase with respect to the
nominal case by +3° and +1°. All codes showed a non-negligible dependence on this slight
change. Fig. 2.5 shows the orbital phase (angular position of secondary) relative to each code’s
respective nominal case. The Auburn code is comparatively insensitive to the initial primary
phase since it is only approximating the mass distribution to second order. NASA JPL and UCB
have identical results, and UMd is slightly more sensitive to the initial primary phase.

If the initial primary rotation phase is altered, the initial mass distribution will be slightly
different, resulting in a different mutual potential and thus a different orbital period. Due to
the asymmetry of the primary and the binary’s small separation, this is a non-negligible effect,
especially if we want to accurately predict the position of the secondary.

After determining that the orbit may be sensitive to the initial primary rotation phase, we
performed another set of simulations over a wider range of initial rotation phases with the UMd

code only. The results in Fig. 2.6 show that the initial primary rotation phase has a significant
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Orbit Phase vs. Initial Primary Rotation Phase

All quantitites are relative to their respective nominal run
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Figure 2.5: Orbit phase relative to each code’s nominal run (the horizontal line). Small dif-
ferences in the initial primary rotation phase give a slightly different orbital period, making it
difficult to predict the position of the secondary at later times. Note the differences in vertical
scale between codes.
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Orbital Phase vs. Initial Primary Rotation Phase
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Figure 2.6: Orbit phase relative to nominal run, for initial primary rotation phases spanning 360°,
using the UMd code. This represents the spread in the possible locations of Dimorphos after a

fixed interval of time given some random initial primary rotation phase.

influence on the orbital evolution of the secondary. After an integration time of only 30 d, there is

a spread of ~15° in the relative positions of the secondaries. The DART Investigation Team has a

requirement to predict the orbit phase at the impact epoch to within +45° 60 days prior to launch

and to within £15° 55 days prior to impact (3o errors). The high sensitivity to Didymos’s initial

rotation phase means that it will likely be impossible to meet this requirement with dynamical

simulations, especially considering the uncertainties in the other initial conditions. However,

the Observing Working Group should be able to meet this orbital phase prediction requirement

through fitting a weighted least-squares model to observed timing of mutual events (Naidu et al.,

2020b).
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2.4.4 Dimorphos Libration

Through tidal dissipation, we expect that the mutual orbit has circularized, the secondary is
tidally locked, and any libration of the secondary’s spin state has damped to a minimum. So the
Didymos system should be in or close to a dynamically relaxed state prior to the DART impact.
The impact will nearly instantaneously reduce the instantaneous orbital velocity of the second-
ary, decreasing the orbit period and increasing the eccentricity. Therefore, significant libration of
the secondary should be induced. A libration angle is a measure of the orientation of a satellite’s
long axis relative to the line of centers between the two components’ centers of mass. In the
following analysis, we show only results from the UCB 4th order code for brevity, although we
note that all 4 codes show good agreement, given the known differences among the codes.

In the coupled spin-orbit problem in which a synchronous, ellipsoidal secondary orbits a
spherical or point-mass primary with its spin axis aligned with the mutual orbit pole, there are
two modes of libration: excited and relaxed. In the decoupled spin-orbit problem, the excited and
relaxed modes are analogous to free and forced librations, respectively. See Naidu and Margot
(2015) for a detailed discussion on these two libration modes in both the coupled and uncoupled
scenarios.

The frequency of free libration for a synchronous satellite on a circular orbit is given by,

. 1/2
Wo = n(3lgc—fl> s (21)

where n is the mean motion, and A, B, and C are the three principal moments of inertia of

the secondary, where 4 < B < C (Murray and Dermott, 2000). This mode is analogous to a
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pendulum’s natural frequency, depending on its length and the gravitational acceleration. This
libration mode is thought to be damped away due to tidal friction, especially if the secondary
has a rubble-pile structure (Goldreich and Sari, 2009; Murray and Dermott, 2000). However, the
forced (relaxed) mode necessarily exists for a synchronous secondary on an eccentric orbit. The
secondary will feel a periodic restoring torque, with a frequency equal to the mean motion, due
to the misalignment of the long axis with the line of centers, resulting from the orbital angular
velocity varying over the course of a single orbit.

This picture is complicated when we consider libration in the full two-body problem. The
theory on spin-orbit coupling discussed above makes two critical assumptions: 1) that the orbit
is fixed (no apsis precession) and 2) that the ellipsoidal secondary is orbiting a spherically sym-
metric primary (Wisdom, 1987b). As a result, we will see some differences between the classic
theory and our simulation results.

The nominal DART spacecraft impact is designed to hit the secondary’s center-of-figure,
in a direction nearly opposite its orbital motion at a 15-to-25-degree angle with respect to the
orbital plane (depending on DART’s trajectory), imparting a near-instantaneous change to its or-
bital velocity without significantly altering its spin state (Cheng et al., 2018). This will induce
both longitudinal (in-plane) and latitudinal (out-of-plane) librations that will have both relaxed
and excited components. By changing the mean motion without a matching change in the sec-
ondary’s spin rate, we introduce excited (free) libration modes on top of those that exist already
(if any). Further, the impact will increase the eccentricity of the system, exciting a stronger re-
laxed (forced) libration mode. Therefore, studying the resulting libration for the benchmarking
cases where we perturb the orbital motion of the secondary reveals the extent to which DART

may effect a libration in the secondary. Further, understanding the behavior of induced libra-
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tions may be an important tool for interpreting the results of the DART impact, if the libration
amplitude or frequency is observable.

The longitudinal libration for the nominal case is shown in Fig. 2.7a for the first 10 days of
the simulation. The distinct beating pattern in the libration is a signature of both excited-mode
and relaxed-mode librations (Naidu and Margot, 2015). A Fourier transform of the libration
pattern shows the two distinct libration modes (Fig. 2.7b).

The frequency of the relaxed (forced) mode is the frequency at which the orbital angular
velocity oscillates, which in this case is the epicyclic or radial frequency. A key assumption in
the classic spin-orbit problem is that the orbit is fixed (i.e., no apsidal precession), in which case
the epicyclic frequency would match the mean motion. However, the oblate shape of the primary
and the close orbit of the secondary results in an extremely fast precession of the periapse. In the
nominal case, the mean motion differs from the epicyclic frequency by ~1%, which corresponds
to a precession rate of ~3.5° per orbit.

The excited (free) libration mode has a frequency close to the theoretical prediction given
by Eq. 2.1. These frequencies don’t match perfectly because Eq. 2.1 assumes a spherically sym-
metric primary on a fixed orbit. Because this excited libration frequency will depend on the sec-
ondary’s moments of inertia in a fashion similar to Eq. 2.1, it may be possible to infer something
about the mass distribution and interior structure from a careful measurement of the libration
frequency with Hera.

Fig. 2.8 shows the libration for the nominal case and the 2 cases where the secondary
was given an along-track velocity perturbation (posT/negT). The libration amplitude is driven
by the initial difference between the orbital angular velocity and the secondary’s spin rate. The
posT case is where the secondary is given a slightly larger initial tangential velocity, so its orbit
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(a) Longitudinal libration of UCB nominal case over 10 days. The libration pattern is consistent over the
full 150-day simulation.
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(b) Fourier transform of longitudinal libration.

Figure 2.7: The Fourier transform of the longitudinal libration reveals the two libration modes.
The relaxed (forced) mode is driven by the epicyclic (radial) frequency, while the excited (free)
mode is controlled by the moments of inertia of the secondary. The theoretical free libration
frequency doesn’t match the excited mode perfectly because its derivation assumes a spherically
symmetric primary.
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expands, increasing the orbital period to ~11.911 h, closely matching Dimorphos’s initial spin
period and thus decreasing the libration amplitude. The negT case is the opposite: a smaller
initial tangential velocity shrinks the orbit and shortens the orbital period (~11.703 h), producing
a larger discrepancy between the secondary’s initial spin and orbital periods, thus a libration
amplitude reaching ~8° at its maximum.

The perturbation to the secondary’s linear momentum in the posT and negT cases is ap-
proximately one-half of the momentum carried by the DART spacecraft, so these perturbations
are of the same order of magnitude that DART may produce. Since the posT case has a relatively
small libration amplitude, we can think of it as being close to the “true” relaxed state of the sys-
tem (in which the excited libration mode has nearly damped away but relaxed librations persist).
Then, the jump from the posT to the negT cases corresponds to a rough conservative estimate
of the effect of the DART impact on the libration, when the momentum perturbation to the sec-
ondary is approximately equal to the momentum carried by the DART spacecraft. In reality, we
would expect the momentum perturbation to the secondary to be considerably larger, due to the
contributions of ejecta to the net momentum transfer. Further, if the DART spacecraft impacts
several meters off of center-of-figure, which terminal guidance simulations at JHU/APL suggest
is likely, the torque applied to the secondary will also alter its spin state, nearly instantaneously.
The DART terminal guidance system will likely result in an impact location biased toward the il-
luminated portion of the secondary, which will be the side opposite the primary based on DART’s
viewing geometry at the impact epoch. Therefore, such an off-center impact is likely to reduce
the secondary’s angular velocity, further increasing the maximum possible libration amplitude.
For these reasons, the simulations presented here are a conservative estimate of the possible post-

impact libration state of Dimorphos, given our current knowledge of the state of the system. It is
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Figure 2.8: Longitudinal libration angles as function of time for the nominal run and tangential
(along-track) perturbations, using the UCB code.

also important to note, that the libration amplitude and frequency are dependent on Dimorphos’s
moments of inertia which are computed based on our assumptions of constant density and its
ellipsoidal shape. Studying the dependence of Dimorphos’s libration on its mass distribution is
planned for a future study.

Naidu and Margot (2015) show that the libration of a synchronous satellite may be de-

> (.2).

~Y

tectable with radar, if the secondary is large enough compared to the primary (Dg/Dp
This threshold is barely satisfied by the Didymos system and therefore the libration may be mea-
surable with radar, given adequate observing conditions, a favorably shaped secondary, and a
sufficiently large momentum transfer.

When the secondary is given a normal (out-of-plane) perturbation, we are inducing out-of-
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plane motion in the secondary and therefore a noticeable, but small, latitudinal libration in the
secondary, while the longitudinal libration is effectively unchanged (see Fig. 2.9). The librations
resulting from the benchmarking cases where we apply radial velocity perturbations (posR/negR)
and different primary rotation phases (ph=£3 and ph4-1) show almost no sensitivity, so we exclude

showing them here.

2.5 Conclusions

In this work, we found that the simulation package provided by UC Boulder is well-suited
to studying the orbital dynamics of the Didymos system, due to its accuracy and speed. The Dy-
namics Working Group has recommended the adoption of this code for future dynamics studies
in support of DART.

The results of this benchmarking study show that: 1) shape perturbations cause a non-
negligible deviation from a Keplerian orbit; 2) the orbit phase of the secondary is highly de-
pendent on the initial orientation of the primary; and 3) the system will be highly susceptible
to induced librations resulting from the DART impact, which may be measurable from ground-
based radar or with Hera. If measurable, Dimorphos’s libration may be a useful probe of its
internal structure.

The first two results indicate that predicting the orbital phase of the secondary may not
be feasible with numerical simulations, given the uncertainties in the initial conditions and body
shapes. However, the Observing Working Group will be able to meet this orbital phase prediction
requirement through fitting an analytic model to observed timing of mutual events.

We have begun a comprehensive study with the UCB code on the strength and frequency
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Figure 2.9: Longitudinal and latitudinal libration vs. time for normal (out-of-plane) perturba-
tions, using the UCB code. The longitudinal libration is insensitive to the normal perturbation as
expected, while the small induced latitudinal libration is caused by initial out-of-plane motion of
the secondary.
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of post-impact librations as a function of the mass distribution of Dimorphos and momentum
transferred by DART. This study will be used to constrain the range of possible impact outcomes
in order to better infer the result of the actual DART experiment.

In reality, Didymos is likely a rubble pile given its shape and fast rotation. A rubble-pile
structure may play an important role for the binary dynamics due to processes such as landslides
(Hirabayashi and Scheeres, 2019) and tidal dissipation. Dimorphos may also be a rubble pile in
which case its free libration modes will dampen via internal friction. Therefore, we also plan to
use PKDGRAV with an implementation of a soft-sphere discrete element method to numerically
investigate whether this damping may be a noticeable effect over the timescales between the

DART and Hera missions.
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Chapter 3: Predicting Dimorphos’s post-impact spin state

3.1 Chapter Preface

This chapter was published in Icarus under the title, “The excited spin state of Dimorphos
resulting from the DART impact” (Agrusa et al., 2021). This paper was written as part of another
DART Investigation Task Plan assignment to predict the post-impact dynamical state of the Didy-
mos system, including Dimorphos’s expected libration state. Although I led the study, much of it
would have been impossible without major contributions from my collaborators. Alex Meyer and
Dan Scheeres supplied the “analytic model” (Sections 3.3.1 and 3.4.1) and Ioannis Gkolias and
Menios Tsiganis supplied the “simplified 3D model” (Sections 3.3.2 and 3.4.2), including all the
text and figures for those respective subsections. Although these sections were not my own work,
they are included in order to understand and interpret the results of the higher-order dynamics
model. The following chapter appears nearly unaltered with respect to its journal version. Some
of the introductory material may be somewhat repetitive with Chapter 1, so the reader may skip
to Section 3.2.1 if desired. The appendices associated with this chapter are located in Appendix

A
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3.2 Introduction

NASA’s Double Asteroid Redirection Test (DART) mission will be the first to demonstrate
asteroid deflection by kinetic impact as a realistic assessment for planetary defense. The DART
spacecraft will intercept the secondary (Dimorphos) of the near-Earth binary asteroid system
65803 Didymos in the fall of 2022 (Cheng et al., 2018). The European Space Agency’s (ESA)
Hera mission will arrive at the binary ~4 years later to investigate the resulting dynamical and
geophysical changes to the system (Michel et al., 2018). The nominal DART trajectory is an
approximate head-on collision with Dimorphos, impulsively reducing its relative orbital speed,
and thereby shortening the mutual orbit period and semimajor axis. The binary orbit eccentricity
and inclination will also change, depending on the impact circumstances (Cheng et al., 2016).

Figure 3.1 shows a sketch of the binary system and the geometry of the problem. The
change in orbit period will be measured with ground-based observations in order to infer /3, the
momentum transfer efficiency. The change in velocity of an asteroid in response to a kinetic

impact can be written as (Cheng et al., 2020; Feldhacker et al., 2017),

AU:%(6+(5—1)(ﬁ-ﬁ)ﬁ>, 3.1)

where m is the impactor mass, M is the target mass, « is the impactor velocity, and n is the
outward surface normal at the impact site. The first term represents the incident momentum of the
spacecraft, and the second term is the contribution of escaping momentum, which is assumed to
be along the surface normal. 3 can then be written as the ratio of the total transferred momentum

to the momentum delivered by the impactor:
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Didymos (“primary”’)

Dimorphos
(“secondary/satellite”)

DART Momentum Vector

Figure 3.1: Diagram showing the geometry of the problem and some terminology. In this work,
“Didymos” or “primary” refers to the more massive, central component of the Didymos binary
system, while “Dimorphos”, “secondary”, or “satellite” refers to its smaller companion. The
term “impactor” refers to the DART spacecraft. The red line denotes DART’s momentum vector.
In this work, this vector is assumed to lie within the plane of the mutual orbit, however the
actual DART trajectory will have a nonzero inclination relative to the orbit plane. The blue line
shows the shape and direction of the nominally assumed circular pre-impact orbit, while the green
line shows an exaggerated post-impact orbit. This diagram shows the radar-derived polyhedral
primary shape model from (Naidu et al., 2020a) along with an assumed triaxial shape for the
secondary. The body shapes and their mutual separation are to scale, while the DART spacecraft
and post-impact orbit path are not. The spin poles of both bodies are assumed to be aligned with
the mutual orbit pole.
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B=" = (3.2)
U

In reality, S is a complicated function of the material properties and geometry of both the target
and impactor (Stickle et al., 2020). If we assume a head-on impact on a flat surface (allowing us

to ignore the impact geometry), we can express (3 as a simple function of scalars,

6 -1 + pejecta 7 (33)
PDART

where pparr is the scalar momentum carried by the DART spacecraft, and pejeca 18 the scalar
momentum carried by impact ejecta (which travels in the opposite direction). This expression
for 3 is much simpler than the equation used in practice, as it assumes that pejecia and ppagrr are
perfectly anti-aligned. However, this version is sufficient for describing why [ is important: it
tells us how much momentum is transferred to the target as a function of the impactor and ejecta
momenta. For a more formal description and derivation of /3, see Rivkin et al. (2021).

Due to the irregular shapes of both components and their close proximity, the spin and orbit
of Dimorphos are highly coupled and non-Keplerian, meaning the dynamics cannot be treated as
a simple point-mass 2-body problem. Therefore the use of high-fidelity, full-two-body-problem
(F2BP) codes is crucial to understanding the complex dynamics (Agrusa et al., 2020). Further,
the shape of Dimorphos is still unknown and could have a major effect on the system’s dynamics.
With an assumed triaxial ellipsoid shape for Dimorphos, we explore the post-impact dynamical
evolution of the system as a function of the possible axial ratios of the secondary and the mo-
mentum transferred by the DART impact (/3). In Section 3.2.1, we give some brief background

on the Didymos binary and the DART impact’s implications for the secondary’s libration state.
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Then Section 3.3 introduces our novel analytic approach and two numerical methods for studying
the spin dynamics of Dimorphos. The results for each of these three methods are presented in

Section 3.4. Finally, we discuss the implications of our results in Section 3.5.

3.2.1 Background

Although it has not yet been confirmed with observations we nominally assume that Di-
morphos is in the 1:1 spin-orbit resonance (i.e., tidally locked)'. Didymos’s spinning-top shape
and fast rotation are suggestive of a rubble-pile structure, owing to likely formation scenarios
such as spin-up-driven mass loss (followed by gravitational accumulation of the secondary), or
gravitational reaccumulation after a catastrophic disruption (Richardson and Walsh, 2006). In
addition, its spin rate exceeds the spin barrier at the nominal bulk density of ~2.17 g cm ™3, im-
plying some level of interparticle cohesion and/or higher bulk density (Zhang et al., 2017, 2018,
2021). If Dimorphos and Didymos have a common origin, this suggests that Dimorphos is also
a rubble pile. The highly dissipative nature of rubble-pile asteroids implies that the system has
had sufficient time for Dimorphos to become tidally locked and enter a dynamically relaxed state
(Goldreich and Sari, 2009; Jacobson and Scheeres, 2011a). For these reasons we assume the sys-
tem’s pre-impact dynamical state is relaxed, meaning the mutual orbit is well-circularized with
the secondary in the 1:1 spin-orbit resonance and any free libration is minimized. However, it
should be noted that observations have not confirmed such a relaxed state, rather it just has not

been ruled out (Naidu et al., 2020a; Pravec et al., 2006; Scheirich and Pravec, 2009). If, upon ar-

rival at the Didymos system, we find that the mutual orbit and secondary spin are already excited,

'Naidu et al. (2020a) find that the radar bandwidth of secondary is consistent with a spin period equal to the orbit
period, suggesting Dimorphos may be in synchronous rotation.
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the DART impact will likely further excite the mutual dynamics. Therefore, the results presented

in this work should be interpreted as a conservative estimate of the possible impact outcomes.

3.2.1.1 Libration Concepts

The angle between the line-of-centers (LOC) and the secondary’s long axis is commonly
referred to as a libration angle. In the classic (uncoupled) spin-orbit problem, there are two
distinct libration modes: free and forced (Murray and Dermott, 2000; Naidu and Margot, 2015).
Although this paper explores the dynamics of the fully coupled spin and orbital dynamics of
the Didymos-Dimorphos system, the insights from the classic spin-orbit problem provide useful
intuition for understanding the dynamics when we consider the full problem. For a circular,
uncoupled planar orbit, a first-order approximation for the frequency of free libration is given by
(see Ch. 5 of Murray and Dermott (2000)),

3(B — A\
Wiib = n(%) ) (3.4)

where n is the mean motion, and A, B, and C' are the secondary’s three principal moments of
inertia (which correspond to the axis lengths a > b > ¢). For certain combinations of the three
moments of inertia, the free libration frequency can become resonant with the forced libration
frequency (i.e., the mean motion) and a secondary resonance can occur (Gkolias et al., 2019;
Melnikov, 2001). This can lead to an intricate dynamical environment, which only becomes more
complicated when we allow for non-zero eccentricity, out-of-plane motion, and a full coupling
between the mutual orbit and the spin states of both bodies.

It is important to note that the DART impact will excite both free and forced libration
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modes, even if they have been damped to a minimum prior to the impact. The velocity perturba-
tion from DART will increase the binary eccentricity (Cheng et al., 2016), increasing the forced
libration mode, due to the restoring torque that the secondary feels as it becomes misaligned with
the LOC as the orbital angular velocity changes throughout the orbit. With a nearly instantaneous
perturbation to the orbital velocity of the secondary, DART will also induce free libration modes
by creating a difference in its instantaneous orbital and spin angular velocities.

In reality, Dimorphos’s attitude has three degrees of freedom relative to the uniformly ro-
tating orbit frame (roll, pitch, and yaw) and the system could have a nonzero eccentricity and
inclination. Therefore, its spin evolution will be more complicated than the two idealized li-
bration modes used here as a conceptual example. Namely, the excited planar libration modes,
for particular shapes of the secondary, can induce significant out-of-plane rotation (Eapen et al.,
2021; Kane, 1965). Moreover, energy transitions can happen between the planar and out-of-plane
rotational degrees of freedom that is attributed to resonant phenomena (Breakwell and Pringle,
1965). We will see that the excitation of Dimorphos’s libration state, primarily due to the exci-
tation of nonplanar rotation, can lead to chaotic motion. Chaotic rotation has been observed for
many other bodies in our solar system such as the triple system (47171) Lempo, Saturn’s Hy-
perion, and Pluto’s outer four satellites, to name a few examples (Correia, 2018; Showalter and

Hamilton, 2015; Wisdom et al., 1984).

3.2.1.2 Euler Angles

In this work, we treat the “libration angle” as simply the angle between the long-axis of

the secondary and the line-of-centers. As described above, in the classic spin-orbit problem, this
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Figure 3.2: Schematic showing the Euler angle set for Dimorphos. 6, is the roll angle, - is pitch,
and 03 is yaw. In the diagram, the pink axis markers point out of Dimorphos, and the angles rotate
in the sense of the right-hand rule. The angles are defined such that all three angles are equal to
zero when the secondary’s body-fixed frame is aligned with the orbital frame. (Image credit:
Meyer and Scheeres (2021))

angle would be purely within the plane of the orbit. However, we will see that this angle will
have nonplanar components if the secondary’s attitude becomes unstable.

Instead of just looking at the libration angle, we can examine all three Euler angles that
make up the secondary’s attitude. We use the 1-2-3 Euler angle set (roll-pitch-yaw) shown in
the diagram on Fig. 3.2, where the Euler angles give Dimorphos’s attitude in the frame rotating
with the orbit. At each simulation output the rotating frame is defined as follows: the x-axis
points along the LOC, the z-axis is the direction of the mutual orbit pole (i.e., the orbital angular
momentum vector), and the y-axis completes the right-handed triad. A direction cosine matrix
between the secondary’s body-fixed frame to the rotating frame is constructed, from which the
three Euler angles are computed. See Appendix B of Schaub et al. (2009) for the precise mathe-
matical derivation of this Euler angle set.

The Euler angles 6, (pitch) and 63 (yaw) can be thought of as two libration angles; 6 is
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analogous to an out-of-plane (latitude) libration, and 63 is analogous to the planar (longitude)
libration. Due to the ordering sequence of the Euler angles, this is only technically true when
6, is exactly zero, which we will see is not the case. However, thinking about #3; and 65 as
the respective planar and non-planar components of the secondary’s libration can be a useful

conceptual tool.

3.3 Methods

In Section 3.3.1, we use an analytic approach to investigate the attitude stability and pres-
ence of resonant libration frequencies of Dimorphos, under the assumption that the primary is
a uniform sphere and that the system is in an equilibrium state (i.e., a circular orbit)>. Then we
employ two numerical codes to study the attitude dynamics of Dimorphos following a DART-
like perturbation to the relative velocity of Dimorphos. The first code, described in Section 3.3.2,
computes a coupled planar (2D) orbit between an oblate spheroid (Didymos) and a triaxial el-
lipsoid (Dimorphos) and parametrically inserts the solution into Euler’s rigid body equations to
follow Dimorphos’s attitude in 3D. In Section 3.3.3, we introduce the second numerical code,
which uses the radar-derived shape model for Didymos and computes the fully coupled spin and
orbital evolution of the system. To clarify, all three models used in this work have at least some

degree of spin-orbit coupling, each with increasing levels sophistication. Finally, our approach to

The assumption that the pre-impact orbit is relaxed and circular is made for a few reasons. First, ground-based
observations have not placed a lower limit on the mutual eccentricity and three studies have derived upper limits
of 0.03, 0.04, and 0.05 (Scheirich and Pravec (2009), Fang and Margot (2012), Naidu et al. (2020a), respectively).
Second, if the two components are rubble piles (for reasons laid out in Section 3.2.1), then we would expect tides to
quickly damp the system to an equilibrium state (Goldreich and Sari, 2009). Third, assuming a relaxed pre-impact
state means that the post-impact dynamics predicted by this work can be interpreted as a conservative estimate. In
other words, the predictions made in this work should be considered a “lower limit” for the excitation of Dimorphos’s
spin state resulting from the DART impact. If the binary is already excited prior to DART, then the impact may only
further excite the system.
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setting up the initial conditions for the numerical simulations is detailed in Section 3.3.4.

3.3.1 Analytic Dynamics Model

Here we develop an analytic, linearized approach to calculating Dimorphos’s fundamental
frequencies as a function of its semi-axes. Previous work has addressed this problem using a
variety of simplifying assumptions. The first to estimate the uncoupled frequencies was Lagrange
in his 1764 essays on the libration of the Moon (fraser1983). Modern day derivations can be
found in various textbooks; Murray and Dermott (2000) provide the planar libration frequency
(i.e., Eq. (3.4)) and Curtis (2020) gives the non-planar frequencies. Also, Fleig (1970) derives
fundamental frequencies for a triaxial satellite, with a good discussion on the role of resonances
with the offplane frequencies (see Appendix A.1.3). Scheeres (2006) developed an approach
for this computation using an arbitrary body and a sphere, which is used by Fahnestock and
Scheeres (2008) to solve for analytic expressions of the four fundamental frequencies around a
synchronous equilibrium applied to the binary system Moshup (previously 1999 KW4). In the
simplest analytic approximation, Fahnestock and Scheeres (2008) assume a spherical primary
and report the frequencies as a function of the secondary’s shape. This is further expanded to
fourth-order by Boué and Laskar (2009), where the mutual interactions between the bodies are
considered and report good estimates for the precession and nutation frequencies for Moshup.
For our purposes, the simpler approach outlined in Scheeres (2006) and Fahnestock and Scheeres
(2008) is sufficient to provide an idea of the expected behavior in the system, which we expand
upon here.

The potential energy between two bodies taken to a second-order approximation is (Scheeres,
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2009):

~GM M, G 3G 5 3
= SO S T (E) 4 MTH(1)] 4 o B M AT A, + M ATTAY - GS)

v 2R5

where A; is the matrix transforming from the frame in which the relative position vector R is
specified to body-fixed coordinates, with the subscript 1 and 2 referring to the primary and sec-
ondary, respectively. The inertia tensors of the primary (/;) and secondary (/5), are written in
their respective body-fixed frames. For the spherical restricted full two-body problem, body 1 is
a sphere while body 2 is an arbitrary 3D massive asteroid. Since body 1 is a sphere, the term
R- AT A, - R can simply be written as R?Ig where Ig is the diagonal entry of I, (i.e., the
moment of inertia of a uniform sphere) and Tr(/;) reduces to 3/g, thus the higher-order terms
involving body 1 disappear.

If the position vector R is written in the frame of body 2, A, then becomes the identity

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

_GM1M2 G 3G = D
— 7 ~5hs [M1Tr(1o)] + 2_R5R' [Mi15] - R. (3.6)

Vv

The equations of motion for this model, taken in the body-fixed frame of the secondary,

are:

A - L, S 5 - - 1
R—l—QQxR—l—QxR—i—Qx(QxR):——a—‘i, (3.7)
moR
Graxro=ix 2 (3.8)
OR
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where we drop the subscript on /, which is the inertia tensor of the secondary (body 2). Here, O

is the angular velocity of the frame of the secondary and m is the reduced mass: m = Ajyli
1+Mo

This problem can be normalized by introducing a length scale « (equal to the body separa-

tion) and mean motion n = \/ G(M; + Ms)/a?. With this convention, we define,

R
r=— (3.9)
(0]
Q
w=— (3.10)
n
I
I= 3.11
Mo (3.11)
The equations of motion can now be rewritten as,
i — 5 5 — — — av
r+2wxr+wxr+wx(wxﬁ:—?, (3.12)
T
: )%
TG+ & X Tw = vr X PR (3.13)
T

where we introduce a mass fraction v = Mf\fMQ (v ~ 0.99 for the Didymos system) and the

normalized potential energy,

V=—— —[TrD)]+—7-[I] - 7 (3.14)
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Defining the state vector as X = 7, r |7, the state dynamics can thus be written as,

<
Il

5 Gar— | = F(X), (3.15)

T [-575 + v x %]

where we introduce the tilde notation for the cross product skew-symmetric operator. Then, the

equilibrium conditions are:

F=3d=0 (3.16)

GoF = —% (3.17)

GID = Vi x a—lf. (3.18)
or

With these equilibrium conditions, the linearized dynamics matrix at equilibrium can be

calculated:
[0]3%3 [Ul3x3 [0]3%3
aﬁ = = (3.19)
oXlx, |viT! [F%—E - 2,—"] — 55— T%| —25 |FT [—[vz+m} var+ar|
vZ! [_239_2 + 7;%2735} [0]5x3 ! [—c%)I + ITT)}

where [U];y3 is the unitary matrix. This gives the linearized dynamics equation about the equi-
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librium:

57 57
. OF .
Sl = 2 . 3.20
or 9% |, or ( )
o 5

Fahnestock and Scheeres (2008) calculate 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 step through the process of reducing this matrix using the angu-
lar momentum 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 9 x 9 to 8 x 8. In practice, this leads to eliminating the ws (z9)
contribution, which would otherwise result in a zero eigenvalue. To reduce the matrix, we can

break the problem up as:

5 Ay A8><1 5§
0X = (3.21)

Aigs Ay dx9

where X is the state, y is the first 8 states (excluding xg), and the full linearized dynamics matrix

is called A, which we have broken up into convenient submatrices. This allows us to write

05 = AT + Agrr 0. (3.22)
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The angular momentum magnitude integral, [, is linearized and written as,

a—hjé}? =0, (3.23)
0X

where the angular momentum vector is defined as,

H=TI&+vix (F+&x7). (3.24)

This can be expanded by again splitting the state:

oOH oOH

— 0y + —0x9 = 0. 3.25
o7 y+ D2g Tg (3.25)
Finally we can write:
OH __ (—0H\ ™"
0xg = —0Y . 3.26
o oy y( dxg ) ( .
Substituting this in gives,
57 = A6, (3.27)
with,
OH (9H\
A=A, — Ags1— | =— . 3.28
Y 8x1 ag (8259) ( )

At an equilibrium point it becomes possible 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. Further-

more, the eigenvalues can be leveraged to find resonances between the system’s fundamental fre-
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quencies. 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. The results of this analytic approach will be

described later in Section 3.4.1.

3.3.2 Simplified 3D Dynamics Model

The “simplified 3D model” is an efficient approximation of the mutual spin-orbit dynamics
that captures Dimorphos’s libration behavior. First, the mutual orbit is integrated based on the
equations of motion in which the mutual potential is expanded to second-order, accounting for
the primary’s ./, moment and the secondary’s ellipsoidal shape (McMahon and Scheeres, 2013).
Although the full shape model of Didymos is not used, its J, moment alone is a reasonable
approximation due to its fast rotation. The equations of motion for the orbit are described in
detail in Appendix A.1.1.

The 3D spin and attitude of the secondary are then integrated via Euler’s rigid-body equa-
tions for a triaxial ellipsoid (Wisdom et al., 1984), using the mutual orbit found in the previous
integration (see Appendix A.1.2). It is important to note that for small variations from the pla-
nar solution (small obliquity of the spin axis) the rotation of Dimorphos matches the planar one
very closely. Only when the precession of the spin axis is significantly excited does the model
fail to produce the correct 3D spin-orbit coupled motion, due to the lack of conservation of the
total angular momentum of the system. However, because it is unlikely that the DART impact
will induce an immediate large-amplitude precession in the secondary, this simplified approach
lends itself to being an extremely efficient way of studying the secondary’s attitude dynamics,

over a wide range of possible shapes and other parameters. In any case, this approach is valid for
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small deviations from the planar case or short-term integrations and is sufficient for deducing the
attitude stability properties under perturbations. For this purpose, it is necessary to derive also
the linearized (variational) equations of the system, which are integrated simultaneously with the

equation of motion, to derive the stability properties (see Appendix A.1.2).

3.3.3 The GUBAS Full Two-body Problem code

The General Use Binary Asteroid Simulator (GUBAS) is a novel F2BP code that uses the
inertia integral method for evaluating the mutual potential between two arbitrary rigid bodies. The
mathematical formulation for inertia integrals is described in Hou et al. (2017) and implemented
in a fast, open-source® C++ code with a Python-based user interface (Davis and Scheeres, 2020a).
The code has several options for integration scheme, body-shape representations, and gravity
expansion order. In the results presented here, we use the Lie group variational integrator and a
fixed timestep of 40.0 seconds, which has been shown to give numerically converged results for
this system (Agrusa et al., 2020). The primary is represented by its radar-derived shape model
(Naidu et al., 2020a), the secondary is a triaxial ellipsoid with adjustable axial ratios, and the
mutual gravity is expanded to 4" order. The equations of motion are then integrated, with the
mutual orbit and body spins fully coupled. See Davis and Scheeres (2020a) for more details on

this code.

3.3.4 Problem Set Up

In this paper, we are exploring the binary orbital evolution solely under the influence of

the mutual gravitational potential. Both bodies are considered to be fully rigid with the same

3The code is available at ht tps://github.com/alex-b-davis/gubas
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bulk density. This study considers much shorter timescales than those associated with higher-
order perturbations such as mutual tides, YORP, BYORP, and solar gravity, which are ignored
here. In the simulations presented in this work, we use an integration time of one year. This
timescale is long enough to allow for any strong attitude instabilities to set in, but short enough
that higher-order perturbations to the mutual orbit can be safely ignored.

We assume that the mutual orbit is initially planar, with the spin poles of both bodies aligned
with the mutual orbit pole. Further, we assume the pre-impact orbit is nearly circular and that the
secondary is in the 1:1 spin-orbit resonance with the libration amplitude damped to a minimum.
We adopt the latest observed parameters from the DART Design Reference Asteroid (DRA),
namely, the primary and secondary sizes, the binary semimajor axis, and the binary orbit period.
These parameters are listed and referenced in Table 3.1. In order to achieve the assumptions
listed above, and to match the observed DRA parameters (namely the measured orbit period,
which has been measured to high precision), we use an optimization scheme to determine our
initial conditions for the GUBAS simulations*. A naive approach using Kepler’s 3" law to derive
the mass of the system is invalid due to the non-spherical shapes and close proximity of the two
components. Therefore, our initial-conditions-optimization scheme adjusts the total mass of the
system (assuming the primary and secondary have the same bulk density), until it finds a mass
where the simulated orbit period matches the observed period. This process is able to generate
initial conditions that match the observed orbit period to high precision that also have a small
libration amplitude and nearly circular orbit. This means that when the shape of the secondary

is changed (although its total volume is conserved), the system mass and bulk density change

4This procedure is only required for GUBAS, as it uses the polyhedral shape model for the primary and evaluates
the mutual gravity to 4" order. However, this procedure can be done analytically for the simplified 3D model (see
Appendix A.1.1).
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slightly. The mass and density adjustments are small (< 1%) and allow us to match the observed
orbit period to the highest precision possible because the orbit period is so well constrained. The
details of this optimization routine can be found in Appendix A.2.

For each choice of the secondary’s axis ratios a/b and b/c, the optimization scheme is used
to derive the pre-impact relaxed state of the system. Then, the orbital speed of the secondary is
altered according to our choice for 5. Based on the most recent DART flight plans at the time
of this writing, the choice for spacecraft mass and relative speed were 535 kg and 6.6 km s™*,
respectively. These values are subject to change by small amounts, but are not expected to change

drastically. With the head-on, planar impact considered in this work, Eq. (3.1) can be simplified

to give the perturbation to the secondary’s orbital speed:

MpARTUDART
Ay = —p—LARLDART

3.2
My (3.29)

where Mpagrr and vpagr are the respective mass and speed of the DART spacecraft, and Mg is
the mass of Dimorphos. The change in speed is negative because the nominal impact trajectory
impacts the leading face of Dimorphos (head-on impact), causing it to slow down, fall onto a
tighter orbit, and reduce the orbit period. The real DART trajectory will result in an impact with
Dimorphos at an angle relative to the mutual orbit plane that varies with launch date within a
range of roughly 5-30 degrees. However, in this work, we assume an idealized head-on impact
with no out-of-plane component. We also assume that the impact is aligned with the center of
mass, such that there is no instantaneous torque imparted to Dimorphos. We leave the more real-
istic treatment of the impact geometry to future work. We note that a non-planar and off-center

impact will likely excite the secondary’s spin state significantly more than in an idealized, head-
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Parameter Value Reference(s)

Diameter of Primary Dp 780 £30m Naidu et al. (2020a) (equivalent spherical diameter)
Diameter of Secondary Dg 164 4+ 18 m Naidu et al. (2020a) and Scheirich and Pravec (2009)
Semi-major AXis G 1.19 + 0.03 km Naidu et al. (2020a)

Binary Orbit Period Py, 11.9217 4+ 0.0002 h ~ Scheirich, P., personal communication (2020)“

Primary Spin Period FPp 2.2600 £ 0.0001 h  Pravec et al. (2006)

Table 3.1: Physical parameters of the Didymos binary based on lightcurve and radar observa-
tions. We assume that the binary eccentricity and inclination are both zero. The initial conditions
for the simulations presented here match all of these parameters, and all other initial conditions
(i.e., masses and velocities) are derived from these parameters.

“The best available orbital solution at the time of this work.

on impact. Therefore, the results presented in this work may be underestimating the perturbation

to Dimorphos’s spin state.

3.4 Results

3.4.1 Analytic Model Results

We performed a grid search over the solution space of axis ratios, ranging from 1 < a/b <
1.5and 1 < b/c < 1.5. Due to the lack of a well-constrained shape for Dimorphos, the parameter
space was instead selected because of an observed upper-limit of binary asteroid satellites with
elongations a/b > 1.5 in the near-Earth, Mars-crossing, and small main belt populations (Pravec
et al., 2016). For each value of a/b and b/c, the inertia tensor is computed for a uniform triaxial
ellipsoid and normalized. The dynamics matrix, A* (Equation (3.28)), 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 indicates stable motion about the equilibrium point.
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Because the spectral decomposition produces eight conjugate frequencies, there are only
four unique values leading to four fundamental frequencies. The four fundamental frequencies
from this analysis are represented by their period in Fig. 3.3. These four frequencies correspond
to the in-plane free libration (i.e., Equation (3.4)), the orbital frequency (mean motion), and two
out-of-plane frequencies, related to the precession and nutation of the secondary.

Although the eigenvalue analysis naively indicates stable motion about the equilibrium (due
to imaginary eigenvalues), we find a multitude of resonances among the fundamental frequencies
upon closer examination . The resonance locations can be found by simply searching for locations
in the solution space where one fundamental frequency becomes commensurate with another.
These resonances indicate areas in the solution space in which this linear model is no longer
accurate, and nonlinear effects become important. Figure 3.4 shows each resonance between
the various fundamental frequencies up to 5:1. It will turn out that some of these resonances
will drive unstable motion in the full nonlinear problem, with the single 1:1 and three of the 2:1

resonances being the most dominant.
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Figure 3.3: The four fundamental periods of motion about the equilibrium point, shown in hours.
The free libration period is very similar to the frequency given in Eq. (3.4). The two nonplanar
periods correspond to the secondary’s spin precession and nutation periods.
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Figure 3.4: The resonances of the four fundamental frequencies up to 5:1. The line weight is a
reflection of the width of each resonance region, although each resonance is ideally a line. Thus,
thicker lines allow for a wider range of secondary shapes to excite that resonance. Note that these
lines are all continuous, and any lines that look dotted or dashed are due to the resonance width
being smaller than the resolution of the grid search.
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3.4.2 Simplified 3D Dynamics Results

To be clear, in the previous section, we found the fundamental frequencies and resonance
locations for Dimorphos at equilibrium (i.e., a uniform, circular orbit). Then, with the simplified
3D model (and later with GUBAS), we add a perturbation to Dimorphos’s relative velocity ac-
cording to a given choice for 3 to study the post-impact attitude stability. The results of Section
3.4.1 do not depend on [ and only apply to the case the pre-impact circular orbit. However, Sec-
tion 3.4.1 provides insight for understanding the mechanisms that drive attitude instability when
Dimorphos’s orbit is perturbed.

Using the simplified 3D model, we first computed the fast Lyapunov indicator (FLI) for
each combination of a/b and b/c using the simplified 3D model for 5 = 1 and § = 3. The
FLI is a useful and widely used tool for detecting weak chaos in dynamical systems (Froeschlé
etal., 1997), and is a measure of the exponential divergence in phase space of two solutions with
infinitesimally separated initial conditions. The resulting FLI map is shown in Fig. 3.5. It should
be noted that a run for § = 0 (i.e., the pre-impact, relaxed state) yields a fully regular phase
space. This has further been confirmed via a Floquet analysis of the relaxed states, which showed
that all computed eigenvalues indicated stable motions. Moreover, this finding is in agreement
with the analytical approach of Section 3.4.1.

Based on the shape of the instability region identified in the FLI analysis, the chaotic mo-
tion seems to be primarily driven by four key resonances, which are given on Table 3.2. It should
first be noted that the frequencies and resonances given in Table 3.2 are the uncoupled frequen-
cies described in Appendix A.1.3. In reality, the true frequencies and resonance locations are

slightly different (and more complicated) and the uncoupled frequencies are only meant to be a
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qualitative indicator here. In this case, the uncoupled resonances do an adequate job in predicting
the locations of resonances.

The three prominent frequencies seem to be the mean motion, n", the free libration fre-

uc
prc*

quency, wjy, and the secondary’s spin precession frequency, w These frequencies have the
superscript uc to indicate that they are uncoupled and merely an approximation to the real fre-
quency. To first order, the free libration frequency is approximated by Eq. (3.4). For a uniform
triaxial ellipsoid, the principal moments of inertia can be rewritten in terms of the corresponding
semi-axis lengths a, b, and c. The libration frequency, wjj is in a 1:1 resonance with the mean
motion when a/b = v/2 and a 2:1 resonance when a/b = \/IB/T These resonances appear as

two faint vertical lines on Fig. 3.5a and are referred to as R4 and R, respectively, in Table 3.2.

The secondary’s spin precession frequency, wy, is more complicated and is given in Ap-

pendix A.1.3. For certain combinations of a/b and b/c, w can enter a 2:1 resonance with w{!

pre
or a 2:1 resonance with n. These two resonances make up the two wing-like structures in Fig.
3.5a and are called R, and R, respectively, in Table 3.2. These four resonances among the three
frequencies are certainly not the only ones playing a role in the structure of the instability region,
but seem to be the dominant contributors.

The maximum libration angle achieved for each secondary shape after a one-year simula-
tion is shown in Fig. 3.6. This angle is not necessarily entirely within the orbit plane and can
have nonplanar components that we investigate later. When the libration angle exceeds 90°, we
consider Dimorphos to have broken from synchronous rotation, which is shown in white on the
plot. Even for 5 = 1, we see there are a significant number of cases in which the libration angle
has exceeded 90°, and when S = 3, nearly half of the parameter space has exceeded 90°. We

find that the cases where the libration amplitude exceeds 90° are largely correlated to chaotic
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Figure 3.5: A fast Lyapunov indicator map of the parameter space, with larger values indicating
unstable, chaotic motion in the secondary’s spin state. The uncoupled resonance locations from
Table 3.2 are overlaid to show the dominant drivers of instability.

Name | Resonance
R1 Wiy = 2w
Ro n' = 2w
Rs n' = 2w
R4 Wiy = n'¢

Table 3.2: The four main resonances driving Dimorphos’s attitude instability. wjf is the free

libration frequency of the secondary, n" is the mean motion, and wy is the spin precession

frequency of the secondary. We use the superscript uc to indicate that these frequencies are
uncoupled and are only approximations of their real value in the fully coupled problem.

motion identified by the FLI. The four resonances identified in the FLI analysis are overlaid onto
the libration plots to show the qualitative agreement between the analytic, uncoupled resonance
locations and the instability regions. However, when the secondary’s spin state becomes signif-
icantly excited (i.e., large nonplanar oscillations), the simplified 3D model is no longer valid,

requiring the use of a fully coupled solver.
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Figure 3.6: The maximum libration amplitude for 5 = 1 and § = 3 as a function of the

secondary’s axial ratios a/b and b/c, according to the simplified 3D model. When the libration
angle exceeds 90°, the satellite has broken from synchronous rotation. The uncoupled resonance
locations from Table 3.2 are overlaid to show the dominant drivers of instability.

3.4.3 GUBAS Results

Equivalent simulations were run in GUBAS over the full parameter space of a/b and b/c
for 3 values of 1, 3, and 5. The core differences between the two simulation codes is the use of
the radar-derived polyhedral shape model for the primary, expansion of the mutual gravitational
potential to higher order (4"), and full coupling between the body spins and mutual orbit. The
maximum libration amplitude achieved over the course of the one-year simulations is shown in
Fig. 3.7 for § = 1 and 8 = 3. Again, the libration angle is considered to be the angle between
Dimorphos’s long axis and the LOC, which is not necessarily planar. When $ = 1, no cases
exceed 90° and only a select few do at 3 = 3. The libration amplitudes are quite large, but much
smaller than those in the simplified 3D model runs. This is a direct result of Dimorphos traveling
on a fully coupled orbit rather than the predetermined one in the simplified model. Put simply,

the secondary transfers excess spin energy to the mutual orbit, keeping the libration amplitude
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Figure 3.7: The maximum libration amplitude in GUBAS simulations with the theoretical res-
onances from Table 3.2 overlaid. We recover the same general dynamical structure seen in the
simplified 3D model. However, the libration amplitudes are far smaller than those in the simpli-
fied model (Fig. 3.6), and only a few cases ever exceed the 90° threshold for leaving synchronous
rotation. Note the different colorbar scales for 3.7a and 3.7b.

from exceeding 90°. The libration amplitudes are still relatively large however, and given the
chaotic nature of Dimorphos’s tumbling state, it is possible that these cases could break from

synchronous rotation after longer integration times.

3.4.3.1 Dimorphos’s attitude instability

Instead of looking at just the libration angle defined as the angle between Dimorphos’s
long axis and the LOC, we can examine the 1-2-3 Euler angle set that make up the secondary’s
attitude as described in Section 3.2.1. Figure 3.8 shows a time series of the three Euler angles for
the simulation where 5 = 1 for two different shapes of the secondary. Fig. 3.8a shows the Euler
angles for a secondary in which a/b = 1.3 and b/c = 1.2, which represents a typical simulation
in which the secondary’s attitude remains stable. The roll and pitch angles remain small, hovering

around zero, while the yaw angle steadily librates around an equilibrium. Changing the shape
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Figure 3.8: Time-series plots of the secondary’s three Euler angles for two different secondary
shapes: a/b = 1.3,b/c = 1.2 (a typical stable case) and a/b = 1.4,b/c = 1.3 (a typical unstable
case). Note the difference in angle-axis scales for each Euler angle. The time axis shows the time
since the DART impact (impact occurs at time = 0).

only slightly to a/b = 1.4 and b/c = 1.3, Fig. 3.8b shows a typical example where the secondary’s
attitude becomes unstable. Roughly ~10 days after the DART impact, the secondary’s roll and
pitch angles become excited, reaching angles of ~20° and ~4° respectively. After the initial
excitement of the roll and pitch angles, there is a continuous energy exchange between the planar
and nonplanar degrees of freedom, indicated by the simultaneous changes in the roll and pitch
angles.

The attitude stability over the full parameter space when 5 = 1 is shown on Fig. 3.9a,
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with the maximum roll, pitch, and yaw angles achieved by Dimorphos over the full simulation.
When Dimorphos’s attitude is broken into its constituent components, we can see very clearly that
the same resonances found with the simplified 3D model are driving the instabilities in the fully
coupled problem. The most significant result here is the tendency for more-elongated secondaries
to roll about their long axis, reaching angles of nearly 90° (almost rolling over), an effect that
would have gone unnoticed by just computing the libration angle.

Figure 3.9b shows the maximum Euler angles when 8 = 3. Note the difference in color-
bar scale for the yaw angle between Figs. 3.9a and 3.9b. When £ is increased to 3, we see the
overall shape of the instability region stay the same, with the size of the region and magnitude of
the maximum angle increasing. The most obvious difference is that many of the more-elongated
secondaries exceed a roll angle of 90°, indicating that they have either rolled over or are continu-
ously rolling. In most of these cases, the secondary has rolled over without technically breaking
from synchronous rotation (defined by the libration angle exceeding 90°). The implications for
this are discussed in Section 3.5.2. We also see that a select few cases have exceeded 90° in yaw
near the intersection of resonances.

Finally, for completeness, we show the same maximum Euler angle plots when = 5
in Fig. 3.9c, where over half of the parameter space has become unstable and exhibits chaotic
tumbling motion. To get a rough understanding of what this tumbling motion looks like over
time, we show time-series plots of the three Euler angles for two shapes of the secondary on Fig.
3.10. Fig. 3.10a corresponds to a/b = 1.29 and b/c = 1.30, which lies in the “stable island”
near the middle of the parameter space from Fig. 3.9c. This subplot shows regular, stable motion
over the course of the entire year. Shown in Fig.3.10b, the attitude instability sets in after ~15

days, with long-axis rolling commencing at ~60 days when the b/c axis ratio is changed only
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Figure 3.9: The maximum Euler angles over a one-year simulation for 5 = 1, 3 and 5. Cases that
exceed 90° are shown in white. The pitch angle (6-) is defined between 0° and 90°, and therefore
never exceeds 90°. The uncoupled, analytic resonance locations from Table 3.2 are overlaid.
Over half of the parameter space is attitude unstable, dominated by rolling about the secondary’s
long axis, when 3 = 5.
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slightly from 1.30 to 1.31. This highlights how sensitive the instability can be to the shape of
the secondary. To put this in perspective, the physical extents along each axis of these two body
shapes differ by a fraction of a meter compared to the ~100 m scale of the full axes, yet one

enters a chaotic spin state and the other remains stable.

3.5 Discussion

3.5.1 Implications of a post-impact tumbling state

One concern about a post-impact tumbling state is that the periodic (and chaotic) exchange
of angular momentum between the mutual orbit and Dimorphos’s spin state could affect the
post-impact ground-based measurements of the orbit period. This could cause a portion of the
orbit period change to be misattributed to the DART impact, and complicate the estimate of
£ based on the orbit period change, which is a Level 1 mission requirement. To get a rough
idea of how important this effect might be, we compare the energy of the mutual orbit (which
determines the orbit period) with Dimorphos’s spin energy. To first order, we can estimate the

energy in the mutual orbit by assuming the bodies behave as point-masses, so the problem reduces

GMp Mg
T

2=, where My

to a Keplerian orbit. Then the orbital energy can be written as F,;, ~ —
and Mp are the respective body masses, 7 is the binary semimajor axis, and G is the standard
gravitational parameter. The secondary’s spin energy can be written as Fg = %CwQ, where C'
is Dimorphos’s largest principal moment of inertia, and w is the spin rate. If Dimorphos is a
uniform ellipsoid in synchronous rotation, we can write ' = %%(az + b2) (%)2, where a

and b are Dimorphos’s semimajor and semi-intermediate axis lengths, and Py, is the binary orbit

period. Choosing axial ratios for Dimorphos that lie in the middle of the parameter space studied
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Figure 3.10: Time-series plots of the secondary’s three Euler angles for two different secondary
shapes: a/b = 1.29,b/c = 1.30 (a stable case) and a/b = 1.29,b/c = 1.31 (an unstable case).
The physical semi-axis lengths are listed in the subcaptions. Although these two shapes differ by a
fraction of a meter in their respective semi-axes lengths, their attitude evolutions vary drastically.
Note the different angle-axis scales on each plot. Again, the DART impact occurs at time = 0.
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in this work (a/b = b/c = 1.25) along with nominal parameters for the system,’ we find a value
of Ep/Eqyp ~ 0.25%°, meaning that the energy in Dimorphos’s rotation is much less than the
energy of the mutual orbit. This indicates that even relatively large changes in Dimorphos’s spin
state should be small compared to the energy in the mutual orbit, meaning that any spin-state-
induced changes to the orbit period should be a small effect. In other words, spin-orbit coupling
or a chaotic tumbling state is unlikely to affect the Level 1 requirement to measure . The
uncertainties in the 5 measurement will be dominated by uncertainties in Dimorphos’s mass, the
impact location and surface normal, and the ejecta cone geometry (Rivkin et al., 2021). However,
a focused study on secular changes to the mutual orbit resulting from a tumbling secondary
could be valuable. This effort is planned for future work, as this study concentrated only on
Dimorphos’s spin state resulting from the DART impact.

If Dimorphos begins chaotically tumbling, it is possible but highly unlikely to be detected
via ground-based observations, given the required precision to measure sufficiently small fluctu-
ations in the lightcurve (Pravec, P., personal communication, 2021). Of course, this is dependent
on the details of Dimorphos’s shape, the observing geometry, and available telescope facilities,
but even under ideal conditions, such a measurement is likely unachievable from the ground dur-
ing the first few years after the impact. However, if the tumbling persists for several years, Hera
will be able to provide detailed measurements upon arrival (Michel et al., 2018). In particular,
the Hera mission design requirements state that the spin pole orientation shall be measured to a
precision of 1°, and therefore, Hera will be able to accurately characterize any deviation larger

than that. The visible and infrared cameras as well as the radio science on-board Hera can all be

SBased on current observations and an assumed Keplerian orbit, we have My, = 5.37 x 101! kg, My = 4.97 x
10% kg, r = 1190 m, Py, = 11.9217 h. Further, if a/b = b/c = 1.25, we have a = 101.875 m and b = 81.5 m.
®A similar approach can be used for the spin and orbital angular momenta, where we get L /Lop, ~ 2 x 1075,
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used to constrain Dimorphos’s spin state, provided sufficient accuracy in the orientation and po-
sition of the spacecraft. Hera’s two CubeSats, especially once landed on the surface, will increase
the measurement precision of Dimorphos’s spin state. The synergies between the instruments of
Hera will thus offer the opportunity to investigate the rotational state of Dimorphos, checking
the predictions and consequences of the DART impact. We note that a chaotic tumbling state
should not influence most of Hera operations. However, if Dimorphos is tumbling, the attitude
reconstruction of Hera will have to rely on star tracking until the rotation state is constrained well
enough to rely on landmarks. Only during very close proximity operations, like close flybys, will
Dimorphos’s spin state need to be taken into account. This could potentially add challenges for

close operations with the CubeSats and their landing trajectories.

3.5.2 The Barrel Instability

The “barrel instability” is a low-energy instability in which an elongated secondary in an
eccentric orbit enters a long-axis rotation state while remaining tidally locked (Cuk et al., 2020).
We find similar behavior in the simulations presented here (indicated by large roll angles), sug-
gesting that a post-impact rolling state about the long axis is a possible outcome. The GUBAS
simulations show that the secondary can rotate about its long axis, even if the secondary’s long
axis remains aligned with the line of centers (i.e., libration angle < 90°).

Through the YORP effect, the spins of asteroids can be altered by the absorption of sunlight
and anisotropic re-emission as thermal radiation resulting in a net torque (Rubincam, 2000).
This process has an analog for binary systems, commonly referred to as the binary-YORP or

BYORP effect, whereby a tidally-locked satellite’s thermal emission contributes a net torque to
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the mutual orbit, leading to secular changes in the mutual orbit’s semimajor axis and eccentricity
(Cuk and Burns, 2005). Because the BYORP effect requires a synchronous secondary, a rolling
or tumbling state resulting from a DART-like impact would terminate the BYORP process, even
if the secondary’s long axis remains aligned with the LOC.

The orbital solution for the Didymos binary is achieved by fitting the timing of mutual
events to an orbit model (Scheirich and Pravec, 2009). The model includes the quadratic drift of
the secondary’s mean anomaly due to secular changes in the semimajor axis that result from the
combined effect of BYORP and tides. Based on historical data and recent observations during the
2020-2021 apparition, the latest best-fit solution to Dimorphos’s mean anomaly acceleration is
0.1340.14 deg yr—? (Scheirich and Pravec, personal communication, 2021). The mean anomaly
acceleration corresponds to a drift in the mean motion of 7 = 4.45 +£4.91 x 10" rad s ? and a
drift in the semimajor axis of @ ~ —0.076 cm yr—!. The measured mean anomaly acceleration is
extremely small, with the 3-sigma uncertainty including zero, meaning that any secular changes
to the orbit are small, if not zero. This implies that Dimorphos may be in (or very close to)
a BYORP-tide equilibrium, a state predicted analytically by Jacobson and Scheeres (2011b) in
which tides and BYORP effectively cancel each other. If the DART impact excites an attitude
instability, the resulting rolling and/or tumbling motion of Dimorphos would shut off the BYORP
process (Cuk et al., 2020). Because secular changes in the semimajor axis due to tides do not
require a synchronous secondary’ (Goldreich and Sari, 2009; Murray and Dermott, 2000), the
termination of BYORP would allow the mutual orbit to begin to evolve solely under the influence

of tides. It should be noted here that we do not know how effective the tides are at suppressing

7 Although spin synchronization of the secondary is the fastest tidal process, it is not a prerequisite for the mu-
tual orbit to expand through tides. So the mutual orbit would evolve concurrently as the secondary begins to re-
synchronize.

87



Dimorphos’s attitude instability. It may be possible, but unlikely, that tides could shrink the
parameter space of cases that become attitude unstable to begin with. Or, tides may suppress the
attitude instability after it has begun, so that the system finds the BYORP-tide equilibrium again.
In either case, this knowledge could be used to place a constraint on the tidal parameters of the
system.

If, however, the BYORP effect is terminated due to an attitude instability, it could present
a unique opportunity to constrain the tidal parameters of the system. Under the assumption that
Didymos is currently in a BYORP-tide equilibrium, the quantity B()/k can be estimated from
observable quantities, where B is the BYORP coefficient, () is the tidal quality factor, and & is the
tidal Love number. The BYORP coefficient, B, is a unitless parameter that depends only on the
shape of the secondary and quantifies the degree of symmetry of the body. The quality factor ()
describes the efficiency of energy dissipation through tides (Goldreich and Soter, 1966). Finally,
the Love number k describes the gravitational response of a body to tides and can be thought of
as the ratio of additional gravitational potential produced by a body in response to the perturbing
potential to the perturbing potential itself. Jacobson and Scheeres (2011b) derive an equation for

BQ/k, for a binary asteroid in BYORP-tide equilibrium,

BQ  2mwipRiq"?
kp  Hola/R,)T

(3.30)

where £, is the Love number of the primary, wy is the spin-disruption limit, p is the bulk density
of both bodies, 1z, is the radius of the primary, g is the secondary-to-primary mass ratio, f, is the
radiation pressure, and a is the binary semimajor axis. The spin disruption limit can be written as

wg = /47Gp/3 and we assume that both the primary and secondary have the same bulk density,
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so there is only one value for p. We can also write H,, = Fp,/ (aé M), where a, and eg
are the heliocentric semimajor axis and eccentricity, and F}; is the solar radiation constant, which
is ~10?2 g cm s~2 (McMahon and Scheeres, 2010).

Based on nominal parameters for Didymos from the literature, we have p = 2.17g cm ™3,
Ry, = 390 m, g = 0.00926, ac = 1.644 au, and e, = 0.384 (Naidu et al., 2020a; Pravec et al.,
2006; Scheirich and Pravec, 2009)%. Plugging in numbers, we find BQ/k, ~ 555. A proper
treatment of error propagation would show that the uncertainties on BQ)/k can be relatively
large (Jacobson and Scheeres, 2011b), due to the uncertainties in all the observable parameters.
However, these will decrease with future ground-based observations and DART imagery leading
up to the moment of impact.

If the secondary then enters a tumbling state following the DART impact, BYORP will shut
off and the system will evolve primarily through tides. After such an excitation, the tides between
the binary components will dissipate energy working to bring it back to a minimum energy state.
Spin synchronization, the fastest-evolving tidal process, will be driven by tides raised on the
secondary by the primary. Meanwhile, tides raised on the primary by the secondary will act to
increase the mutual semi-major axis and eccentricity. However, tides raised on the secondary will
act to damp the eccentricity along with the radial and librational tides (Goldreich and Sari, 2009;
Murray and Dermott, 2000). The “barrel instability”, or rolling about the secondary’s long axis
will not be damped by any of these tides. However, it is sensitive to obliquity tides so long as the

secondary’s spin axis is unaligned with the mutual orbit pole. Given the limited knowledge of

@/ for asteroids and the relative strengths of each tidal mechanism, we provide a simple order-

8These values are derived or taken from the listed references. Note that they may be slightly different than the
values used in the simulations presented in this paper
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of-magnitude estimate for only the rate of change in the semimajor axis due to the tides raised on
the primary by the secondary. If the tides are strong enough, then it may be possible to measure
a secular change in the mean anomaly (and therefore the semimajor axis), either through ground-
based observations or when Hera makes its rendezvous in 2026. If a change in the semimajor axis
can be measured (fli—‘;) , then it would be possible to estimate (/% to constrain the tidal properties
of the system. For low eccentricity, the rate of change in the semimajor axis can be approximated

as (Goldreich and Sari, 2009),

lda ky(Rp\°
L (7> | (331)

where n is the mean motion. Although the ratio k/Q (or Q/k) is commonly used to parameterize
a body’s tidal response, its value and scaling relationship with other physical properties remain
open questions for rubble piles. For example, Goldreich and Sari (2009) find that k& should
scale linearly with the body’s radius, while Jacobson and Scheeres (2011b) find that the scaling
should vary inversely with the radius. For a Didymos-like system, Nimmo and Matsuyama (2019)
suggest that Q/k ~ 10°. For the sake of demonstration, we can plug this value into Eq. (3.31)
to get an estimate of Z—‘Z ~ (.58 cm yr~!. Although this is a small number, a value of ~1 cm s™*
has been measured for near-Earth binary Moshup through ground-based measurements of the
system’s mean anomaly acceleration (Scheirich et al., 2021). In addition, the rendezvous of
the Hera spacecraft will make it possible to make much-higher-precision measurements than
are possible from the ground. Furthermore, spin synchronization is the fastest-evolving tidal

process, meaning that Hera should be able to measure a secular change to Dimorphos’s spin if its

semimajor axis drift is also measurable.
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The BYORP coefficient, B, depends only on the secondary’s shape, and can therefore be
calculated from a shape model which will become available after the DART impact (and refined
with Hera measurements). Scheirich et al. (2015) show that an independent measurement of 53
derived from a shape model can be combined with an independent measurement of BQ)/k at the
BYORP-tide equilibrium to obtain a non-degenerate solution for both B and ) /k. When a shape
model for Dimorphos is created, it will be possible to do this, so long as the system is actually
in the BYORP-tide equilibrium prior to impact. Although this approach will be dependent on
the resolution scale of the shape model and further complicated by the fact that the crater formed
by DART will slightly alter Dimorphos’s shape and affect B. If the barrel instability is triggered
following the impact, a separate, independent measurement of () /k can be made using Eq. (3.31).
Therefore it may be possible to have three independent measurements constraining the BYORP
and tidal evolution of the system: B(Q/k prior to impact, Q/k after impact, and B from the
secondary’s shape model.

Such a measurement of the tidal and BYORP parameters of the system is of course compli-
cated by a variety of factors. First, an excitation of the secondary’s spin state could induce local
slope failure, leading to possible deformation and surface motion. This would create a direct dy-
namical effect on the system’s evolution if the secondary’s shape changes plus additional energy
dissipation due to surface motion that would muddle any measurement of tidal dissipation. Sec-
ond, the crater created by the DART impact could have a minor effect on the secondary’s mass
distribution and potentially a major effect on its BYORP coefficient, given the high sensitivity of
B to the body shape. Third, the primary’s spin rate sits right at the critical spin limit for a non-
cohesive spherical body, meaning that the acceleration required to loft material near the surface is

quite small. There is a possibility that "tidal saltation”, a process by which the tidal acceleration
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of the secondary lofts material off the surface of the primary (Harris et al., 2009). This results in
a transfer of angular momentum from the primary to the mutual orbit as the material is lofted and
falls back to the surface. This process would enhance the effect of tidal evolution in addition to
serve as a 'breaking’ mechanism that prevents YORP spin-up from driving the primary beyond
its critical spin limit. A related effect could be larger global-scale reshaping of Didymos and its
effect on the mutual orbit (Hirabayashi et al., 2017, 2019). These examples are only a select few
effects that could lead to long-term changes to Dimorphos’s mutual orbit and spin state that could

(%]

complicate any future measurements of the system’s tidal parameters.

3.6 Conclusions

We presented three independent methods—one analytic and two numerical—to study the
attitude dynamics of Dimorphos. The analytic model found four fundamental periods of mo-
tion relating to the mean motion and the free libration, precession, and nutation frequencies of
the secondary. At the resonance locations among these various frequencies, we predicted that
unstable motion could be possible. Then, using the “simplified 3D model”, we simulated the
post-impact attitude evolution of the secondary when 5 = 1 and 3, where we found several of the
predicted resonances and verified that they did produce unstable motion. Using fast Lyapunov
indicators, we demonstrated that the secondary’s attitude evolves chaotically at the resonance lo-
cations. Then, using GUBAS, we verified the results of the simplified 3D model. We found that
the simplified 3D model predicted the instability regions correctly but overestimated the magni-
tude in the libration amplitudes, but GUBAS (or any other fully-coupled F2BP code) is necessary

to accurately predict the amplitude of oscillations in the instability regions. The GUBAS simula-
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tions also demonstrated that the secondary is especially prone to unstable rotation about its long
axis. The implications for a post-impact tumbling and/or rolling state were discussed, including
the consequences for Hera, the possibility of terminating any BYORP drift, and measuring the
tidal parameters of the system.

In this work, we assumed an idealized impact in which the DART momentum is transferred
entirely within the mutual orbit plane with no instantaneous change to the secondary’s spin (i.e.,
a centered impact). In reality, the DART momentum vector will nominally be misaligned with
respect to the mutual orbit plane by an angle between 5° and 30° with respect to the orbit plane,
imparting some nonplanar motion to the mutual orbit. In addition, the DART impact is unlikely
to be perfectly aligned with the center of mass, and will deliver an instantaneous torque to the
secondary. We expect that these effects will lead to the development of attitude instabilities at
earlier times and make a larger portion of the parameter space unstable. In addition, the pre-
impact state of the system was in an idealized relaxed dynamical state. For these reasons, the
results presented in this work should be viewed as a lower bound on Dimorphos’s post-impact
spin dynamics. The exploration of non-planar, off-center impacts, including non-relaxed pre-
impact states is planned for future work.

Finally, with ongoing GUBAS code development, including a tidal evolution model, we plan
to explore the role that tides may play in the Didymos system. As a function of the tidal parame-
ters k and (), we will investigate the likelihood of exciting the attitude instabilities demonstrated
in this work, and predict the dissipation of Dimorphos’s spin state, if excited. This may make it

possible to predict the binary orbital evolution on timescales relevant to the Hera mission.
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Chapter 4: Rubble-pile modeling of the Didymos system

4.1 Chapter Preface

This chapter was published in The Planetary Science Journal under the title, “Dynamical
evolution of the Didymos-Dimorphos binary asteroid as rubble piles following the DART impact”
(Agrusa et al., 2022a). This paper was written as a follow-up to Agrusa et al. (2021) (Chapter
3) in order to fulfil another DART Investigation Task Plan item to understand the role that a
“rubble pile” structure might play in the ensuing post-impact dynamics. The first part of this
paper verified the post-impact spin state predictions of the previous rigid-body simulations. Then
the second half explored regimes where the rubble-pile nature of either Didymos or Dimorphos
may play an important role in the dynamics, where we found that an unusual secondary shape
or a high value of 5 may necessitate the use of the N-body methods to treat each component
as a gravitational aggregate. However, in “typical” circumstances, we found that the rigid-body
methods of previous studies should be sufficient to propagate the post-impact spin and orbital
evolution of Dimorphos.

Although I led the study, much of it would have been impossible without major contri-
butions from my collaborators. Fabio Ferrari provided Sections 4.3.3 and 4.5.1 and Yun Zhang
provided Section 4.4.2. This chapter is presented with minimal modification from its previously

published version. Some of the introductory material may be somewhat repetitive with the Chap-
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ter 1, so the reader may skip to Section 4.3 if desired.

4.2 Introduction

Launched on November 24, 2021 and arriving at the Didymos system on September of
26, 2022, NASA’s Double Asteroid Redirection Test (DART) will be the first planetary defense-
oriented mission to conduct a kinetic impact on an asteroid (Cheng et al., 2018; Rivkin et al.,
2021). The target of the mission is Dimorphos, the smaller component of the binary asteroid
65803 Didymos. The DART spacecraft will intercept Dimorphos, making an approximate head-
on impact, which will slow Dimorphos’s relative speed, leading to a reduction in the mutual
semimajor axis and orbit period of the binary system. The change in orbit period can then be
measured using ground-based observations (Naidu2022; Pravec et al., 2022) to ultimately infer
the momentum enhancement factor, 3, a unitless quantity that describes how much net momen-
tum is transferred to the target body (Rivkin et al., 2021; Stickle et al., 2022). Prior to DART’s
kinetic impact, the spacecraft will deploy the Light Italian CubeSat for Imaging of Asteroids (LI-
CIAcube) cubesat, which will fly by the system, imaging the early stages of the cratering process
as well as provide images of the system from different angles to improve Dimorphos’s shape
determination, and possibly provide information on the surface characteristics. (Cheng et al.,
2022; Dotto et al., 2021; Pajola et al., 2022). Lead by the European Space Agency, the Hera
spacecraft will then visit Dimorphos 4 yr after the DART impact. Hera consists of an orbiter
and two cubesats, called Juventas and Milani, that will fully characterize the physical (including
interior), compositional, and dynamical states of the system (Michel et al., 2018). Hera will also

further assess the impact effects, in particular the size and morphology of the crater left by DART
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in addition to a precise measurement of Dimorphos’s mass in order to improve the estimate of
(Michel et al., 2022). Together, DART and Hera constitute the Asteroid Impact and Deflection
Assessment (AIDA) cooperation between the two space agencies.

The shape, spin, and size of Didymos in addition to the mutual orbit period and average
separation of the binary are relatively well understood (Fang and Margot, 2012; Naidu et al.,
2020a; Scheirich and Pravec, 2009, 2022). However, both the shape and spin state of Dimorphos
are poorly constrained. It is often assumed that Dimorphos is in a relaxed, tidally locked state,
meaning that its spin period matches the measured mutual orbit period of ~11.9216 hr and its
libration amplitude is small, although this has not yet been directly confirmed (Richardson et
al., 2022). Regardless of Dimorphos’s preimpact dynamical state, DART’s perturbation to the
mutual orbit will likely excite Dimorphos’s spin state as a result of the high degree of spin-
orbit coupling due to the irregular shapes of both components and their close proximity. The
degree of excitation will be highly dependent on the magnitude of 3, in addition to Dimorphos’s
shape, which is assumed to be a tri-axial ellipsoid and commonly parameterized by its ellipsoidal
axis ratios a/b and b/c, with a > b > c¢. Using rigid, full two-body simulations, Agrusa et al.
(2021) demonstrated that Dimorphos can become attitude unstable, and its spin state could evolve
chaotically as a result of the impact, depending on its shape (i.e., moments of inertia). However,
it is unclear how relaxing the rigid-body formalism to allow the bodies to behave as rubble piles
will affect the binary dynamics and attitude-stability properties of Dimorphos.

The fast rotation rate and oblate shape of Didymos is indicative of a rubble-pile structure
(Walsh, 2018). Furthermore, if Dimorphos has a common origin (YORP-induced fission or mass
loss and subsequent reaccumulation in orbit, for example), then it is quite plausible that both
bodies are rubble piles (Jacobson and Scheeres, 2011a; Walsh et al., 2008). Therefore, extending
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previous rigid-body studies to include granular physics while maintaining high-fidelity model-
ing of the mutual spin and orbital dynamics represents an important next step in simulating the
post-impact evolution of the Didymos binary. This work presents our first steps at studying and
constraining the dynamical implications of a rubble-pile treatment. Therefore, we focused our
efforts on understanding the limits at which rubble-pile effects are important. Assuming that
Didymos and/or Dimorphos are confirmed to be rubble piles upon DART’s arrival, the parame-
ter space of possible body shapes, particle-size distributions, etc., will also be greatly reduced,
allowing us to eventually have a better handle on the relative importance of rubble-pile effects.

As a point of clarification, this work focuses on the dynamical evolution of the system when
one or both bodies are treated as rubble piles and allowed to deform over time. In this work, we
do not consider immediate deformation due to the DART impact itself. We refer the reader to
the companion papers by Hirabayashi et al. (2022) and Nakano et al. (2022) that model the direct
deformation of Didymos or Dimorphos due to the DART impact and propagate the resulting
system as rigid bodies. The degree of shape deformation that DART will cause is unclear, as
it depends on many unknowns such as the bulk density, cohesion, boulder distribution, among
many other parameters. Recent numerical simulations by Raducan and Jutzi (2022) indicate that
a DART-scale impact could significantly deform and resurface Dimorphos if it has low cohesive
strength. This nonzero possibility of significant impact-induced shape change is something to
consider in future work, depending on the outcome of the DART impact. Combined imagery
from DART and LICIAcube will be crucial in determining the impact outcome prior to Hera’s
arrival.

In Section 4.3, we introduce the simulation codes employed in this work and briefly de-

scribe how these simulations are set up. Section 4.4 compares the mutual dynamics of the system
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when treated as rubble piles versus rigid bodies and finds that rigid-body and rubble-pile models
are in broad agreement in typical circumstances. Then, Section 4.5 explores the limits at which
the rubble-pile structure of Didymos or Dimorphos may affect the dynamics and, conversely,
the limits at which the dynamics may affect the structure of either body. Finally, Section 4.6

summarizes this research and discusses future work to follow after the DART impact.

4.3 Methodology

We study the dynamics of the Didymos binary system with self-gravitating, rubble-pile
models of Didymos and Dimorphos using the N-body granular physics codes PKDGRAV and
GRAINS. In addition, the GUBAS full two-body problem (F2BP) code is used as an additional
point of comparison with rigid-body results. For convenience, we provide the current best esti-
mates for the physical and dynamical parameters at the time of this writing in Table 4.1. These
parameters can also be found in Appendix A of Rivkin et al. (2021), but are updated here with
the latest values as of this writing based on the Design Reference Asteroid v. 3.2 (DRA; DART
mission internal document). These values may not necessarily match exactly those used in the
simulations presented here, although they are all close and within the estimated uncertainties of

the system. The three codes used in this work are briefly described below.

4.3.1 GUBAS

The General Use Binary Asteroid Simulator (GUBAS) is an open-source' simulation tool

that can quickly solve for the coupled spin and orbital motion of two arbitrarily shaped rigid

The code is available at ht tps: //github.com/alex-b-davis/gubas and can be effectively run with
a single core on a desktop computer.
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Parameter Value

Volume-equivalent Diameter of Primary Dp 780 £30m
Volume-equivalent Diameter of Secondary Dg 164 + 18 m

Bulk Densities of Components pp 2170 + 350 kg m—3

Mean Separation of Component Centers a,i, 1.20 £ 0.03 km

Secondary Shape Elongation a/b, b/c 1.3 £ 0.2, 1.2 (assumed)
Total Mass of System M (5.55 + 0.42) x 10" kg
Secondary Orbital Period P, 11.9216289 =+ 0.0000028 h
Secondary Orbital Eccentricity e, < 0.03

Primary Rotation Period Pp 2.2600 £ 0.0001 h
Secondary Rotation Period Pg Py, (assumed tidally locked)
Secondary Orbital Inclination 7., 0° (assumed)

Table 4.1: Selected dynamical parameters from Rivkin et al. (2021) and updated with the latest
values of this writing (DRA v. 3.2).

masses with high fidelity (Davis and Scheeres, 2020a, 2021). GUBAS has been benchmarked
against other F2BP codes, formally adopted for rigid-body modeling of the Didymos system for
the DART mission (Agrusa et al., 2020), and successfully used to model the Didymos—Dimorphos
binary (Agrusa et al., 2021; Meyer et al., 2021). In this work, we consider the motion of the two

bodies solely under their mutual gravity.

4.3.2 PKDGRAV

PKDGRAV is a massively parallel /N-body tree code that can represent each component of
the Didymos system as an aggregate of many spherical particles (Richardson et al., 2000; Stadel,
2001). In this work, the k-d tree code is not used, so the gravitational forces on each particle are
computed by summing directly over all particles at each time step to ensure the highest possible
accuracy at the expense of computational speed (i.e., the full O(N?) N-body problem). The
contact forces on interacting particles are handled using the soft-sphere discrete element method

(SSDEM), which allows for particles to slightly overlap each other with a mediating spring force
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as a proxy for particle deformation (Schwartz et al., 2012). With SSDEM, a user can set pa-
rameters such as the restoring spring constant and coefficients of rolling and twisting friction to
achieve the desired material properties (Zhang et al., 2017). Following common practice, we set
the spring constant such that the overlap between two particles never exceeds 1% of the smallest
particle’s radius. As will be discussed later, this approach may lead to an artificially deformable
body, but it allows us to adequately resolve interparticle contacts without having to resort to pro-
hibitively short time steps. It is also possible to include interparticle cohesive forces in PKDGRAV
(Zhang et al., 2018). Here, we ignore any potential cohesion in Dimorphos in order to observe
the maximum possible effect of its rubble-pile treatment. In all PKDGRAV simulations presented
herein, we select the friction parameters that represent a gravel-like material and yield a friction
angle of ~38° (Zhang et al., 2018). PKDGRAV has already been used and validated in rigid F2BP
studies of the Didymos system (Agrusa et al., 2020), and here we extend our analysis by enabling
the code’s SSDEM feature to fully model Didymos and Dimorphos as rubble piles, rather than

rigid bodies.

4.3.3 GRAINS

GRAINS is a N-body code that accounts for both gravitational and granular physics inter-
actions between a large number of nonspherical particles (Ferrari et al., 2017). Gravity computa-
tions are done using either a direct N2 algorithm, which accounts for the mutual gravity between
all particles in the system, or by using a GPU-based octree implementation of the Barnes—Hut
algorithm (Ferrari et al., 2020). As done with PKDGRAV, we do not use the tree implementation

in order to ensure the highest accuracy of mutual gravity computations in this work. Contact and
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collision interactions are handled using the Smooth Contact Method module of the open-source
multiphysics code CHRONO (Tasora et al., 2016). GRAINS has been used recently to study the
stability and internal structure of Didymos (Ferrari and Tanga, 2022; Hirabayashi et al., 2022). In
this work, we use GRAINS to model Dimorphos as a gravitational aggregate of irregularly shaped,
meter-sized boulders. Each boulder has a different polyhedral shape with about 10 vertices on
average, and an aspect ratio (smallest to largest dimension) between 0.7 and 1. The individual
shape of each fragment is built as the convex hull of a randomly generated cloud of points. This
makes each boulder unique, although all of them are similar in size. The contact parameters are
set to reproduce the properties of gravel-like material and are based on previous benchmarking
studies (Ferrari and Tanga, 2020; Fleischmann et al., 2015; Pazouki et al., 2017). The cohesion

between fragments is set to zero in GRAINS, as cohesive effects are not considered in this work.

4.3.4 Problem Setup

Due to the high computational cost of N-body problems, the number of cases and integra-
tion times had to be limited. Due to this constraint, we employ several simulation approaches to
model different aspects of the system’s dynamics. All things being equal, PKDGRAV simulations
run much faster than GRAINS due to PKDGRAV’s treatment of constituent particles as spheres
rather than polyhedral shapes. Therefore we rely on PKDGRAV to conduct long-term simulations
(~ 1 yr) or for simulating both bodies as rubble piles at high resolution. In this work, GRAINS
is employed in specific shorter-term cases to understand the influence of irregular particle shapes
where computationally feasible. In general, the long-term simulations that focus on Dimorphos’s

spin and attitude properties use PKDGRAV and treat Didymos as a point mass to increase the com-
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putational speed. The exact details and initial conditions for each set of simulations are explained
within their respective subsections to avoid confusion.

In all simulations presented herein, we assume that Dimorphos’s preimpact spin period
matches the observed mutual orbit period. Although a synchronously rotating Dimorphos has not
been directly confirmed with radar and photometry, there is good theoretical and observational
evidence to indicate that this is the most likely preimpact state for Dimorphos. This assumption
is addressed with more detail in a companion paper by Richardson et al. (2022). Some of the
theoretical justifications include the relatively low frequency of natural impacts and close plane-
tary fly-bys (Fuentes-Muioz and Scheeres, 2020; Meyer and Scheeres, 2021), and efficient tidal
dissipation in rubble piles (Goldreich and Sari, 2009; Nimmo and Matsuyama, 2019). The obser-
vational evidence includes a measured upper limit on the binary eccentricity of 0.03 (Scheirich
and Pravec, 2022), as well as the abundance of synchronous rotators in other close binary sys-
tems (Pravec et al., 2016). Furthermore, the best-fit orbital solution indicates a quadratic drift in
the mean anomaly of AMy = 0.15 + 0.14 deg yr ?(3¢), implying that outward tidal expansion
is being overcome by inward BYORP drift (Scheirich and Pravec, 2022). If BYORP is acting
in the system, then this would require a tidally locked secondary (Cuk and Burns, 2005). How-
ever, there are also good theoretical arguments that a nonsynchronous spin state could be easily
excited and long lived (Cuk et al., 2021; Quillen et al., 2022a). If, upon DART’s arrival, there
is a reasonable indication that Dimorphos is in nonsynchronous rotation, then new models will
be needed to incorporate this effect. Furthermore, in all simulations, we assume that the DART
impact will impart an instantaneous Av to Dimorphos’s orbital velocity. We neglect any instan-
taneous changes to Dimorphos’s spin that could result from an off-center impact that imparts a

torque to the body, as such a torque is expected to be relatively small. If, however, DART impacts
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farther than expected from the body’s center-of-mass, then accounting for this torque may be a
topic of future work, depending on the impact outcome. Further discussion of this assumption,
as well as other approximations for the dynamics of the system, is available in Richardson et al.

(2022).

4.4  Spin and Orbital Dynamics as Rubble Piles

As previously mentioned, it is not feasible to treat both bodies as rubble piles over long
integrations while maintaining high resolution and numerical accuracy. Therefore, we take two
approaches to model the system, i.e., the full-rubble-pile approach, in which both Didymos and
Dimorphos are modeled as rubble piles, and the single-rubble-pile approach, where only Dimor-
phos is a rubble pile and Didymos is treated as a point mass. The full-rubble-pile approach is
applied to assess the dynamics on short timescales (days to weeks), and the single-rubble-pile
approach can be used to study the system on longer timescales (years). Although the latter ap-
proach fails to capture any dynamical effects due to Didymos’s higher-order gravity moments,
it still adequately captures the attitude-stability properties of Dimorphos, since this is predomi-
nantly determined by its own shape and the mutual eccentricity (Agrusa et al., 2021; Wisdom,
1987a). However, the higher-order gravity effects, such as those due to Didymos’s J, and Co,
gravity coefficients are captured with the full-rubble-pile approach as well as rigid-body sim-
ulations presented in other works (Agrusa et al., 2021; Meyer et al., 2021; Richardson et al.,

2022)
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4.4.1 Long-term dynamics with a point-mass Didymos

Agrusa et al. (2021) found that the attitude stability of Dimorphos is highly sensitive to
its shape (i.e., moments of inertia). This is a result of resonances that can occur among the or-
bital, libration, spin precession, and nutation frequencies of Dimorphos that can trigger attitude
instabilities. Aside from the orbital frequency (mean motion), these frequencies depend directly
on Dimorphos’s moments of inertia (i.e., shape), which are unknown. In order to extend the
results of Agrusa et al. (2021), we select four possible ellipsoidal shapes for Dimorphos: two
in which previous rigid-body simulations predict the presence of an attitude instability, and two
of which are expected to remain stable at an eccentricity of e~0.025 (i.e., a perturbation to a
circular orbit consistent with 3 = 3). The four selections for the shape of Dimorphos are listed
on Table 4.2. These four cases were selected in order to sample both the unstable and stable
configurations in many parts of the parameter space surveyed by Agrusa et al. (2021). Given that
nonprincipal axis rotation of Dimorphos is commonly observed in simulations (Agrusa et al.,
2021; Cuk et al., 2021; Quillen et al., 2022a), comparing cases across different attitude-stability
regimes is important for benchmarking the rigid-body and rubble-pile approaches. Figure 4.1
shows a modified version of a plot from Agrusa et al. (2021) that displays the maximum Euler
angles achieved by Dimorphos for a year following a DART-like impact in which 5 = 3 based on
GUBAS rigid-body simulations. Overlaid on the plot are the four Dimorphos shapes considered
in this section. Renderings of the four shapes are shown on Fig. 4.2. Case abl.4bcl. 3 is the
most elongated shape considered in this study, and is expected to enter the “barrel instability,”
a phenomenon in which a satellite enters a rolling state about its long axis, which is described

in greater detail in Cuk et al. (2021) and indicated by the roll angle exceeding 90° in Fig. 4.1.
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Figure 4.1: From Agrusa et al. (2021), the maximum Euler angles (roll, pitch, and yaw) achieved
by Dimorphos over a 1 yr simulation in GUBAS following a DART-like perturbation to the mutual
orbit with 8 = 3. The overlaid dots show the four shapes under consideration in this study with
the two expected attitude-stable cases (abl.2bcl.3 and abl.2bcl.1) in red and the two
expected attitude-unstable cases (abl.4bcl.3 and abl.3bcl.2) in black. The structure
of the attitude-stability region is a result of various resonances between the mean motion and
Dimorphos’s libration, spin precession, and nutation frequencies.

Case abl.3bcl. 2 was selected to provide an additional attitude-unstable case and because it is
the nominal shape used by the mission in the DRA. Due to the lack of observational constraints
for Dimorphos, this particular shape was selected for the DRA based on the observed elonga-
tions of the secondary component of other binary systems (Pravec et al., 2016). Finally, cases
abl.2bcl.3 and abl.2bcl.1 were selected due to their strong attitude-stability properties
according to GUBAS rigid-body simulations and to see whether the rubble-pile codes reproduce
the same predicted stability.

Since the attitude-stability properties of Dimorphos are driven primarily by its own shape,
accounting for the oblate shape of Didymos is not necessary, allowing us to simply treat it as a
point mass. The set of PKDGRAV runs presented in this subsection performs a given simulation
two times: once as a rigid body in which all the constituent particles of Dimorphos are locked
together into a rigid aggregate; and once using PKDGRAV’s SSDEM package where Dimorphos
is treated as a rubble pile. This allows for a direct apples-to-apples comparison in which the rigid

and SSDEM cases have identical initial shapes. We also simulate a matching case in GUBAS,
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Name a/b,b/c a, b, c [m] N Mg Agrusa et al. (2021)
[10° kg] prediction for 3 = 3

abl.4bcl.3 1.40,1.30 111.3,79.5,61.2 3737 4.8788 Unstable
abl.3bcl.2 1.30,1.20 103.2,79.4,66.1 3739 4.8831 Unstable
abl.2bcl.3 1.20,1.30 1004, 83.7,64.4 3742 4.8847 Stable
abl.2bcl.1 1.20,1.10 95.0,79.2,72.0 3719 4.8872 Stable

Table 4.2: The body shapes for Dimorphos considered in this section, informed by the larger
parameter sweep used in Agrusa et al. (2021). a/b and b/c are the ellipsoidal axis ratios for
each body shape along with their physical lengths, a, b, and c. We also report the total number
of particles, NV that make up the body, as well as the total mass of the body, Mg. The body
masses vary slightly in the simulation in order to produce a dynamically relaxed preimpact state
of the system. Note that all four bodies are constructed from the same power-law particle-size
distribution and that the bulk size of Dimorphos remains conserved between all cases.

Figure 4.2: The four ellipsoidal representations of Dimorphos in PKDGRAV considered in this
section. Each body is drawn from the same power-law particle-size distribution with an index of
—3 and an average particle radius of ~4.2 m. These are top-down views, meaning that the camera
is situated above Dimorphos’s spin pole. Top left: abl.2bcl.1. Top right: abl.2bcl. 3.
Bottom left: abl.3bcl.2. Bottom right: abl.4bcl. 3.
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although these cases do not match exactly because Dimorphos’s shape is treated as an idealized
ellipsoid. When interpreting the results of this section, the difference between a GUBAS and a
rigid PKDGRAV case shows the fundamental differences between the two codes and their respec-
tive shape representation of Dimorphos, while the differences between the SSDEM and rigid
PKDGRAV cases show any effects due to the deformability of Dimorphos.

This leads to one additional complication: when the rubble-pile Dimorphos is placed into
orbit around Didymaos, it suddenly feels a tidal force that acts to slightly deform its shape into a
new equilibrium configuration. This change is extremely small, but in order to directly compare
with the SSDEM and rigid PKDGRAV cases, we must make sure both bodies have the exact same
starting shape. This is achieved by simulating the preimpact system for 24 hr (~2 orbit periods)
with Dimorphos as a rubble pile, which is sufficiently long for the particles to reach a new relaxed
state. Then the simulation is halted, the constituent particles of Dimorphos are locked into a rigid
aggregate (or left alone for the SSDEM cases), and a Awv is applied to the orbital velocity of
Dimorphos as a proxy for the DART impact. Finally, the simulation is restarted and allowed to
propagate for 1 yr of simulation time.

To summarize, simulations are set up as follows:

1. PKDGRAV particles are generated from a power-law particle-size distribution with an index
of —3.0 and an average particle radius of 4.2 m. The maximum and minimum possible par-
ticle radii are 8.4 and 2.8 m. The power-law index was chosen to be similar to the boulder-
size distribution exponents observed on the surfaces of several asteroids (e.g., Michikami
et al., 2010, 2019; Walsh et al., 2019), and the size cutoffs were chosen such that each

realization of Dimorphos would contain ~4, 000 particles to keep the computational costs
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reasonable. The cloud of particles is allowed to collapse (with all friction parameters set
to zero) to form an approximately spherical body. Then the desired ellipsoidal shape for
Dimorphos is carved out of this rubble pile by simply deleting any particles that lie outside

of its surface.

. After Dimorphos is carved into its desired shape, friction is turned on, and the body is
simulated on its own (no Didymos) to allow it to come to an equilibrium configuration

under self-gravity and spin.

. The initial conditions for the binary orbit were generated using GUBAS and the optimiza-
tion routine described in Agrusa et al. (2021). In this case, the optimization routine used
a point-mass primary and ellipsoidal secondary to derive the initial conditions such that
the resulting system has a spin-synchronous secondary with a mutual semimajor axis and

orbital period that match their respective observed values in Table 4.1.

. The simulation is then started in PKDGRAV and stopped after 24 hr of simulation time (~2
orbit periods). This allows for the rubble-pile model of Dimorphos to come to equilibrium
after it is suddenly feels the tidal stress resulting from being placed in an orbit around the

point-mass Dimorphos.

. After all settling is complete, Dimorphos is given an instantaneous Av as a proxy for the
DART impact. The change in velocity is determined based on the expected mass and

relative velocity of the DART spacecraft, as well as a guess for 5 (5 = 3 is assumed for
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these particular simulations).” Here, we assume that DART imparts all of its momentum
within the mutual orbit plane and opposite Dimorphos’s motion. Due to DART’s expected
near-head-on impact geometry, this planar approximation is not expected to significantly

alter the dynamics (Richardson et al., 2022).?

6. The simulation is then restarted and run for 1 yr of integration time, once as a rigid body
and once using the SSDEM feature. These simulations are run with a time step of ~0.86
s, which is small enough to adequately resolve interparticle contact interactions and is also
well below the 1.875 s time step that was found to be appropriate for accurately modeling

the mutual orbital dynamics with PKDGRAV by Agrusa et al. (2020).

4.4.1.1 Attitude-stable cases

Based on rigid-body simulations, we expect cases abl.2bcl.1 and abl.2bcl.3 to
remain attitude stable against a DART-like impact. Here we show that PKDGRAV simulations
reproduce the same behavior, both as a rigid body and as a rubble pile using SSDEM.

Figure 4.3 shows Dimorphos’s Euler angles (roll, pitch, and yaw) when it has the shape
abl.2bcl.1 and the system is in the relaxed state (i.e., no DART impact). The GUBAS results
show perfect tidal locking (all Euler angles being zero) due to the idealized symmetry: a spherical
primary, a smooth ellipsoidal secondary, and a circular orbit. As discussed earlier, the rubble-pile

realization of Dimorphos does not exactly match the mass distribution of the GUBAS case, mean-

2The mass and relative velocity of the DART spacecraft are assumed to be 535 kg and 6.6 km s~ ', respectively.
Since the time this investigation was begun, the best estimate of the mass and relative velocity has changed to 536 kg
and 6.15 km s~ respectively. Therefore, for a given value of 4 and mass of Dimorphos, these simulations slightly
overestimate the Av that Dimorphos will receive.

3For a simplified, head-on impact, Dimorphos receives Av = —f3 MD%:DART, where Mpart and vpagrt are the
spacecraft’s respective mass and velocity, and My is Dimorphos’s mass.
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Figure 4.3: Evolution of Dimorphos’s Euler angles for abl.2bcl.1 when the system is in a
dynamically relaxed state. The GUBAS rigid case shows perfect tidal locking since the system is
idealized: a circular orbit, spherical primary, and smooth ellipsoidal secondary. The PKDGRAV
simulations (both as a rigid aggregate and SSDEM body) are not quite as relaxed since their mass
distributions do not perfectly match the equivalent GUBAS simulations.

ing that the dynamics are not perfectly relaxed. This is also the reason that the pitch and yaw

angles oscillate around a nonzero value. Although the Euler angle amplitudes are nonzero, the

PKDGRAV simulations are in qualitative agreement with GUBAS, with any minor deviations be-

ing attributable to differences in the shape representations. Furthermore, the rigid and SSDEM

PKDGRAV results are nearly identical and hard to distinguish, meaning that the rigid-body ap-

proximation is more than adequate in this scenario, as we would expect.
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We also show the same model for Dimorphos (abl.2bcl.1) following a DART-like
perturbation consistent with 5 = 3 on Fig. 4.4. The DART perturbation is applied at t = 1 day
and leads to an eccentricity of the mutual orbit of e~0.025. The effect of this can be seen on
the yaw-angle plot in Fig. 4.4a, where Dimorphos starts librating after 1 day. Both PKDGRAV
simulations as well as GUBAS show attitude stability and the same libration amplitude (given
by yaw angle). Furthermore, the rigid and SSDEM PKDGRAV cases are nearly identical, again
indicating that Dimorphos is behaving as a rigid body and that the rigid-body approximation is
adequate for simulating the post-impact attitude dynamics in this case.

Fig. 4.5 shows the post-impact spin evolution of Dimorphos for = 3 but with the
abl.2bcl. 3 shape representation. Here, we see similar behavior: the PKDGRAV cases show
strong qualitative agreement with the matching GUBAS simulation, with minor deviations due
to differences in the body shape representations and the codes themselves. Furthermore, the
rigid and SSDEM PKDGRAV cases show nearly identical behavior, indicating that the rigid-body

approximation is valid in the regime of attitude stability.

4.4.1.2 Attitude-unstable cases

Previous work has shown that Dimorphos’s spin state can evolve chaotically after its atti-
tude becomes unstable. This means that Dimorphos’s spin evolution is highly sensitive to any
small changes in the system or the initial conditions. Therefore, it is impossible for the PKD-
GRAV and GUBAS simulations to match exactly since they do not have the exact same initial
conditions, nor the same numerical integrator. However, we find gualitative agreement between

the GUBAS simulation and both the rigid and SSDEM PKDGRAV simulations for abl.3bcl.2
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Figure 4.4: Evolution of Dimorphos’s Euler angles for abl.2bc1 .1 when Dimorphos’s orbital
velocity is perturbed consistent with a DART impact with 5 = 3. In other words, the mutual
orbit has an eccentricity of ~0.025. The DART impact is applied at ¢ = 1 day, which is when

Dimorphos begins significantly librating.
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Figure 4.5: Evolution of Dimorphos’s Euler angles for abl . 2bc1 .3 when Dimorphos’s orbital
velocity is perturbed consistent with a DART impact with § = 3. In other words, the mutual orbit
has an eccentricity of ~0.025. The DART impact is applied at t = 1 d, which is when Dimorphos

begins significantly librating.
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and abl.4bcl. 3. Generally speaking, if GUBAS predicts a given configuration to be attitude
unstable, we see the same behavior with PKDGRAV.

Figure 4.6 shows the post-impact evolution of Dimorphos’s Euler angles with the shape
abl.3bcl.2 after a DART-like perturbation of 5 = 3. Both PKDGRAV simulations and GUBAS
reveal that Dimorphos should become attitude unstable for this shape and show approximately
the same post-impact libration amplitude of ~20° (yaw angle). In addition, they are in broad
agreement for the amplitude of roll and pitch oscillations once Dimorphos enters the attitude
instability. The main difference between the codes is in the timing of the instability, which is
technically impossible to predict given the chaotic nature of the system. Additionally, the codes
use different numerical integrators, were simulated on different machines, and the rubble-pile
Dimorphos doesn’t have the exact same mass distribution as the idealized ellipsoid, so there is no
reason for us to expect the timing of the instability to match.

Following a DART-like impact, abl.4bcl. 3 is expected to not only be attitude unsta-
ble but should also enter the so-called “barrel instability”, characterized by rotation about the
secondary’s long axis (Cuk et al., 2021). Indeed, PKDGRAV finds the same behavior both when
Dimorphos is treated as a rigid body and a deformable rubble pile, as seen in Fig. 4.7. Although
each case enters the instability at different times, all three cases show the same qualitative be-
havior, with Dimorphos episodically rotating about its long axis (roll angle hitting 180°) and the
pitch and yaw amplitudes capped at ~20° and ~25°, respectively.

In conclusion, the rubble-pile approach reproduces the same qualitative behavior seen in
equivalent rigid-body simulations. This indicates that the rigid-body approach is appropriate, at

least for moderate values of $ and an ellipsoidal secondary.
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Figure 4.6: Evolution of Dimorphos’s Euler angles for abl.3bcl.2 for § = 3. The GUBAS
and PKDGRAV simulations are in broad agreement, both showing attitude instability with about
the same amplitudes in the three Euler angles. The deviations between the three simulations are
attributable to differences between the codes and the shape representation of Dimorphos.
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Figure 4.7: Evolution of Dimorphos’s Euler angles for ab1 . 4bc1l. 3 for = 3. The GUBAS and
PKDGRAV simulations are in broad agreement, both showing the barrel instability, although the
instability occurs at different times. The deviations between the three simulations are attributable
to differences between the codes and the shape representation of Dimorphos.
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4.4.2  Short-term dynamics with Full Rubble Piles

Increasing in complexity, we then simulate the system with both Didymos and Dimorphos
modeled as rubble piles. A rubble-pile model composed of 13,049 particles is constructed based
on the radar-derived shape model of Didymos (Naidu et al., 2020a) to capture its irregular top-
like shape. This choice of particle number represents the optimal compromise between the model
resolution and computational cost. The sizes of these particles range from ~7.8 to ~31.2 m fol-
lowing a differential power-law distribution with an exponent of —3 (the same as for Dimorphos
in the single-rubble-pile runs). Dimorphos is assumed to be a rubble-pile ellipsoid consisting of
504 particles with the same power-law distribution but smaller sizes, i.e., ~5.4 to ~16.0 m, to
better characterize its shape.* Given that the tidal interaction raised by the primary is expected
to drive the secondary’s spin toward synchronization much more efficiently than in the case of
a monolithic secondary and that the presence of a rubble-pile primary can cause changes in the
orbital semimajor axis and eccentricity more rapidly (Goldreich and Sari, 2009), we focus on a
post-impact attitude-unstable case in this section to investigate the effect of the rubble-pile binary.
A shape with a = 109.93 m, b =~ 81.41 m, ¢ = 60.21 m, is selected to represent the shape of
Dimorphos (similar to the attitude-unstable ab1l.4bcl. 3 case shown in Table 4.2).

The two rubble-pile models were generated via the gravitational collapse and shape-carving
procedure introduced in Section 4.4.1. A quasi-static spin-up procedure (see Section 2.2 in
Zhang et al., 2021) was applied to settle the two models separately to their respective equilibrium
state with the corresponding spin rate, i.e., ~2.26 hr for Didymos and ~11.91 hr for Dimorphos.

Then, the two models were combined in one simulation by assigning the movement of their mass

“Due to the increased computational cost of simulating Didymos as a rubble pile, we simulate Dimorphos at
lower particle resolution than in the previous section.
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Figure 4.8: Rubble-pile representations of Didymos and Dimorphos in PKDGRAV considered
in the full-rubble-pile approach (Section 4.4.2). Each body is drawn from the same power-law
particle-size distribution with an index of —3 and particle radii of ~7.8 to ~31.2 m (Didymos)
and ~5.4 to ~16.0 m (Dimorphos). Particles are color-coded by the speed magnitude to show
the spin orientation of Didymos and the relative orbital speed of Dimorphos. The camera is tilted
~23° above the equatorial plane to better present the two bodies’s shapes.

centers according to the orbital dynamics of the Didymos-Dimorphos system derived from the
point-mass-Didymos approach (see Section 4.4.2). Due to its fast rotation, the Didymos rubble
pile needs some amount of material cohesion to maintain its stability at its assumed density.
Adopting from our previous study (Zhang et al., 2021), we use a macroscopic cohesion of 20 Pa
and a friction angle of 38° to represent the material properties of Didymos. Dimorphos is modeled
with the same friction angle but zero cohesion to provide for the maximum possible effect of the
rubble-pile structure. The full-rubble-pile models were allowed 24 hr to settle down under their
mutual gravity, and then the velocity of Dimorphos was modified along the instantaneous orbital
direction to capture the momentum-change effect of the DART impact (the same procedure as
introduced in Section 4.4.1). Figure 4.8 shows the initial configuration of the full-rubble-pile
model. Simulations were run for 30 days to reveal the short-term dynamics of the rubble-pile
structure.

To investigate the effect of the impact momentum transfer efficiency, we carried out simula-
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Figure 4.9: Evolution of Dimorphos’s spin, shape, coordination number (i.e., the averaged con-
tact number of the rubble pile), and orbital parameters of the full-rubble-pile model. The blue
curves show the evolution without DART impact while the remaining three colors represent the
results of instantaneous DART impacts with different 5 values. We note that ¢ is the Keple-
rian eccentricity, computed at each output based on the instantaneous body position and velocity
vectors.

tions for one case without the DART impact and three cases with the DART impact and different
values of 3. Figure 4.9 shows the evolution of the spin periods, axis ratios, coordination number,
and various orbital parameters of Dimorphos. Considering that the binary orbit deviates from
a Keplerian orbit, the orbital period is evaluated as the time it takes for Dimorphos to complete
each successive 360° revolution, following the orbit period formalism of Meyer et al. (2021). The
orbit is time-varying due to periodic exchanges of angular momentum between the mutual orbit
and Dimorphos’s spin.

As shown in Figure 4.9, without being perturbed by the DART impact, the state of Di-
morphos stays near the nominal observational values oscillating with small magnitudes due to

the deviation of Didymos’s gravity field from the point mass, as shown by the blue curves. The
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rubble-pile Dimorphos behaves like an elastic body, and its shape (¢/a) and averaged contact
number (/NV.) expand and shrink in response to its orbital position and rotational state. The or-
bit and rotation can be further excited by the DART impact. As shown by the curves marked
with different 5 values, the oscillation magnitudes after DART impact increase substantially and
monotonically with larger 5. In the case of § = 1, the averaged orbital period of Dimorphos
decreases to ~11.7 hr, meaning that the DART impact causes a ~720 s change, which is one or-
der of magnitude larger than the Level 1 requirement of the DART mission Rivkin et al. (2021).
With g = 3, this change increases to ~1800 s, and the center separation between the two bodies
is decreased by ~0.03 km on average. The orbital eccentricity is elevated immediately due to the
instantaneous change of orbital speed and then oscillates as angular momentum is exchanged be-
tween the mutual orbit and Dimorphos’s spin state. Due to the irregular gravity field, the orbital
evolution of Dimorphos is not perfectly planar, and the orbital inclination can also be excited by
the DART impact, despite an assumed planar impact. These results are consistent with previous
analyses based on rigid-body dynamics (Agrusa et al., 2021; Meyer et al., 2021; Richardson et
al., 2022).

To better understand the role that the full-rubble-pile model plays in the binary system dy-
namics, we carried out matching rigid-body simulations using GUBAS with both Didymos and
Dimorphos modeled as dynamically equivalent equal-volume ellipsoids (DEEVEs). The body
masses, DEEVE shapes, positions, velocities, spins, and orientations of the GUBAS model are
set to match the initial state of the full-two-rubble-pile model. Figures 4.10 and 4.11 compare
the post-impact spin and orbital evolution of Dimorphos for the unperturbed and three 3 cases
predicted by the full-two-rubble-pile model against the GUBAS rigid-body model. In general,

these two models show strong qualitative agreement with each other (even quantitative in the
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Figure 4.10: Dimorphos’s spin and orbital evolution for different 5 values: the full-two-rubble-
pile model (the blue curves) vs. the GUBAS model (the yellow curves). The GUBAS and PKDGRAV
simulations are in good agreement, both showing large orbital oscillation induced by the DART

impact.
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Figure 4.11: Evolution of Dimorphos’s Euler angles with the full-two-rubble-pile model for dif-
ferent § values. The GUBAS and PKDGRAV simulations are in good agreement, both showing
large librations with about the same amplitudes and phases for 5 = 1, 2 and the barrel instability
for 5 = 3.
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case of § = 1, 2; the small deviation in the inclination is mainly due to the different treatment
in approximating the non-point-mass gravity field of Didymos). The consistency in the eccen-
tricity evolution indicate that the variations in ep mainly come from the exchange of angular
momentum between Dimorphos’s rotational and orbital states, rather than tidal dissipation due
to their rubble-pile treatment. This agrees with the previous theoretical understanding of the
rubble-pile—tidal interaction, whose timescales on affecting the binary dynamics would be on the
order of megayears (Goldreich and Sari, 2009). The barrel instability predicted by the rigid-body
approach is also observed in the rubble-pile simulation, although Dimorphos never completes a
full rotation about its long axis over the 30 days time frame. Given that the barrel instability is
observed in the 1 yr simulations presented in Section 4.4.1, this is likely due to the chaotic nature
of its spin evolution rather than the fact that we are considering the full-rubble-pile approach here.
These results further confirm that the rigid-body approximation is valid in terms of predicting the

general attitude evolution and stability of the binary system.

4.5 Limits of the Rigid-body Approach

In Section 4.4, we showed that under moderate conditions (a typical 5 value and ellipsoidal-
shaped secondary) that the rubble-pile models are in broad, qualitative agreement with equivalent
rigid-body simulations. This likely means that faster rigid F2BP codes are adequate for predict-
ing the dynamical state of the system following the DART impact. In this section, we explore
the limit at which this assumption may break down and rubble-pile models of the system are
required. DART’s arrival at the Didymos system will confirm whether the two components are in

fact rubble piles. If they are rubble piles (as we expect), the DART imagery will also greatly re-
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duce the range of possible shapes for Dimorphos as well as constrain its boulder-size—frequency
distribution, which will provide a much better picture of the importance of rubble-pile effects.
Therefore, the results presented in this section are just preliminary and meant to guide future

studies of the binary system following the DART impact.

4.5.1 Limits on strong tidal effects

As a result of DART’s near-head-on impact, the orbital speed of Dimorphos will be re-
duced, causing it to fall on a tighter orbit with a decreased pericenter distance. In this context,
it is worth exploring the tidal interactions between Dimorphos and Didymos, to the limiting
distances that would affect the stability of Dimorphos’s interior structure or surface material.
According to the classic theory of Roche (1847), a minimum distance exists for a purely fluid
body below which tidal forces are greater than self-gravity, causing breakup. Holsapple and
Michel (2006, 2008) provide a more specific theoretical framework, based on the Drucker-Prager
strength model, suited to solid objects undergoing tidal stress, relying on parameters such as the
internal friction angle and cohesion. Although these models provide theoretical insights to the
tidal interaction problem, they both rely on assumptions that greatly simplify the treatment of
the complex granular dynamics occurring within rubble-pile objects. In fact, it is reasonable to
assume that rubble piles behave neither as a fluid nor as a solid, but rather as a complex granular
system where long-range force chains may manifest and evolve. In this context, the theoretical
predictions provided by Roche (1847) and Holsapple and Michel (2006, 2008) theories can be
compared to the outcome of N-body granular simulations, which provide a better treatment of

granular physics (e.g., Asphaug and Benz, 1994; Movshovitz et al., 2012; Yu et al., 2014; Zhang
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and Michel, 2020).

In this section, we estimate the limiting distance between Dimorphos and Didymos where
tidal effects are relevant to the stability of Dimorphos’s internal structure and surface material.
We use GRAINS to take advantage of the nonspherical shapes of the fragments, whose effect has
shown to be relevant in short-term tidal interaction problems (e.g., the case of comet Shoemaker-
Levy 9; Movshovitz et al. (2012)). We model Dimorphos as a full rubble-pile object made of ap-
proximately 2000 meter-sized fragments. Tidal forces are automatically computed by the explicit
N-body solver, as each fragment of rubble-pile Dimorphos interacts gravitationally with Didy-
mos, which is modeled as a point-mass gravity source. We run 12 simulations in total, covering
three different bulk density values (lower-bound 1820 kg/m?; nominal 2170 kg/m?; upper-bound
2520 kg/m?) for Dimorphos. Each simulation lasts 12 hr (approximately one preimpact orbital
period), and starts with Dimorphos at its nominal preimpact orbital location. The DART impact
is modeled by means of an instantaneous change of Dimorphos’s orbital velocity, which is se-
lected to reach different pericenter distances (400, 500, 600, 800 m). For a direct comparison, we
choose the pericenter distances to fall within the range provided by theoretical estimates based
on Holsapple and Michel (2006, 2008) and Roche (1847).

Figure 4.12 shows the qualitative results of GRAINS simulations and their direct comparison
to theoretical estimates based on Roche (1847) and Holsapple and Michel (2008) models as a
function of Dimorphos’s bulk density. In particular, the Roche limit (represented by a green
line) ranges between ~600—700 m, depending on the bulk density of Dimorphos (pp = 2170 +
350 kg m™ 3). The colored region represents the disruption limits for a range of cohesion values,
based on Holsapple and Michel (2006, 2008), and aggregates with a friction angle of 25°. In

this case, the cohesionless breakup limit (upper edge of colored region) is consistently lower than
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Figure 4.12: Tidal disruption distance as function of bulk density pp for the case of Dimorphos.
The distance is considered here between the center of mass of Dimorphos and Didymos. The
green line represents the Roche limit for fluid bodies (Roche, 1847). The colored area represents
disruption limits for aggregates with cohesion (the darker the color, the more cohesion is required
to keep the aggregate stable) based on Holsapple and Michel (2006, 2008), where the upper
limit represents a cohesionless aggregate and the blue curve shows an example for a cohesion of
1 Pa. Colored circles represent results of numerical simulations of cohesionless aggregates using
GRAINS, where the colors are representative of the qualitative outcome of the simulation on a
four-level scale (no effects/reshaping/mass loss/disruption).
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the Roche limit for fluids. Also, according to Holsapple and Michel (2008) theory, the amount
of cohesion needed to prevent breakup is extremely small, even at very low distances: e.g., a
cohesion of 1 Pa is sufficient to prevent breakup at ~400—450 m (blue line). The colored circles
represent the outcome of GRAINS simulations in terms of their qualitative behavior on a four-
level scale: no effects, where the aggregate’s shape is largely preserved and little to no motion is
observed on its surface; reshaping, where the aggregate’s shape is considerably affected, but no
mass loss is observed; mass loss, where some amount of mass (less than/equal to 50%) is lost
by Dimorphos; and disruption, where more than 50% of Dimorphos’s mass is lost. We remark
here that these results refer only to short-term tidal interactions, i.e., to effects observed within
12 hr from the simulated DART impact. There may be additional disturbances to Dimorphos’s
structure or surface on subsequent pericenter passages.

In this context, very weak or no effects are observed on aggregates orbiting with a pericenter
of 800 m, while some effects are visible after a close passage at 600 m. In this case, depending on
the density of Dimorphos, the aggregate experiences mass loss (lower-density case), or reshaping
without mass loss (nominal- and higher-density cases). A pericenter at 500 m produces disruption
of a low-density aggregate or a consistent mass loss in case the density is higher. For a lower
pericenter, the consequences are more dramatic as the aggregate is completely shattered after a
close passage at 400 m, for any density value within the range considered. Figure 4.13 shows the
snapshots from three GRAINS simulations, with nominal bulk density of Dimorphos. They show
the binary system 12 hr after instantaneous velocity change is applied, leading to, from left to
right: a 600, 500, and 400 m pericenter orbit. As mentioned, the aggregate is heavily reshaped
but with no mass loss in the 600 m case (left). On the other hand, we observe a significant

mass loss in the 500 m case (center) and for lower pericenter distances, up to major shattering
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Figure 4.13: Snapshots of GRAINS simulations 12 hr after an instantaneous velocity change
is applied on Dimorphos rubble-pile aggregate with nominal bulk density. From left to right:
pericenter at 600 (reshaping with no mass loss), 500 (significant mass loss), 400 m (disruption).
We show the physical extent of Didymos in scale for comparison. Didymos’s shape model is
used for collision computations, but not for gravity computations, which are done using a point-
mass source. Thumbnails report the orbital trace of Dimorphos barycenter in red (including all
particles that belonged to Dimorphos at the beginning of the simulation), and the initial position
of Dimorphos before the instantaneous velocity change (gray ellipsoid).

in the 400 m case (right). The physical extent of Didymos is shown: we recall that gravity is
computed using a point-mass source, while the contact/collision interactions take into account the
full polyhedral-shape model of Didymos, as shown in the figures. Thumbnails report the orbital
trace of Dimorphos’s barycenter in red, as well as the initial position of ellipsoidal Dimorphos in
gray, before the instantaneous velocity change is applied.

Both the theoretical and numerical models predict strong tidal effects to occur in a close-
proximity region, within 800 m from Didymos barycenter, i.e., approximately within a distance
of 400 m from Didymos surface. As Dimorphos’s preimpact orbit has a semi-major axis of ap-
proximately 1200 m, it is clear that a significant perturbation is required to reach the <800 m

region. It is now worth interpreting these results in the context of the DART mission, by consid-
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ering realistic orbit changes expected from DART impact itself. The 3 value can be computed as

a function of masses and speeds of both Dimorphos and DART:

B = & (4.1)

UpART - MpART

where Awv represents the change in Dimorphos’s orbital speed produced by the DART impact.
Using this simple relation, we compute [ values required to reach the region where strong tidal
effects are relevant.

Table 4.3 reports the values of orbital period change (AT'), semimajor-axis change (Aa),
and 3 value required to reach a given pericenter distance (800, 600, 500, 400 m). It is worth
noting that S depends on Dimorphos’s mass, which is highly uncertain and will only be measured
with high accuracy by the Hera mission 4 yr after the impact. This uncertainty is propagated to
the value of (3, which varies by approximately 40% depending on Dimorphos’s mass. We report
B values for the limiting cases of low (pp;, = 1820 kg m?), nominal (PBaom = 2170 kg m?),
and high (pgni = 2520 kg m®) bulk density. As anticipated, the orbital change required to enter
the region where strong tidal effects are relevant is very high. In the worst-case scenario (low
Dimorphos mass), 5 = 21 is required to reach a 800 m close passage. This value is an order
of magnitude higher than the typical expected values, where ( ranges typically from 1 to 5 and
hardly reaches values as high as 10 (Stickle et al., 2022). Based on these considerations, it
appears very unlikely for Dimorphos to enter the 800 m region, relevant for strong tidal effects,
after DART’s impact. Therefore, we can safely assume that both its internal structure and outer
surface will not be affected in a relevant manner by short-term tidal interactions with Didymos,

so long as pg is not significantly less than anticipated. However, we note that the simulations
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presented in this section are limited in their duration. Over longer integration times, it may be
possible that Dimorphos’s internal structure could be altered after subsequent pericenter passages

as its spin and orbit evolves, even for the 800 m pericenter cases.

Pericenter AT Aa 15}

[m] [hI‘] [m] PBlo PBnom  PB.hi
800 27 190 21 24 29
600 41 290 36 43 51
500 47 340 47 55 65
400 53 390 59 70 82

Table 4.3: Orbital variation corresponding to a post-impact orbit of Dimorphos with pericenter
values ranging from 400 to 800 m. 3 values associated with such variations are computed for the
limiting cases of low (pp), = 1820 kg m?), nominal (PBaom = 2170 kg m?), and high (ppn =
2520 kg m®) bulk density.

4.5.2 Long-term evolution of Dimorphos as an Irregularly Shaped Body

We also study the possibility of shape or surface changes to Dimorphos over longer timescales
resulting from its post-impact rotation state. Previous rigid-body work has shown that the DART
impact will cause Dimorphos to librate and possibly enter a chaotic rotation state, depending on
its shape and 3. Here we explore whether Dimorphos’s post-impact rotation state can affect its
internal structure or surface. We take a similar approach to the one described in Section 4.4.1,
where we use PKDGRAV with a point-mass Didymos and rubble-pile Dimorphos. We also use
the same particle-size—frequency distribution and friction parameters described in that section.
However, instead of using the idealized ellipsoidal rubble piles, we instead use the radar-derived
shape models of two near-Earth asteroids scaled to the volume of Dimorphos. Using a more re-
alistic body shape allows parts of the surface to achieve higher surface slopes to allow us to find

reasonable limits at which the rubble-pile nature of the secondary may become important. The

130



Figure 4.14: Top-down views of the rubble-pile models of Apophis and Squannit, scaled to
the dimensions of Dimorphos. These bodies are built from the same particle-size distribution
described in Section 4.4.1 and also have the same material parameters.

two radar-derived shape models we selected are Squannit, the secondary component of 66391
Moshup (Ostro et al., 2006), and 99942 Apophis (Brozovi¢ et al., 2018). Squannit was chosen
because it is the secondary component of a system quite similar to Didymos and because its
shape is expected to be attitude unstable in the Didymos system for an eccentricity of e~0.025
(8 = 3). A scaled Apophis shape model was chosen because it has an irregular shape despite a
relatively low shape elongation, and its DEEVE semiaxis lengths indicate that it should remain
attitude stable within the Didymos system for 5 = 3. PKDGRAV representations of these two
bodies, scaled to the volume of Dimorphos, are shown in Fig. 4.14 and Table 4.4 provides some
quantitative descriptions of the two bodies.

Figure 4.15 is a mosaic of plots showing the evolution of the system for varying values
of 3 for the scaledApophis realization of Dimorphos. In each subfigure, the top plot shows
Dimorphos’s instantaneous spin rate along with the mutual orbital angular speed. The middle

plot shows the instantaneous separation between Didymos and Dimorphos. The DART perturba-

3 Assuming a uniform bulk density, Squannit’s DEEVE axis lengths indicate it would be unstable within the
Didymos system according to the analysis of Agrusa et al. (2021). Similarly, Apophis’s DEEVE axis lengths indicate
that it should be attitude stable as Didymos’s secondary following a DART impact with 8 = 3

These objects were not actually simulated in Agrusa et al. (2021) but their DEEVE semiaxes indicate sta-
ble/unstable attitudes respectively.
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Name a/b,b/c a, b, c [m] N Mg Agrusa et al. (2021)
[10° kg] Prediction for 3 = 3°

scaledApophis 1.25,1.07 100.8,80.5,75.3 3801 4.8524 Stable
scaledSquannit 1.32,1.32 109.7,83.0,63.0 3834 4.8664 Unstable

Table 4.4: The body shapes for Dimorphos considered in this section. The shape models
for the real Apophis (Brozovi¢ et al., 2018) and Squannit (Ostro et al., 2006) were scaled to
match the expected volume of Dimorphos. The rubble-pile models for scaledApophis and
scaledSquannit were simply created by deleting any PKDGRAV particles that lay outside
the respective scaled shape models. The reported dimensions (a, b, ¢, a/b, b/c) are based on the
DEEVE semiaxis lengths of the rubble piles and do not necessarily match the exact dimensions
of the shape models used to create those rubble piles. N and My are the respective number of
particles and mass of the body.

tion is applied after 24 hr of simulation time, which is why the orbital separation starts off near
1200 m, then drops to a lower value. The binary eccentricity is computed based on the periapse
and apoapse of the orbit’ (which can change due to spin-orbit coupling). The binary eccentricity
is reported on each subfigure and is computed based on the first several orbit periods immedi-
ately following the DART perturbation. Finally, the third plot shows the change in Dimorphos’s
DEEVE semiaxis lengths, relative to their starting value. Rather than plot the changes to the
body’s moments of inertia, we instead plot the DEEVE axis lengths, since they have dimensions
of length and are easier to conceptualize, although there is a straightforward correspondence
between an arbitrarily shaped body and its DEEVE axis lengths.®

In Fig. 4.15, we see that, in the scaledApophis case, the secondary’s spin rate oscillates
around the mean motion up to 5 = 5 since the body is stably librating. At 5 = 7, Dimorphos has

become attitude unstable, and the spin rate can diverge from the mean motion. The same trend is

7Since the mutual orbit is non-Keplerian, we report a geometric eccentricity rather than the Keplerian eccentricity.
The geometric eccentricity of the orbit is a simple function of the maximum and minimum separations (periapse and
apoapse) of the orbit. It can be written ase = 1 — where 7, and 7, are the respective apoapse and periapse
distances.

8For a body of mass m and principal moments of inertia A, B, C, its corresponding dynamically equivalent
equal-volume ellipsoid axis lengths a, b, ¢ are given by the following relations: A = (b + ¢?), B = Z(a® + ¢?),
C= %(a2 + b2).

2
rq/rp+1°
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true for the binary separation: the body separation uniformly oscillates due to the eccentricity of
the orbit and the periodic exchange of angular momentum between Dimorphos’s spin state and
the mutual orbit. When Dimorphos becomes attitude unstable, its spin state becomes chaotic,
as does the binary separation due to the strong spin-orbit coupling. The most interesting feature
of these plots is the significant changes and oscillations in Dimorphos’s DEEVE axis lengths
(i.e., moments of inertia). Even when Dimorphos is stably librating, the moments of inertia are
also oscillating as the body feels time-varying stresses due to oscillations in the tidal potential
and its spin state. This effect can be thought of as the body breathing or flexing in response
to these stresses. This is a result of SSDEM, where particles are able to overlap by a small
amount, which is mediated by a restoring spring force. As the tides or the body’s spin change, the
particles are able to make small adjustments to find a new equilibrium. When the body becomes
attitude unstable, this effect becomes much more significant, and we see permanent changes to
the DEEVE axis lengths indicating that some particles have actually been displaced, which will
be discussed shortly.

Figure 4.16 shows the same mosaic of plots for the scaledSquannit realization of Di-
morphos. Qualitatively, these plots are very similar, with the main difference being that Squannit
becomes attitude unstable at lower values of 5 due to its shape and thus has larger variations in
its DEEVE semi axis lengths.

It should be noted that these results likely exaggerate the oscillations in the DEEVE axis
lengths. In terms of axis-length change, the tidal response of a rubble pile is highly dependent on
its Young’s modulus, which relates its strain (axis-length change) to stress (applied force per unit
area). In PKDGRAYV, the Young’s modulus is not an input parameter but is related to the spring

constant, k,,, that mediates particle overlaps. The Young’s modulus (Y") can be approximated as
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Figure 4.15: Evolution of the secondary’s spin rate (top plots), orbital separation (middle plots),
and change in DEEVE semiaxis lengths (bottom plots), for an Apophis-shaped Dimorphos with
values of /3 ranging from O to 9. For each value of /3, we also report the binary orbital eccentricity
e, based on the first several orbit periods following the DART-like perturbation. As /3 increases,
the body eventually becomes attitude unstable allowing relatively large deviations in the body’s
DEEVE axis lengths. All plots have the same y-axis scales to allow for direction comparisons.
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Figure 4.16: Evolution of the secondary’s spin rate (top plots), orbital separation (middle plots),
and change in DEEVE semiaxis lengths (bottom plots), for an Squannit-shaped Dimorphos with
values of (3 ranging from O to 9. For each value of 3, we also report the binary orbital eccentricity
e, based on the first several orbit periods following the DART-like perturbation. All plots have
the same y-axis scales to allow for direction comparisons.
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Yw%, where R is the typical particle radius (DeMartini et al., 2019). In other words, a weaker
spring constant means the material is weaker and easier to deform. In these simulations, the

average particle radius is 4.2 m, and the spring constant is k,~1.45 x 10* Nm™"

, corresponding
to a Young’s modulus of ~1.1 kPa. This value is quite small for granular material, although
not completely unrealistic; a value on the order of 1 MPa or greater is probably more realistic
(Mohlmann et al., 2018). The low value for the spring constant (and therefore Young’s modulus)
was chosen out of computational necessity. A higher spring constant means higher restoring
forces between particles, which requires a shorter time step to adequately resolve the particle
interactions (Schwartz et al., 2012). This means that the time step needs to be reduced by a factor
of ten if we want to increase the spring constant (and therefore the Young’s modulus) by a factor
of 10, which makes long-term simulations too slow.” Conveniently, previous work has shown
that the axis-length changes scale linearly with the Young’s modulus (DeMartini et al., 2019). So
if Dimorphos has a Young’s modulus of Y ~1 MPa, then we would expect the deviations in its
DEEVE axis lengths to be a factor of ~10~3 times smaller than what is shown here, for example.
Figure 4.17 shows the maximum change in axis length over the entire simulation as a function of
B for the two body shapes under consideration. Although the artificially low Young’s modulus
exaggerates the magnitudes in the axis length change, these plots illustrate the strong dependence
on 3. An equivalent plot with a more realistic Young’s modulus would qualitatively look similar,
with the y-axis scaled to lower values.

Based on these simulations, it seems that the oscillations in Dimorphos’s DEEVE axis

lengths are caused by time-varying stresses due to spin and tides, while the magnitude of the

The simulations presented here used 4 CPU cores in parallel, and took ~3 months to complete a 1 yr simulation.
All things being equal, it would take ~250 yr of wall-clock time to repeat these simulations with a more realistic
Young’s modulus of ~1 MPa.
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Figure 4.17: Maximum DEEVE axis-length changes as a function of 3 or the binary eccentricity
e. The axis-length change for 8 = 0 is nonzero since the system is not perfectly relaxed and has
a nonzero eccentricity and libration. As [ or e is increased, the DEEVE axis lengths have larger
oscillations, and the trend jumps up sharply when the body becomes attitude unstable. In these
simulations, Dimorphos’s Young’s modulus is ~1 kPa and likely overestimates the axis-length
changes for reasons explained in the text. For higher values of the Young’s modulus, we would
expect lower magnitudes in axis-length oscillations, although the general trend would not change.

oscillations is highly dependent on the material properties of the body. Now, we turn to briefly
investigate the cause of the permanent changes to the DEEVE axis lengths. We find that the cause
is likely small particle motions on the surface of the body that lead to small changes in the body’s
moments of inertia (and therefore DEEVE semiaxis lengths). In Fig. 4.18, we plot the number of
particles that have moved by a given distance for the Apophis-shaped Dimorphos, for § = 5,7, 9.
In order to calculate whether a particle has moved, we compute its position in the body-fixed
frame at each output and compare it to its position when the DART perturbation was first applied.
It is important to keep in mind that the body-fixed frame is constructed by computing the body’s
principal rotation axes at each time step, which depend on the body’s moments of inertia. Because
the principal axes are able to change in direction, the body-fixed frame is not perfectly fixed. Due
to this effect, this approach is not sensitive to small particle motions. However, the average

particle size is 4.2 m, meaning that the sensitivity to small-scale motion is limited anyways.
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Figure 4.18: Particles that have moved by more than a given distance for the scaled Apophis case.
As [ (or equivalently the binary eccentricity e) is increased, more particles are able to move from
their original location. These motions are ongoing and occur hundreds of orbit periods after the
DART perturbation is applied. However, the average particle radius is 420 cm, meaning that
these motions are very small. The large number of particles that are moving by 10 cm or more
indicates that we are not sensitive to motion at this scale due to the combination of limited particle
resolution and the fact that the body’s moments of inertia (which form the fixed-body coordinate
frame) are changing.

In Fig. 4.18(a) (5 = 5), we see that no particles have moved more than 400 or 200 cm, one
has moved more than 50 cm, and many particles have moved by 10 cm or more. Figs. 4.18(b) and
4.18(c) show that more particles are able to move from their original location when the binary
eccentricity (i.e., 3) is increased. The same results are shown in Fig. 4.19 for the Squannit-shaped
Dimorphos with largely the same conclusion: a more eccentric and tighter orbit leads to more
particle motion. It is important to keep in mind that the typical particle radius is 4.2 m, meaning
that these particles are not traveling large distances on the surface. Rather, these are particles

making small adjustments, typically moving less than a single particle radius.

4.5.2.1 Interpretation of results

Here, we provide a guide for interpreting the results of this subsection in the context of the

various choices and compromises in simulation settings.

1. The large oscillations in the number of particles that move > 10 cm (Figs. 4.18 and 4.19)
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Figure 4.19: Particles that have moved by more than a given distance for the scaled Squannit
case.

indicate that the simulations are not sensitive to small-scale particle motion. This is due
to a combination of the coarse particle resolution and the fact that Dimorphos’s body-fixed
frame is not technically fixed. At each simulation output, Dimorphos’s body-fixed frame is

defined using its principal rotation axes, which depend on its time-varying inertia tensor.

2. The artificially low value of the Young’s modulus (~1 kPa here) means that the simu-
lated rubble piles are likely overly deformable, meaning that we are overestimating the
tidal response of Dimorphos. This choice in Young’s modulus was required to reduce the
computational costs. However, it has been shown that the Young’s modulus is directly
proportional to the maximum axis-length change (DeMartini et al., 2019). This means
that the DEEVE axis-length changes can be scaled down to approximate a more realis-
tic axis-length change. Something on the order of millimeters (or less) seems probable.
Such a small effect is unlikely to be measurable with Hera. Although, in theory, an in situ

seismometer would be capable of detecting this signal.

3. The coarse particle size (~4 m radii) was chosen to limit the computational costs as well.
This means these simulations likely underestimate the particle motion on the surface. This
is because many surface particles are sitting in deep gravitational wells and have to be lifted
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out of a meters-deep crevice before they can move along the surface. Of course, if DART
imagery indicates a lack of sub-meter-sized boulders, then this is no longer an issue as it
would represent a realistic treatment of Dimorphos’s surface. However, if Dimorphos has
smaller-sized particles on its surface, then a higher-resolution simulation (or an alternative
approach) is necessary to fully quantify the amount of surface motion that may occur as a

result of Dimorphos’s post-impact dynamical state.

4. All these simulations use gravel-like friction parameters that yield a friction angle of ¢p~38°—
a lower friction angle would increase the odds that a portion of Dimorphos’s surface could

exceed its angle of repose while tumbling, leading to surface motion.

For these reasons, we conclude that DART-induced particle motion on Dimorphos is a possibility
under the right circumstances, although a more detailed investigation is required. In addition,
the fact that the tumbling, and therefore particle motion, is long-lived indicates that ESA’s Hera
mission may observe this effect in real time upon rendezvous in 2026. After DART’s arrival, the
parameter space of possible body shapes and boulder-size ranges will shrink dramatically (Daly
et al., 2022), making this problem more tractable. If preliminary DART imagery suggests that
Dimorphos is indeed a rubble pile, that its body shape indicates post-impact tumbling, and that
it has a shape with high surface slopes, then the possibility of surface particle motion will be
explored with much higher fidelity. Full-scale PKDGRAV-like simulations with a more realistic
Young’s modulus and particle-size distribution, in addition to high-resolution localized granular
bed simulations at particular locations on Dimorphos’s surface, could be used to investigate the
likelihood of long-term surface particle motion. However, given that Dimorphos’s shape and

boulder-size—frequency distribution are still unknown, such a high-fidelity study is unwarranted
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at this point.

4.6 Conclusions and Future Work

In Section 4.4.1, we conducted long-term (1 yr) simulations with Dimorphos as a rubble
pile having the shape of a tri-axial ellipsoid following the DART impact. We found that, for
a momentum enhancement factor, 3, on the order of 3, Dimorphos’s evolution as a rubble pile
is not appreciably different than its evolution as a rigid body. This holds true in cases where
Dimorphos is in a stable libration state and when it rotates chaotically. We extended this study in
Section 4.4.2 to include a rubble-pile treatment for Didymos and found no substantial differences,
although these simulations were limited to only 30 days due to the increased number of particles
and computational cost. These results indicate that the much faster rigid-body approach is an
appropriate tool for modeling the post-impact dynamics of the Didymos binary following the
DART impact.

In Section 4.5, we explored the limits at which a rubble-pile treatment might be necessary.
In Section 4.5.1, we showed that $ would have to be unrealistically large (8 2 20) in order for the
mutual tides to cause significant structural changes to Dimorphos, at least over short timescales
and for the expected range in bulk density. We then simulated Dimorphos as an irregular shape
using scaled shape models of Squannit and Apophis over a wider range of /3 values (0 < 8 < 9)
to place rough constraints on how the excitation due to DART will affect Dimorphos over longer
timescales. We found that the mass distribution of Dimorphos (i.e., its moments of inertia),
measurably changes in response to the time-varying spin and tidal environment. Even for small

values of 3, we observed the DEEVE semiaxis lengths of Dimorphos oscillate as its spin rate
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and orbital separation are periodically changing. However, the magnitude of these oscillations
are probably overexaggerated in these simulations due to the unavoidable selection of material
parameters. Oscillations on the order of millimeters are probably more likely than the centimeter-
scale oscillations presented here, although this is all highly dependent on Dimorphos’s (unknown)
material strength and interior structure. For 525, we also saw small permanent changes to the
semiaxis lengths as a result of small motions of particles at the surface. Due to Dimorphos’s
rapidly changing spin state when its attitude becomes chaotic, as well as the periodically varying
tidal force, these particles feel high-enough accelerations that enable them to move on the surface.
These motions are small and are typically less than a single particle radius. However, the limited
particle resolution underestimates this effect, making it difficult to draw any firm conclusions. In
any case, these simulations indicate that, under the right circumstances, the motion of particles on
the surface is plausible and that a more focused investigation is required. If surface motion does
occur, we showed that it could be a long-lived process, meaning that it is something that Hera may
be able to observe upon arrival in late 2026. There is also the prospect that any regolith motion
could alter the shape of the DART impact crater, prior to Hera’s arrival in a manner analogous to
surface refreshment at Stickney Crater on Phobos (Ballouz et al., 2019).

To summarize, we identify four key results of this work:

1. We find that a rubble-pile approach is not required to capture Dimorphos’s post-impact spin
and orbital evolution, so long as /3 is not unexpectedly large. Therefore, faster rigid-body
codes should be more than adequate for predicting the system’s post-impact dynamical

state.

2. If 3 is significantly larger than expected (5 > 20) or Dimorphos is highly underdense
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(or undermassive), then significant reshaping, mass loss, or disruption would be possible.
However, we find that such an outcome is unlikely given experimental and numerical pre-

dictions for 3 (Stickle et al., 2022; Walker et al., 2022).

. Depending on the internal structure and material properties of Dimorphos and the level of
excitation to its spin and orbital state, a large tidal response may be induced. In theory, this
could be measured with a seismometer. In practice, this effect will likely not be measurable

with Hera.

. Depending on Dimorphos’s shape and post-impact spin state, granular motion on the sur-
face is a possibility. We expect that the methodology used in this work underestimates any
motion on the surface. This effect requires more thorough investigation, which is currently
underway. If surface motion occurs, it presents a unique possibility that Hera may observe

this effect by characterizing the surface color and grain flow patterns.
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Chapter 5: Rotation-induced granular motion on the Dimorphos

5.1 Chapter Preface

This chapter was published as a letter in Astronomy & Astrophysics under the title, “Rotation-
induced granular motion on the secondary component of binary asteroids: Application to the
DART impact on Dimorphos” (Agrusa et al., 2022b). The findings of Agrusa et al. (2022a)
(Chapter 4) indicated the possibility of boulder motion on Dimorphos’s surface depending on
its post-impact spin and orbital state. To better understand the magnitude and likelihood of any
dynamically triggered granular motion, we put together this short study to look at Dimorphos’s
possible post-impact surface slope evolution as a function of its unknown bulk density and /.
This was a short paper to demonstrate a range of possibilities that will enable future studies once
Dimorphos’s geophysical properties and the DART impact outcome are better understood. This
chapter is presented with minimal modification from its published version. Some of the introduc-
tory material may be somewhat repetitive with Chapter 1, so the reader may skip to Section 5.3

if desired. The appendices associated with this chapter are located in Appendix B.
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5.2 Introduction

On September 26, 2022, NASA’s Double Asteroid Redirection Test (DART) mission will
kinetically deflect Dimorphos, the smaller component of the binary asteroid 65803 Didymos, as a
planetary defense demonstration test (Rivkin et al., 2021). Prior to the impact, DART will deploy
the Light Italian CubeSat for Imaging of Asteroids (LICIACube), which will fly by the system to
image the initial phase of the cratering process as well as improve Dimorphos’s shape determi-
nation (Cheng et al., 2022; Dotto et al., 2021). Following the impact, the change in the mutual
orbit period will be measured via ground-based observations and used to infer the momentum
enhancement factor, commonly referred to as $ (Rivkin et al., 2021). Due to the contribution of
ejecta that exceeds the escape speed, [3 is expected to exceed 1. Four years after DART, the Euro-
pean Space Agency’s Hera mission will rendezvous with Didymos to characterize the physical,
dynamical, and compositional properties of the system. Hera will also measure in detail the ef-
fects of the DART impact, including the crater’s properties and the mass of Dimorphos, allowing
for a more precise determination of 5 (Michel et al., 2022).

In addition to abruptly reducing the binary semimajor axis and orbit period, the impact will
also change the eccentricity and inclination (Cheng et al., 2016). Due to a high degree of spin-
orbit coupling, the dynamical evolution of Dimorphos strongly depends on the initial conditions
at the time of impact and the body’s shape, which are currently unknown (Agrusa et al., 2020).
Depending on $ and Dimorphos’s shape, it is possible that Dimorphos may enter a chaotic rota-
tion state following the DART impact (Agrusa et al., 2021; Richardson et al., 2022). Furthermore,
numerical simulations that treat Dimorphos as a rubble pile indicate that boulders may move on

the surface, depending on Dimorphos’s spin state, bulk shape, and material properties (Agrusa
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et al., 2022a). In this study, we take a closer look at the possibility of post-impact surface motion
on Dimorphos as a function of its complex spin and orbital environment.

Observational evidence and theoretical arguments both indicate that chaotic rotation is not
uncommon for secondaries in tight binary systems (Cuk et al., 2021; Pravec et al., 2016; Quillen
etal., 2022a; Seligman and Batygin, 2021), and it is plausible that many synchronous secondaries
have undergone some level of chaotic rotation in their past or during their formation (Davis and
Scheeres, 2020b; Jacobson and Scheeres, 2011a; Wisdom, 1987a). Therefore, the methods and

results presented here are also broadly applicable to the general binary asteroid population.

5.3 Methods

Focusing on the DART impact, we first ran a simulation to capture the system’s dynamics,
from which the local slopes can be computed, in an approach analogous to previous studies
of dynamically triggered regolith motion (Ballouz et al., 2019; Yu et al., 2014). In order to
capture the coupled spin and orbital motion of the secondary, we used the General Use Binary
Asteroid Simulator (GUBAS), an efficient rigid full two-body problem (F2BP) code (Davis and
Scheeres, 2020a, 2021). GUBAS has been benchmarked against other F2BP simulation codes and
has been used extensively to study the dynamics of Didymos and other binary systems (Agrusa
et al., 2020; Davis and Scheeres, 2020b; Meyer et al., 2021; Meyer and Scheeres, 2021). In
accordance with previous studies, the GUBAS simulations expand the gravitational potential of
the polyhedral shape models to degree and order 4 to adequately capture their irregular gravity

fields. All simulations presented herein were run for 1 yr of integration time.
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Parameter Value

Primary bulk density (pp) 2.2gcm™?

Secondary bulk densities (ps)  [1.85,2.20,2.55] g cm ™3
Primary mass (Mp) 5.47 x 10! kg

Secondary masses (M) [4.20,4.99,5.78] x 10° kg
Primary Diameter (Dp) 780 m

Secondary Diameter (Ds) 164 m

Initial body separation (a,1,) 1200 m

Initial Orbital Period (Py,1,) 11.92h

Primary Spin Period (Fp) 226 h

Secondary Spin Period (Fs) 11.92 h
Assumed DART Mass (Mparr) 536 kg
Assumed DART Speed (vparr) 6.15 km/s

Table 5.1: Selected physical and dynamical parameters used for the simulated Didymos system,
consistent with the current best estimates (Rivkin et al., 2021). The body diameters are the
volume-equivalent spherical diameters. A synchronous spin state for Dimorphos is assumed, and
we refer the reader to Richardson et al. (2022) for further discussion on this assumption.

5.3.1 Simulation setup

In the F2BP simulations, the primary’s gravity is modeled using Didymos’s radar-derived
polyhedral shape model (Naidu et al., 2020a). Dimorphos’s shape is still unknown, so we used
the radar shape model for Squannit, the secondary component of the binary asteroid (66391)
Moshup, scaled to the expected volume of Dimorphos. Squannit is arguably the best available
analog for Dimorphos. Both the Didymos and Moshup systems are S types (Binzel et al., 2004;
Dunn et al., 2013) and have similar properties, including a fast-rotating primary with a raised
equatorial ridge and a tidally locked secondary component on a tight, approximately circular
orbit (Scheeres et al., 2006).! Squannit is the only currently available secondary shape model for
a near-Earth binary and contains ~2300 facets (Ostro et al., 2006). Radar data tend to smooth and

flatten surface features, making the surface slope analysis presented here somewhat conservative.

I'There are no observations that show Dimorphos is spin locked, but circumstantial evidence indicates that this is
likely. We refer the reader to Richardson et al. (2022) for a detailed discussion on this assumption.
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When scaled to the dimensions of Dimorphos, Squannit’s average facet has a surface area of
~38 m?. Schematics showing the shape models for the primary and secondary are shown in Fig.
5.1(a-c).

We focused this short study on the role of 5 and Dimorphos’s bulk density (ps) as they play
a significant role in determining the surface slope evolution of Dimorphos. The bulk density sets
the mass and therefore the self-gravity of the body, which has a significant effect on the surface
slope of a given shape model (Richardson and Bowling, 2014; Richardson et al., 2019). For a
fixed 3, a smaller bulk density (i.e., lower mass) will result in a larger perturbation to the mutual
orbit, which can lead to larger changes in surface slopes over time. We tested values of 3 in
the range 0 < 8 < 5, in accordance with the best estimates from hydrodynamic simulations of
the DART impact (Raducan et al., 2022; Stickle et al., 2022). Based on light curve and radar
observations, the Didymos system is expected to have a bulk density with 1o uncertainties of
p~2.2 4+ 0.35 g cm™3 (Naidu et al., 2020a; Rivkin et al., 2021). Assuming Dimorphos has a
bulk density within this range, we tested values of 1.85,2.2, and 2.55 g cm~3. It should be noted
that the reported uncertainties are for the bulk density of the entire system, which is of course
dominated by the primary, and it is certainly possible for Dimorphos to have a bulk density
outside of the range explored here (see the discussion on Dimorphos’s density in Rivkin et al.
(2021)). Table 5.1 provides the adopted physical and dynamical parameters for this study.

First, the binary was given dynamically relaxed initial conditions (i.e., a circular orbit with
a synchronous secondary). Then, a change in velocity (A%) was applied to the secondary’s in-

stantaneous orbital velocity consistent with a head-on DART impact and a given selection for
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B and ps.> This A¥ reduces Dimorphos’s velocity, causing the body to fall into a tighter, more
eccentric orbit.> Due to the increased eccentricity, Dimorphos then begins librating and can also
enter a chaotic non-principal axis (NPA) rotation state at later times depending on its shape. The
attitude instability that leads to NPA rotation is driven by intersections of various spin-orbit res-
onances among Dimorphos’s frequencies of free libration, spin precession, nutation, and mean
motion — more details can be found in Agrusa et al. (2021). In results presented here, we give
both the value for S and the corresponding binary eccentricity, e, in an effort to make the results
of this paper broadly applicable to other similar binary systems. Due to the non-Keplerian nature
of small binary systems, we report e¢ as the geometric eccentricity, which is a function of the

periapsis (r,) and apoapsis (7,) distances: e = (ry, — 1) /(ra + 7).

5.3.2 Computation of external accelerations

At each timestep, the GUBAS code outputs the full state of the system, including the body
locations, orientations, velocities, and spins, from which the net surface accelerations of the sec-
ondary can be readily computed. The net acceleration is evaluated at the center of each triangular

facet (indexed by 7) of the shape model at each timestep (indexed by ¢) and can be written as

net __ . grav tides cent Euler
a, =a;, +a;; +a; +ta;, , (5.1)

>The DART impact will not be ideally head-on and centered, but recent work indicates that these effects should
be negligible in terms of determining the system’s bulk dynamical properties (Richardson et al., 2022).

3 A# is dependent on 3, the impactor mass and velocity, as well as the secondary’s mass. In a simplified scalar
form, it can be written as Av = —BMparrvpart/Ms, where the negative sign indicates that Dimorphos’s speed is
reduced.
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where the vectors a and a;“f;“ef are the secondary’s self-gravity, the primary’s tidal
acceleration, the centrifugal acceleration, and Euler acceleration, respectively. The Coriolis ac-
celeration is neglected because this study is focused on the conditions to trigger surface motion,
rather than details of the motion itself (Kim et al., 2021). The details of how each respective
acceleration was computed can be found in Appendix B.1. On each facet, the surface slope is

then defined as

0,0 = f; - A, (5.2)

Anet __

where 1i; is the surface normal and &} =

5.4 Results

5.4.1 A conceptual example

To demonstrate how the various acceleration components affect the surface slope, we show
time-series plots for a scenario in which =2 and ps=2.2 g cm~2 in Fig. 5.1. The initial slopes
of the secondary are shown in Fig. 5.1(c), and the post-impact spin and orbital evolution is shown
in Fig. 5.1(d). The slope and accelerations are shown in Fig. 5.1(e) for the facet shown in white
in Fig. 5.1(c), which has a longitude and latitude of (¢, A) ~ (0°,45°). This particular example
was chosen to illustrate the relative importance of the various accelerations considered here, as
well as the sensitivity of the slope evolution to the spin and orbit of Dimorphos.

The DART perturbation reduces the semimajor axis and increases the eccentricity to e~0.023,
the effect of which can be seen in the top plot of Fig. 5.1(d). Through spin-orbit coupling, Di-

morphos’s spin state is also excited, and it begins librating while its spin rate oscillates. In only
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Figure 5.1: Surface slope evolution as a function of Dimorphos’s dynamical evolution. (a) Top-
down view of the “Didymos-Squannit” system. From this view, the spin and mutual orbit poles
are pointing out of the page. (b) Side view. (c) Surface slopes for a Squannit-shaped Dimorphos
with a bulk density of ps = 2.2 g cm~? in an idealized, relaxed dynamical state. The black facet
corresponds to the sub-Didymos point (at zero libration amplitude) with a longitude and latitude
of ¢ &~ A\ ~ 0°. The white facet has a longitude and latitude of (¢, \) ~ (0°, 45°) and corresponds
to the time-series plots in part (e). (d) Spin and orbital evolution for the Squannit-shaped Dimor-
phos when 8 = 3 (e = 0.023). The Euler angles are the 1-2-3 Euler angle set (roll-pitch-yaw)
expressed in the rotating orbital frame, while the body spin rates are in the secondary’s body-fixed
frame. (e) Slope and surface accelerations on the white facet from part (c). The vertical accel-
erations point along the facet’s surface normal and are generally dominated by self-gravity. The
horizontal accelerations are expressed as magnitudes and point parallel to the surface. Initially,
the Euler acceleration is relatively small and the tides are the dominant time-varying accelera-
tion. After about 5 days, Dimorphos enters NPA rotation, and the Euler accelerations become
comparable to both the tidal and centrifugal accelerations. We refer the reader to Appendix B.1
for an identical plot showing the full 365 d simulation.
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~5 d, the secondary becomes attitude unstable, as indicated by the nonzero roll and pitch an-
gles, although Dimorphos technically remains in the 1:1 spin-orbit resonance (yaw angle < 90°).
The influence of these dynamical changes can be seen on the surface slope plot at the top of Fig.
5.1(e). At early times, changes in the surface slope are dominated by the tidal acceleration. When
Dimorphos enters slight NPA rotation, the centrifugal and Euler accelerations become much more

important, leading to abrupt and chaotic surface slope changes.

5.4.2 Dependence on momentum enhancement ()

In Fig. 5.2 we show time-series plots of the change in surface slope (A0 = 0(t)—0,) of each
surface facet for § = 1 and 3 = 3 with ps fixed at 2.2 g cm~3. The color of each line corresponds
to the slope at the start of the simulation, ). When [ = 1, the orbit is not significantly perturbed.
As such, the tidal acceleration is weak and Dimorphos exhibits little NPA rotation, resulting in

(o}

small surface slope changes of Af < 2°. When § = 3, then the tidal environment becomes

strong and Dimorphos enters NPA after only ~5 d, resulting in surface slope changes as large as
AO~10°.

The results of Fig. 5.2 highlight the strong temporal dependence of the surface slopes. The
surface slope evolution is also spatially dependent, as demonstrated by Fig. 5.3. These plots
show the maximum slope achieved over the same simulations shown in Fig. 5.2. The arrows
on the plot indicate the down-slope direction. These plots suggest that the highest slopes are
achieved in regions that start off with a high slope. For this particular shape and assuming loose
regolith covering the surface, we would expect most motion near the equator and mid-latitudes,

and very little, if any, near the poles. This spatial dependence may have implications for inferred
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Figure 5.2: Time-series plots of the change in surface slope (A#) of each facet in the secondary
shape model. Each line is colored based on its initial surface slope (6y). As (3 (or e) increases, we
see much larger changes in surface slope. The bulk density is ps = 2.2 g cm~2. See Appendix
B.3 for equivalent plots showing the full 365 d simulation and additional values for 3.
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Figure 5.3: Maximum slope achieved after a 365 d simulation, with arrows indicating the down-
slope direction. See Appendix B.3 for equivalent plots for other values of (.
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crater ages in different regions of Dimorphos’s surface. In addition, the spatial dependence on the
surface slope evolution could be leveraged to distinguish between causes of surface refreshment.
For example, we might expect surface motion triggered by the re-accretion of impact ejecta to
occur over much of Dimorphos’s surface, while tidal and rotationally induced surface motion
may be restricted to regions that can achieve high slopes. We refer the reader to Appendix B.3

for additional plots that show the surface slopes for other values of 3.

5.4.3 Dependence on the bulk density (ps)

The surface slopes of a given shape are highly dependent on the body’s bulk density
(Richardson and Bowling, 2014; Susorney and Teanby, 2022). It sets the mass and self-gravity,
which partially determine the initial slope of each facet. On a related note, a low density means
that the self-gravity is weaker, making the accelerations due to tides and rotation stronger in com-
parison and in turn allowing larger slope changes. Finally, a low density (i.e., a low mass) means
a higher eccentricity (and shorter periapsis distance) for a fixed value of 5. Therefore, a lower
density will result in a more perturbed orbit, in which the tidal and rotational accelerations play
an increasingly important role. For these reasons, the possibility and magnitude of any granular
motion will by highly dependent on Dimorphos’s bulk density.

We see precisely this result in Fig. 5.4, which shows the maximum surface slope achieved
as a function of pg and 3. The color of the dots indicates the eccentricity of the particular orbit,
which depends on both [ and ps. We see that the surface slopes increase dramatically as a
function of 3, especially for ps = 1.85 g cm™3, reaching ~40° for high 3 due to the higher

eccentricity and resulting in stronger tidal and rotational forces.

155



0.045
......... pg = 1.85 g/cm3 .,x'

sl T ps = 2.2 g/em®
————— s = 2.55 g/em’ g

-0.030
30°

257 L0.015

Maximum Slope

20° 1

15° = ' ' ' ' —=-0.000
0.0 10 20 30 40 50

Figure 5.4: Maximum slope as a function of § and ps. The slope over a given simulation
increases with 3 due to the spin and orbit of Dimorphos being more excited. Lower densities
achieve higher slopes due to the higher orbital eccentricity for a given /3, in addition to a weaker
self-gravity in relation to the tidal and rotational accelerations.
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5.5 Discussion

If Dimorphos’s surface has an angle of repose of ~35°, similar to that reported at Ryugu
and Bennu (Barnouin et al., 2022; Watanabe et al., 2019), then we would expect significant
landslides and shape changes in cases where 6 exceeds this value. For the Dimorphos shape used
in this study, this would only occur for lower densities and high g values. Without knowing the
true shape of Dimorphos, however, it is impossible to say with certainty how probable any post-
impact surface motion is. The aim of this paper is to demonstrate the plausibility of any dynamics-
induced granular motion or shape change, and this topic will be revisited once Dimorphos’s true
shape is known.

Recent work focused on surface refreshment on Mars’s moon Phobos indicates that a time-
varying Af of only a few degrees can lead to a gradual creep motion of granular material, without
the slope ever exceeding the formal angle of repose. Ballouz et al. (2019) combined dynamical
modeling, granular physics, and geologic mapping of color units to demonstrate that regions of
combined high values of # and Af coincide with Phobos’s blue units. This work indicated an
active surface-refreshing process that could excavate pristine un-weathered material. Depending
on Dimorphos’s geophysical properties, it may be plausible that a similar creep motion process
will occur following the DART impact. We note that surface refreshment could be currently
ongoing, if Dimorphos is already in an NPA rotation state as predicted by Quillen et al. (2022a).

It is also important to consider that both 3 and ps could lie outside the range explored in this
paper. Of course, Dimorphos’s real shape and surface geology are also unknown, so the results
presented here are illustrative and meant to highlight the range of post-impact possibilities. After

DART’s impact, this phenomenon can be explored with higher fidelity, incorporating the initial

157



shape model and surface geology obtained with DART and LICIACube imagery. When Hera
arrives, its optical instruments and CubeSats, especially the Juventas CubeSat and its onboard
GRAvimeter for small Solar System bodies (GRASS) instrument, will measure the dynamical
slopes as one of its science objectives (Karatekin et al., 2021; Michel et al., 2018; Ritter et al.,
2021). The seismic pulse delivered by the DART impact may significantly alter surface features
on Dimorphos (Quillen et al., 2022b; Thomas and Robinson, 2005). We also note that the global
shape of Dimorphos may also be immediately altered by the DART impact itself (Raducan and
Jutzi, 2022). In addition to affecting the system dynamics (Nakano et al., 2022), these processes
will create a unique challenge in discerning the various surface refreshment mechanisms upon
Hera’s arrival.

The results of the work presented here have the following implications, in the context of
the DART and Hera missions as well as binary asteroids in general:

Granular motion and surface changes. Through images and infrared measurements,
Hera may identify refreshed areas of Dimorphos’s surface exposed by dynamics-induced surface
motion. Furthermore, a comparison of images taken by DART and Hera may be used to identify
surface features that have moved or changed during the four years between the missions. If
there is long-term boulder motion on the surface, Hera may detect the motion of boulders over
the course of its six-month mission lifetime. Furthermore, this effect may noticeably alter the
system’s dynamics (Brack and McMahon, 2019).

Crater degradation. Impact craters (both natural craters and DART’s crater) may degrade
at different rates based on their location on the surface as surface slope changes are spatially
dependent. This may have important implications for understanding crater morphology and the

surface age of Dimorphos, a challenge that does not usually require consideration for single
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asteroids due to their quasi-static spin states (Richardson et al., 2020; Sugita et al., 2019; Walsh
etal., 2019).

Tidal dissipation. Granular surface motion may affect tidal dissipation in two ways. First,
any material undergoing surface motion will dissipate energy through friction, potentially en-
hancing dissipation beyond what is assumed from traditional tidal theories (Goldreich and Sari,
2009; Nimmo and Matsuyama, 2019). Second, granular motion will change Dimorphos’s mass
distribution and, therefore, its gravitational potential. This mechanism could subtly remove en-
ergy from the system, an effect not captured by simplified tidal treatments.

Binary formation and evolution. One proposed scenario of binary formation assumes the
secondary forms through a spin-up fission event driven by the Yarkovsky-O’Keefe-Radzievskii-
Paddack (YORP) effect and initially orbits chaotically. At some later time, the secondary must
fission a second time, forming a short-lived triple system and liberating excess free energy in
order to enter a stable, synchronous spin state (Jacobson and Scheeres, 2011a). Given the results
presented herein, we might expect landslides on the surface well before a secondary fission event.
This process may dissipate energy and reshape the secondary, allowing for synchronous rotation
without the need to invoke additional fissions. Furthermore, if all secondaries undergo chaotic
rotation at some point, then we might expect the population to have broadly similar shapes.
However, this would largely depend on the relative timescales for tidal locking and surface re-
freshment, as well as other competing slope-altering processes such as meteorite impacts. In
any case, rotation-driven surface motion, shape change, and energy dissipation may be important

effects that should be accounted for in any binary asteroid formation scenario.
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5.6 Conclusions

In this paper we have shown that perturbed post-impact spin and orbital dynamics may
lead to significant fluctuations in Dimorphos’s surface slopes. Depending on Dimorphos’s shape,
bulk density, surface geology, and 3, we predict that this may trigger long-lived granular motion
on the surface. The implications for dynamics-driven granular motion include a refreshment of
Dimorphos’s surface, impact crater degradation, and enhanced tidal dissipation. Understanding
these effects will help guide and interpret the measurements Hera will obtain on Dimorphos’s
surface and interior. In addition, this effect may have implications for the formation and evolution
of small binary systems in general.

Thanks to this initial study, post-impact granular motion will be explored more closely
and with higher fidelity when Dimorphos’s shape model first becomes available. Future work
includes directly modeling granular motion on the surface in addition to coupling that motion

back to the resulting dynamical evolution.
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Chapter 6: Conclusions & Future Work

6.1 Conclusions

The results of this work highlight the dynamical complexity of the Didymos system, and
for tight binary systems in general.

In Chapter 2, we benchmarked several simulation codes and explored the sensitivity of the
system’s dynamics to small perturbations in initial conditions. This work yielded three important
results. The first is that dynamical simulations are limited in their predictive powers: they can
predict general outcomes but cannot make specific predictions regarding the exact position or
spin of the secondary component at later times simply due to the system’s sensitivity to many
initial conditions that are unknowable. The second is that we expect the libration state of Dimor-
phos to become excited as a result of the DART impact. Due to the near instantaneous change
in orbit period, free librations will be excited as a result of the sudden mismatch in the mutual
orbit period and Dimorphos’s spin period. In addition, the increased eccentricity combined with
a high degree of spin-orbit coupling will lead to forced librations. Finally, we determined that
the General Use Binary Asteroid Simulator (GUBAS) was the optimal simulation code for future
rigid-body dynamics studies of the Didymos system, owing to its computational speed and ac-
curacy. However, discrete /N-body codes like PKDGRAV can still be useful in special scenarios,

despite the significantly increased computational cost.
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Motivated by the results of Chapter 2, we studied Dimorphos’s post-impact spin state more
closely in Chapter 3. Using both analytical and numerical methods, we determined that Dimor-
phos could become attitude unstable and enter a non-principal axis (NPA) rotation state, depend-
ing on its shape and the amount of momentum transferred by DART. Such an excited spin state is
enabled by various resonances of Dimorphos’s natural frequencies of motion, which are largely
dependent on Dimorphos’s unknown shape. Even if Dimorphos has a shape that is resistant to
an attitude instability, the perturbation to the mutual orbit provided by DART, will significantly
excite its libration state. If Dimorphos remains in an excited but stable libration state, then it may
allow Hera to infer its moments of inertia through a measurement of the free libration frequency.
If Dimorphos enters NPA rotation, then such a measurement may not be possible. In addition,
NPA rotation could have implications for the binary’s secular evolution by effectively turning off
the BYORP effect.

To better understand Dimorphos’s post-impact spin state and to verify the predictions of
Chapter 3, we relaxed the rigid-body assumption to allow Didymos and Dimorphos to behave
as gravitational aggregates of thousands of constituent particles in Chapter 4. First, we showed
that for an approximately ellipsoidal Dimorphos, and for “typical”  values of ~3, the rigid-
body and rubble-pile predictions are nearly identical. This is simply because energy dissipation
is not efficient enough on short (~1 yr) timescales and the dynamics are not excited to a high
enough degree that Dimorphos would experience a measurable level of shape change. We then
demonstrated that Dimorphos’s periapse distance is not expected to shrink enough to induce
significant tidal distortion at its assumed size and bulk density unless 3 exceeds ~20, which is
unlikely. However, these simulations were performed over only a few orbit periods, which may
not be sufficient to fully explore the problem as Dimorphos’s spin can get more excited at later
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times due to spin-orbit coupling. Although tidal distortion or disruption is unlikely, it could be
possible in a special circumstance in which Dimorphos’s mass is lower than predicted and [ is
higher than expected. We also demonstrated the boulders could move around on the surface of
Dimorphos, depending on its shape and 3. However, the numerical method used for this portion
of the study likely underestimates any surface motion so it only occurred for higher values of
(BZ5).

Encouraged by the possibility of granular motion on Dimorphos’s surface, Chapter 5 was
a rapid study to understand the sensitivity of the surface slopes as a function of Dimorphos’s
bulk density and (3. This study only considered a Dimorphos with a shape identical to Squannit,
the secondary component of (66391) Moshup, so we did not explore the sensitivity to the shape
itself. However, Squannit is arguably the best available analog for Dimorphos’s shape, given the
similarities between the two systems. For a Squannit-shaped Dimorphos, we found that the post-
impact dynamics can excite the system, leading to time-varying tidal and rotational accelerations
that can change the surface slope by several degrees on rapid timescales (~1 hr). Depending on
the geophysical properties of Dimorphos (surface particle sizes, friction angle, cohesion, etc), the
dynamics may be capable of driving granular motion on the surface. The possibility of surface
motion will also depend significantly on Dimorphos’s shape and bulk density as well as 3. If
this process occurs on Dimorphos, it may significantly alter its surface features, including the
DART impact crater, by the time Hera arrives ~4 years later. Aside from the implications for the
DART and Hera missions, this effect may influence geophysical and dynamical properties of the

secondary components of other binary asteroids.
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6.2 Future Work

In this section, we propose potential topics for future investigations related to binary aster-
oid dynamics and evolution.

Given that much of the results of this thesis depend heavily on some unknown properties
of the Didymos system, the most obvious project will be to revisit the predictions of Chapters
3, 4, and 5. Shortly after this thesis is defended, DART will impact Dimorphos. Once a shape
model for Dimorphos becomes available from the DART and LICIACube imagery, along with
an estimate for (3, it will be possible to make much more accurate predictions for Dimorphos’s
post-impact spin evolution. Furthermore, the images taken by DART and LICIACube can be
used to constrain the geophysical properties of Dimorphos’s surface, including the boulder size-
frequency distribution, which can then be used to better estimate the possibility of granular mo-
tion on the surface, both before and after the DART impact. It will be important to revisit these
predictions prior to Hera’s arrival in late 2026, as Dimorphos’s spin state may have important for
Hera’s operations. In addition, it may be possible to measure some of these phenomena, such as
rotation-induced granular motion, with the Hera spacecraft if they occur.

One implication of dynamically triggered surface motion discussed in Chapter 5 is that it
may be an efficient dissipation mechanism. First, the surface motion would gradually reshape the
secondary, which changes its gravitational potential, making it a source or sink of kinetic energy.
Second, any motion on the surface would be governed by frictional forces that would dissipate
energy as well. It may be possible that these dissipation mechanisms could be more efficient
than traditional tidal dissipation, especially in regimes where the secondary’s spin is significantly

excited. However, a quantitative study is still needed to fully understand how important this ef-
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fect may be. If it is highly efficient, it may be a mechanism to allow for a chaotically rotating
secondary to become tidally locked on short timescales, without the need to invoke more compli-
cated processes to liberate excess free energy, such as a secondary fission process. Furthermore,
if all secondaries undergo some level of chaotic rotation and resurfacing upon formation, should
we expect these systems to have similarly shaped secondaries that are largely smoothed over and
ellipsoidal?

Another idea related to binary formation regards multiple asteroid systems. The GUBAS
code could be modified to allow for fully-coupled propagations of multiple irregularly shaped
bodies to study in great detail how triple asteroids might form. After a binary is formed, it can
evolve outwards through tides and BYORP. In principle, the primary could then spin up again
to form an additional inner satellite. This satellite would then, depending on the direction of the
BYORP torque, expand outwards faster than the outer satellite due to the stronger tides. Is there a
reason why we haven’t observed triple asteroids in mean-motion resonances (MMRs)? Would it
be possible to form resonant chains of satellites? This problem will depend heavily on the YORP
timescales, NEA dynamical lifetimes, and the probability of planetary encounters that would
break any MMRs. It may be that YORP is simply not efficient enough to form multiple satellites
within a typical NEA lifetime. By modifying GUBAS, one could also study how spin-spin and
spin-orbit coupling among the satellite pairs might play a role in preventing stable configurations

of multiple satellites on circular orbits.
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Appendix A: Appendices for Chapter 3

A.1 The simplified 3D model

The “simplified” 3D model consists of the planar mutual orbit described in Appendix A.1.1
combined with the 3D attitude of the secondary described in Appendix A.1.2. This approach has
the advantage of being an extremely fast approach to numerically model the system dynamics.
However, it should be noted that the mutual orbit and secondary spin state are not fully cou-
pled. The mutual separation and velocity is predetermined and set by the equations of motion in

Appendix A.1.1, and the secondary’s spin and attitude are then propagated based on equations

(A.11)—(A.13).

A.1.1 The planar J> + ellipsoid model

The planar “.Jy+-ellipsoid” model consists of two extended bodies, with masses M; and
Ms, that orbit and interact with each other via their mutual gravitational potential, as shown in
Fig. A.1. The primary is assumed to be an oblate spheroid with moments of inertia A; = B <
(', while the secondary is a triaxial ellipsoid with moments of inertia A, < By < (5. The

Hamiltonian of the system reads,
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Figure A.1: The simplified configuration of the planar J,-ellipsoid model.

. 2 2
H=1 (ﬁ Pt %) +V(r, ¢0), (A1)

where r is the distance between the two mass centers and ¢s is the angle between the secondary’s
long axis and the radius vector r. The angle ¢, is also known as the libration angle of the
secondary. As shown in Fig. A.1, u is the angle of the radius vector with respect to an inertial
system of reference. Then, P,, P,,, and P, are the conjugate momenta and p = MM, /(M; +
My).

The mutual potential, up to second-order expansion, is (McMahon and Scheeres, 2013),

GMM;  GM GM
V(rgy) == === = T2 2+ C1) = 5 (Ay + By + Co)
3GMyA;  3GM
5 T g (A2t By — (By — Ay) cos(262)), (A2)

where G is the gravitational constant.
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The angle u is ignorable and therefore the momentum P, is a constant of the motion. For
a fixed separation 7 there exists an equilibrium solution, corresponding to a circular orbit with

orbital frequency ., (McMahon and Scheeres, 2013),

. [G(My + My) 3 (Cy— A Byt Cy—24,
ueq_\/—g(u—( A i )) (A.3)

and the conjugate conserved momentum is,
P, = (Cy + rju)tiey. (A4)

Notice that if both the binary separation r and the orbital frequency are assumed to be
known quantities, Eq. (A.3) could be solved to provide the total mass of the system (M; + Ms).
This strategy was followed to obtain the relaxed equilibrium conditions assuming a constant-

density ellipsoid with axial ratios a/b and b/c for Dimorphos.

A.1.2 The 3-dimensional rotation of the secondary

In order to study the attitude stability of Dimorphos with the simplified 3D model, we

employ the 3-1-2 set of Euler angles' (0, ¢, ). Assuming a planar orbit for Dimorphos described

The simplified 3D model uses the 3-1-2 Euler angle set in its numerical integrations. However, the Euler angle
plots in the manuscript use the 1-2-3 Euler angle set.
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by r(t) and u(t), Euler’s rigid body equations read (Wisdom et al., 1984),

3G M,

Agty — wyw, (B — Cy) = — .3 By(By — Ca), (A.5)
. 3G M

Bty = watw(Ca = Ag) = == 5= ay(Ca — Ay), (A.6)
. 3G M

CQUJZ — wxwy(Ag — Bg) = — 7“3 104/8(142 — BQ), (A7)

where w,, w, and w, are the rotational angular velocity components with respect to the Dimorphos
body-fixed axes x, y and z respectively. The direction cosines «, (3 and 7y are given from the

relations,

a = costpcos (0 —u) —sinysin ¢sin (0 — u), (A.8)
f = —cos¢sin (0 —u), (A.9)
v = sin cos (0 — u) + cos ¢ sin ¢ sin (6 — u). (A.10)

Finally, the corresponding kinematic equations for the specific set of Euler angles read,

6 = sec d(w, costh) — w, sin ), (A.11)
¢ = wy cosY + w, sin 1y, (A.12)
¢:wy—wzcoswtanq§+wxsinwtan¢. (A.13)

The planar solution for 7(¢) and u(t) is inserted into Euler’s equations of motion and the

3-dimensional attitude dynamics are propagated. Given no out-of-plane excitation (i.e., ¢ = ¢ =
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wy = wy = 0), then the computed librational solution is equivalent to the planar one,

G230 = u(t) — O(t) = ¢a(t).

If a small excitation is assumed in the out-of-plane rotation (i.e., w, = w, = 10~1%), then
for some initial conditions ¢, 3p ~ ¢ while in other cases the two solutions diverge. In order to
study these instabilities in more detail, an analysis based on the linearized system of equations is
required.

First the set of Euler’s equations is cast into a Hamiltonian form via the Legendre transfor-

mation,

Py = —Asw, cos ¢ sin ) + Bow, sin ¢ + Cow, cos ¢ cos P, (A.14)
Py = Asw, cosy + Cw, sin, (A.15)
Py = Bowy, (A.16)

and substituting w,, w,, and w, in the Hamiltonian of the rotation, we have,

1
Hoot = 5(/42%2@ + ngi + Cow?) + V(r,u, 0, ¢,9). (A.17)
with,
3G M
V(T, u, 9, ¢, Z/}) = TE)II'AgIQAQI', (A18)

where I, = diag(Asy, By, C3), r = (rcosu,rsinu, 0) and Ay = Ry (¢Y) R, (¢)R.(6).

An equilibrium solution of the planar .J5-ellipsoid Hamiltonian H corresponds to a periodic
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orbit of H,.;. To determine the attitude stability, we also introduce a deviation vector,
w = (00,00,01,0F,0P,, 0P,), (A.19)
and the system of variational equations as,
w=Jw, (A.20)

where 7 is the Jacobian of the flow. For a given trajectory (r(¢) and u(¢)), the Hamiltonian
equations for the rotation are solved along with the variational equations (Eq. (A.20)) and the
stability is determined from the fast Lyapunov indicator (FLI) defined as (Froeschlé et al., 1997;
Skokos, 2010),

FLI(t) = suplogyo [w(®)]|. (A21)

A.1.3  Uncoupled natural frequencies

Let us assume a triaxial satellite, with moments of inertia (A < B < ('), orbiting a pri-

mary on a Keplerian orbit. The natural rotational frequencies close to the synchronous state are
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approximated by the following expressions (see for example Fleig (1970)):

1
k=3(1+ §e2 + ge‘*) + O(eY),
r é
1 — Ca
B
T2 Cm
a =779,

b=kr?—2riry — (k—1)r +ry— 1,
c=(k+1)(1—r)—ry),

\/—b — Vb2 —4ac
Woff,1 = T

A22

R (A.22)
—b+ Vb2 —4

Woff,2 = n\/ T % ac) (A.23)

Wlip = M/ ]{J(TQ — Tl), (A24)

where n is the mean motion, e is the eccentricity of the orbit, wy;, 1s the planar libration frequency
and wor 1, Wofr 2 are the two coupled off-plane frequencies related to the precession and nutation

of the body. In the notation of this paper, we refer to w1 as Whpre-

A.2 Initial conditions optimization scheme

Due to the small uncertainty in the observed binary orbit period, we prioritize having the
simulated pre-impact Didymos system match the observed binary orbit period as close as possi-
ble. The non-Keplerian nature of the system requires the use of a numerical optimization scheme

to derive the initial conditions. Our procedure is described below.
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In order to construct the nominal pre-impact state for a given choice in the secondary’s axial
ratios, we make the simplifying assumption that the binary is in a dynamically relaxed state. This

implies the following:

1. The binary orbit is circular or nearly circular (e ~ 0.0).

2. The mutual orbit pole is initially aligned with the primary’s spin pole.

3. The secondary’s rotation is synchronous with its orbit (i.e., tidally locked), and its spin pole

is aligned with the mutual orbit pole.

4. The secondary’s libration amplitude has been damped to a minimum.

All of these assumptions are consistent (or at the very least not in disagreement) with
current constraints of Didymos’ orbit (Naidu et al., 2020a; Scheirich and Pravec, 2009) and
observations of other similar binary systems (Pravec et al., 2016). We also assume that both
bodies have a uniform mass distribution and the same bulk density, which is appropriate if they
have the same origin or if the secondary was created through YORP spin-up driven mass loss of
the primary. Upon future observations, if it is found that any of these assumptions are incorrect,
this optimization scheme can be changed accordingly.

Due to the non-spherical shapes and close proximity of the binary components, their motion
is expected to be highly non-Keplerian. Therefore, estimating the binary mass with Kepler’s 3™
Law is only accurate to ~1%, which is insufficient for reproducing the observed binary orbit
period in simulations. Therefore, we implemented a simple optimization scheme to generate the
initial conditions of the Didymos binary that best match the observed orbit period. The routine

keeps the initial body positions, velocities, and spins fixed, while adjusting the bulk density (and
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therefore the total mass, moments of inertia, etc.) until the desired orbit period is achieved. The

routine has the following steps:

1. Set the primary’s spin rate to its observed value and the secondary’s spin rate equal to the

observed mean motion with both bodies’ spin poles aligned.
2. Set the separation between the mass centers equal to the observed semimajor axis.

3. Set the relative velocity between the two bodies such that their instantaneous orbital angular
velocity is equal to the observed mean motion. The velocity should be orthonormal to the

radial separation vector and in the direction such that orbit pole and spin poles are aligned.

4. Run aroot-finding algorithm to determine the bulk density necessary to match the observed

orbit period.

Root-finding algorithm

Once the relative positions, velocities, spins, and body orientations are set, we begin the
optimization process. We use the secant method root-finding algorithm to find the bulk density

that gives the correct orbit period. We are trying to find the root to the function,

F(p) = Paim(p) — Povs: (A.25)

where p is the system bulk density, Py, (p) is the simulated orbit period, and Py, is the observed
orbit period. The secant method is a finite difference version of Newton’s method, where each

successive guess for the bulk density is given by,

174



Pn—1 — Pn—2

A.26
Pn-1) = f(pn—2) (A-20)

Pn = Pn—-1 — f(pn—l)f(

Each step in the root-finding process requires running a full-2-body-problem code for sev-
eral orbital periods in order to calculate Py (p). However, the secant method converges quickly
in this case, matching the observed orbit period to within 107¢ s in ~5 iterations. Matching the
orbit period to such high precision is not completely necessary, because the 3-sigma uncertainty
on the measured orbit period is ~0.7 s. However, the optimization process is not computationally
expensive so it requires a negligible amount of time.

An example of the scheme converging to a solution is shown in Fig. A.2. The top panel
shows how accurately the simulated orbit period matches the observed orbit period. The re-
maining three panels show the system bulk density, maximum libration amplitude, and average
separation, respectively. The bulk density for the initial guess (Iteration #0) is calculated using the
2nd-order equilibrium solution for a doubly synchronous binary (See Eq. 39 in Scheeres (2009)).
Although the Didymos primary is not in synchronous rotation, this initial guess is a much better
approximation than a Keplerian solution and is more than sufficient for a starting point.

Despite conserving the same total volume in each simulation, changing the shape of the
secondary changes the mass distribution and therefore the mutual potential energy, which affects
the orbit period. This sensitivity to the initial conditions requires that the optimization scheme is
run for each choice in the secondary’s shape that we want to study. Fig. A.3 shows the optimized
bulk density for each choice in the secondary’s axial ratios along with the resulting maximum
libration amplitude. These changes are all very small, so the system mass never differs by more

than ~% between two simulations.
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Figure A.2: A plot of the difference between the simulated and observed orbit periods, bulk
density, maximum libration amplitude, and average separation as a function of each iteration in
the optimization process. After the first iteration, the scheme gets a good solution, but continues
making minute adjustments to the bulk density (which aren’t discernible on this plot) until the
orbit period is matched to high precision.
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Figure A.3: (A.3a) The bulk density resulting from the optimization scheme. Each shape of the
secondary has a slightly different bulk density (and total mass) but all simulations have the same
orbit period. (A.3b) The resulting libration amplitude after each optimized initial condition is
run for 1 year. The libration amplitude has been minimized, with the peak near a/b ~ 1.4 cor-
responding to the expected 1:1 resonance between the mean motion and free libration frequency

(Ra).
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Appendix B:  Appendices for Chapter 5

B.1 Calculation of surface accelerations and slopes

We provide additional details for how exactly the accelerations were computed over the
surface of the secondary shape model. On each facet, all accelerations were evaluated at the

midpoint (i.e., the center) of the given facet.

B.1.1 Gravitational accelerations

On a given facet, 7, and at a given time, ¢, the two gravitational accelerations felt on the
surface are due to self-gravity, af;", and the tidal acceleration due to the presence of the primary,
ajes.

The self-gravity was computed using an algorithm identical to that presented in Werner
and Scheeres (1997). This method computes the exact gravitational acceleration due to a poly-
hedral shape model with uniform density. Though the calculation is somewhat computationally
expensive, it only needs to be done once, as we assume that Dimorphos’s global shape does not
undergo significant change. At each facet, a};" was computed in Dimorphos’s body-fixed frame.

Unlike the self-gravity, the tidal acceleration must be computed at every facet at every

timestep. Therefore, we turned to MacCullagh’s formula to approximate the tides to save com-
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putational costs while still capturing effects due to Didymos’s irregular shape. MacCullagh’s
formula is written as (MacCullagh, 1844a,b; Murray and Dermott, 2000)
_GM  GM

V=" _

r 215

f(A7 B? C? x’y? Z)? (B'l)

where G is the gravitational constant, M is the body mass, 7 is the distance from the body’s
barycenter to the external field point, A, B, and C are the body’s principal moments of inertia, x,
Y, and z are the coordinates of the external field point measured in the primary body-fixed frame,

and f is defined as

f(A,B,C,x,y,2) = (B+C —2A)2” + (C+ A —2B)y* + (A+ B — 20)2*. (B.2)

The gravitational acceleration can be calculated by taking partial derivatives of V' with

respect to x, y, and z (see Chapter 5 of Murray and Dermott (2000)):

ov GMz G(B+C-2A)r 5Gx

Gy =g =g b e — S f(AB.Crys)  (B3)
0V GMy  GA+C-2B)y 5Gy
W Ty T s T s — 57 /(A B.C2y,2) B4
ov GMz G(A+B-2C)z 5Gz
- = _ — A, B : B.
a, 02 3 + G o7 f( ) ,C,l’,y, Z) ( 5)

In order to calculate the net gravitational acceleration felt at a point on Dimorphos’s surface
due to Didymos, we took the difference between the acceleration evaluated at a given surface

point and the acceleration evaluated at Dimorphos’s barycenter. This acceleration vector was
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computed in the primary’s body-fixed frame before being rotated into the secondary’s body-fixed

frame.

B.1.2 Rotational accelerations

The centrifugal acceleration at a given point on Dimorphos’s surface denoted with the index

¢ can be written as

af" = (Q x ;) x €, (B.6)

)

where (2, is the spin angular velocity vector of Dimorphos at a given time and r; is the position
vector of the surface point, coordinated in Dimorphos’s body-fixed frame. Since Dimorphos’s

spin rate is time varying, we also account for the Euler acceleration,

Euler th

Buler _ 5 7 B.7
al,t r; X dt ( )

Since GUBAS does not directly output the time derivative of the secondary’s spin, we cal-

culated it in post-processing with a fourth-order central finite-difference scheme. At a 60 second

a2

timestep, the fourth-order approximation sufficiently approximates ;.

B.2 Longer-term spin-orbit and surface slope evolution for the test case

Figure B.1 shows plots identical to those in Fig. 5.1 but with the time span increased to 365
d in order to show the longer-term evolution of the dynamics and slope. These plots indicate that
the dominant mechanism for changing the surface slope is the NPA rotation of the secondary.

We also see that Dimorphos is able to enter the “barrel instability,” a unique spin state where the
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secondary remains tidally locked despite rolling about its long axis, as indicated by the roll angle
hitting 180° (Cuk et al., 2021). It seems that this does not significantly affect the surface slopes,

howeyver.

B.3 Additional surface slope plots

Here we provide supplemental plots of Dimorphos’s spin and orbit, as well as its surface
slope evolution, extending out to the full 365 days. The plots below are only for the nominal bulk
density of ps = 2.2 gcm 3. When 3 = 1 (Fig. B.2), the orbital eccentricity remains relatively
low, keeping Dimorphos in a stable rotation state, which results in small changes to the surface
slopes. When /3 is increased to 2 (Fig. B.3), Dimorphos becomes attitude unstable. Due to
increased NPA rotation, we see much larger changes to the surface slopes. The slopes also vary
chaotically since Dimorphos’s spin state is chaotic. When 5 = 3 (Fig. B.4), Dimorphos is not
only in NPA rotation, but it also enters the barrel instability, characterized by rotation about its
long axis. As 3 increases further (Figs. B.5 and B.6), Dimorphos’s spin and orbit are increasingly
perturbed, leading to larger tidal and rotational accelerations that result in larger changes in the

surface slopes.
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Figure B.1: Spin, orbit, and surface slope evolution for the Squannit-shaped Dimorphos when
g = 3 (e = 0.023). (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Slope
and surface accelerations on a facet near (¢, A) ~ (0°,45°). These plots are identical to those of
Fig. 5.1, coming from the same simulation, except they show a longer time duration to highlight
how the evolving spin and orbital motion of Dimorphos influences the accelerations felt on the
surface. Dimorphos’s NPA rotation (as indicated by the roll and pitch angles or spin about the A
and B axes) leads to large increases in the centrifugal and Euler accelerations that are capable of
driving large surface slope changes.
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Figure B.2: The spin, orbit, and surface slope evolution for 5 = 1 and ps = 2.2 g cm ™3 over 365
days. (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Corresponding change
in slope (A#) over time for each surface facet, colored by the starting slope () of that facet.
(c) Maximum surface slope achieved on each facet over the full 365 d simulation, with arrows
pointing in the down-slope direction.
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Figure B.3: The spin, orbit, and surface slope evolution for 5 = 2 and ps = 2.2 g cm~3 over 365
days. (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Corresponding change
in slope (A#) over time for each surface facet, colored by the starting slope () of that facet.
The spikes in A6 correspond to periods of increased NPA rotation of Dimorphos. (¢) Maximum
surface slope achieved on each facet over the full 365 d simulation, with arrows pointing in the

down-slope direction.
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Figure B.4: The spin, orbit, and surface slope evolution for 5 = 3 and ps = 2.2 g cm~3 over 365
days. (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Corresponding change
in slope (Af) over time for each surface facet, colored by the starting slope (6) of that facet. The
surface slope evolution is dominated by NPA rotation. (c) Maximum surface slope achieved on
each facet over the full 365 d simulation, with arrows pointing in the down-slope direction.
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Figure B.5: The spin, orbit, and surface slope evolution for 5 = 4 and ps = 2.2 g cm~3 over 365
days. (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Corresponding change
in slope (Af) over time for each surface facet, colored by the starting slope (6) of that facet. The
surface slope evolution is dominated by NPA rotation. (c) Maximum surface slope achieved on
each facet over the full 365 d simulation, with arrows pointing in the down-slope direction.
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Figure B.6: The spin, orbit, and surface slope evolution for 5 = 5 and ps = 2.2 g cm~3 over 365
days. (a) Body separation, Euler angles, and body spin of Dimorphos. (b) Corresponding change
in slope (Af) over time for each surface facet, colored by the starting slope (6) of that facet. The
surface slope evolution is dominated by NPA rotation. (c) Maximum surface slope achieved on
each facet over the full 365 d simulation, with arrows pointing in the down-slope direction.
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Appendix C: Facilities and Software used in this Thesis

Most of the simulations herein were carried out on The University of Maryland Astronomy
Department’s YORP cluster, administered by the Center for Theory and Computation. In addi-
tion, some simulations were run on the University of Maryland’s Deepthought2 supercomputer,
maintained by the Division of Information Technology.

Below is a list of open-source software used for this thesis:

1. Numpy (Harris et al., 2020)
2. Scipy (Virtanen et al., 2020)
3. Matplotlib (Caswell et al., 2020)

4. GUBAS' (Davis and Scheeres, 2020a, 2021)

5. PKDGRAV (Richardson et al., 2000; Schwartz et al., 2012; Zhang et al., 2017)

6. GRAINS (Ferrari et al., 2017)

7. POV-Ray (Persistence of Vision Raytracer)?

Thttps://github.com/alex-b-davis/gubas
Zhttp://www.povray.org/
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