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ARTICLE INFO ABSTRACT

Keywords: The steady-state population of asteroids within the near-Earth object (NEO) population is continuously
Asteroid replenished by the migration of asteroids from the main asteroid belt. These bodies are delivered to NEO
Dynamics space through mean motion and secular resonances with the outer planets. Roughly 15% of the NEO and

Satellites of asfero‘ds small main belt asteroid populations are estimated to be binary systems. Many small bodies are also “failed
Near-Earth objects

Resonances, orbital binaries,” — systems who were at one point mutually bound but are no longer co-orbiting — with some binaries

Tides, solid body existing as escaped asteroid pairs and ~30% of the population believed to be contact binaries, underscoring
the ubiquity of binary formation and the importance of these systems in the broader context of small body
evolution. However, it remains unclear whether observed NEO binaries retained their satellites from an initial
formation in the main belt, or if these satellites formed later during their lifetime in NEO space. In this study,
we present a model to constrain the dynamical survivability of binary asteroids transported from the 3:1 mean
motion resonance with Jupiter and the vy secular resonance. Using pre-computed migration pathways from
these main belt resonance source regions from the near-Earth object population model, NEOMOD, we simulate
the evolution of test binary systems as they migrate into NEO space. Our analysis examines how frequent
close encounters with the inner planets and binary orbit evolution through tidal dissipation and the binary
Yarkovsky—O’Keefe-Radzievskii—-Paddack (BYORP) effect influence the stability and disruption of these systems.
We evaluate the evolution of NEO binary systems (66391) 1999 KW4 and (65803) Didymos to determine the
likely source regions of their satellites and their expected lifetimes across the inner solar system. We find that
1999 KW4, and by extension other binary NEOs with heliocentric orbits deep into NEO space, are significantly
more likely to have formed their satellites in NEO space. We observe Didymos to have a significant probability
of having formed its satellite in the main belt, with surviving systems persisting for longer timescales than
previously expected due to a strong dependence on tidal-BYORP equilibrium. Additionally, we find that binary
mutual orbit inclinations may be produced by close planetary encounters. Finally, we assess the possibility
that the single asteroid (101955) Bennu once had a satellite that was lost during its migration from the main
belt to explain its top-like shape. We find this scenario to be possible and thus cannot be ruled out as part
of Bennu’s dynamical history. Together, these results provide new insight into the origins and evolution of
binary asteroids.

1. Introduction less than 10 km (Cuk and Nesvorny, 2010). Approximately 15% of
asteroids in the NEO population and SMBA population for primary

Binary asteroids play a crucial role in our understanding of how diameters less than 15 km in the inner main belt are binaries (Margot
small rocky bodies physically evolve in response to collisions, non- et al., 2002; Pravec et al., 2006, 2016; Pravec, 2025) — where two
gravitational forces, and close encounters with planets. Binarity is quite bodies orbit a mutual barycenter — and about 30% are thought to
common in the small main belt asteroid (SMBA) and near-Earth object be contact binaries (Virkki et al., 2022) — a bilobate shape which

(NEO) populations, with “small” defined as asteroids with diameters
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could plausibly be an end case of a former orbiting system whose
two components have since collided with each other (note that this
is not the only mechanism to form contact binaries). An example of
the latter is the asteroid Itokawa and its two distinct lobes imaged
by JAXA’s Hayabusa mission (Kawaguchi et al., 2008). Additionally,
most of these small bodies are suspected to be rubble piles, which
are loose conglomerates of rock fragments held together by their own
weak self-gravity (Walsh, 2018; Jacobson and Scheeres, 2011a). This
structure has been supported by several up close observations of the
rocky surfaces of single and binary asteroids, such as Bennu via NASA’s
OSIRIS-REx mission (Lauretta et al., 2017), Ryugu through JAXA’s
Hayabusa2 mission (Watanabe et al., 2017), Didymos and its satellite
Dimorphos through the NASA DART impact (Daly et al., 2023; Chabot
et al.,, 2024), and Dinkinesh and its satellite Selam from the Lucy
spacecraft’s flyby of the system (Levison et al., 2024). In the case of
Dinkinesh, the existence of Selam was completely unknown until it
was discovered by the Lucy spacecraft. Moreover, Selam was also the
first ever observed contact binary satellite; this multi-layered binarity
further attests to the prevalence of these types of systems.

While binary systems are widespread throughout the present day
SMBA and NEO (g, < 1.3 AU, Q, > 0.983 AU) populations, there are
many avenues through which the system can be eliminated, such as
collisional disruption by an external body or between the two binary
components themselves. Such events often occur as a byproduct of a
binary asteroid’s evolutionary lifecycle (Cuk, 2007; Cuk and Nesvorny,
2010). To avoid confusion, it is useful to define the possible histories
for a binary asteroid.

A binary asteroid consists of two components: a primary and a
secondary. Here we assume that the primary is a factor of three to
five times larger than the secondary, which is true for most SMBAs
and NEOs; observations suggest binaries with equal size components
are rare among these populations (Cuk and Nesvorny, 2010). A few
asteroids are also known to have multiple moons (Margot et al., 2015;
Jacobson and Scheeres, 2011a; Fang and Margot, 2011b), but for the
sake of simplicity, we will fold these unusual systems into the term
binary asteroid.

The secondaries of SMBA and NEO binaries can form through one
of several mechanisms: (i) a sub-catastrophic collision where ejected
material remains gravitationally bound to the original body and re-
accumulates into a satellite (Weidenschilling et al., 1989; Durda et al.,
2004); (ii) a collision with a larger body that ejects fragments that
become the primary and secondary in a bound mutual orbit while
escaping the largest remnant of the collision (Durda et al., 2004, 2007);
(iii) tidal disruption during a close encounter with a planet (Walsh and
Richardson, 2006, 2008); or (iv) the primary spinning so rapidly — due
to processes such as YORP spin-up or volatile loss — that it sheds mass,
with the resulting fragments coalescing to form a gravitationally bound
secondary (Walsh et al., 2008; Jacobson et al., 2016; Agrusa et al.,
2024).

A SMBA primary has two common end states. It can continue
existing in the main belt until it undergoes an impact that causes a
catastrophic collision, or it can reach a main belt resonance that could
potentially propel it into the planet-crossing region. In the latter case,
it transitions into a NEO primary (Bottke et al., 2002).

A NEO primary can experience several possible end states. The most
common outcomes involve a collision with the Sun, an impact with
one of the terrestrial planets, or ejection from the inner solar system
following a close encounter with Jupiter. Less frequently, the primary
may be catastrophically disrupted by a collision or may approach the
Sun closely enough to undergo thermal disintegration. The dynamical
timescale to reach any of these end states typically ranges from a few
million years (Myr) to a few tens of millions of years (Gladman et al.,
2000; Bottke et al., 2002; Nesvorny et al., 2023).

With these end states in mind, we can now consider what happens
to a given SBMA or NEO binary. It is often hypothesized that both may
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experience multiple episodes of satellite formation and destruction until
they reach an end state.

There are several ways to destroy a binary asteroid. Small rubble
piles are affected by secular perturbations caused by mutual gravita-
tional tides and re-emission of absorbed solar radiation (Cuk and Burns,
2005; Goldreich and Sari, 2009; McMahon and Scheeres, 2010b; Ja-
cobson and Scheeres, 2011a). These effects may cause the secondary to
collide with the primary or escape the system. For NEOs, the timescales
for such actions are 10° years (Cuk, 2007). A secondary can also be
disrupted by a collision, with the timescale dependent on the primary’s
orbit and the size of the secondary (Bottke et al.,, 2025). As NEO
binaries evolve within the planet-crossing zone, they can also undergo
close encounters with the terrestrial planets — most frequently with
Earth and Venus - that can potentially disrupt or strip the satellite
from the primary body (Walsh and Richardson, 2008; Fang and Margot,
2011a; Bottke et al., 2025).

Additional satellites may form around the primary, either before
or after the loss of the initial secondary. Over time, this can result in
the development of typical binary systems with a single-component,
multi-component satellites, or even triple asteroid systems (Jacobson
and Scheeres, 2011a; Fang and Margot, 2011b). It is also possible that
the new moon gravitationally interacts with an existing moon. Such
events may cause a merger, as was likely the case for Selam (Raducan
et al., 2025), or it could destroy the binary, with one satellite escaping
while the another crashes back into the primary. The latter mechanism
might be a possible way to create asteroid pairs, where the two bodies
have fully split from a bound mutual orbit but follow very similar he-
liocentric paths (Vokrouhlicky and Nesvorny, 2008; Pravec et al., 2010;
Jacobson and Scheeres, 2011a; Pravec et al., 2019). Failed binaries may
also manifest themselves as starving asteroid families (such as the case
of Lucascavin family; Vokrouhlicky et al., 2024).

Ultimately, many NEOs are binaries, but there is a lack of knowl-
edge surrounding the source regions of the satellites (Margot et al.,
2002; Walsh and Richardson, 2008). Can NEO binaries form and keep
a secondary all the way back from the main belt, or are the satellites
mainly forming within the NEO region? This study integrates the
current understanding of various aspects of near-Earth and main belt
binary asteroid evolution into a unified model. The overarching goal is
to glean deeper insights into the dynamical survivability of binary as-
teroids during migration (i.e., specifically, the conditions under which
an asteroid can retain its satellite) and to determine their dynamical
lifetimes throughout the inner solar system.

The primary contribution of this work is the development of a
binary survivability model that integrates key aspects of binary asteroid
evolution. Our model builds on many previous studies which have
already investigated the individual components in considerable detail.
Section 2 summarizes the individual parts that go into our model.
Section 3 describes the approach to our model, including migration
simulations and chosen asteroid systems of interest. Section 4 presents
the key results from the model and Section 5 discusses implications of
the results. We summarize and conclude in Section 6.

2. Background
2.1. Typical characteristics of binary NEOs and SMBAs

Before delving into the details of how a binary system can be
disrupted, it is important to first establish the observed link between
binary NEOs and SMBAs. There are a few shared characteristics among
these groups that provide clues about their initial formation and subse-
quent evolution. These properties typically consist of a larger primary
body <10 km in diameter and a smaller secondary body on the order
of 20%-40% of the primary’s size (Pravec et al., 2016). The systems
tend to have a physically circular, tight mutual orbit in the plane of
the primary’s equator (~2R, < a < 8R, where R, is primary radii;

Pravec et al., 2006; Jacobson et al., 2013) and an oblate spheroid
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shaped, rapidly-rotating primary asteroid near its rotational break-up
limit (with the typical spin period ranging from 2.2 to 3.6 h; Pravec
et al., 2006; Pravec, 2025). (Note these values are based on the binary
asteroid parameters database, last updated in 2019; Pravec et al.,
2019). The secondaries are often ellipsoidal in shape with elongation
ratios on the order of a/b < 1.5 (where a > b > ¢ are the semi-axes of
an ellipsoid; Pravec et al., 2016). The spin poles of the two bodies tend
to be aligned with the mutual orbit plane.

The similar distribution of binary systems in both the NEO and main
belt regions suggests a shared mechanism responsible for the formation
of these small binaries (Pravec and Harris, 2007; Walsh et al., 2008).
The likely mechanism making binary asteroids within this size range
is mass shedding caused by YORP-induced spin-up. The YORP effect
is the torque resulting from the thermal re-radiation of absorbed solar
radiation pressure (SRP) acting on an asteroid. Due to asymmetries in
shape, this re-emission is not constant over time and causes a net torque
on the asteroid, either increasing or decreasing its spin rate (Rubincam,
2000; Bottke et al., 2006; Vokrouhlicky et al., 2015). If the asteroid is
spun up beyond its critical disruption limit, material may be shed from
its equator. From there, the ejecta may crash back into the primary or
re-accumulate in orbit to form a secondary satellite. Walsh et al. (2008),
Agrusa et al. (2024).

The precise nature of the YORP spin-up formation mechanism re-
mains a topic of debate in the literature. Possibilities range from the
gradual accretion of ejected material (Walsh et al., 2008; Agrusa et al.,
2024) to landslide events (Scheeres, 2015; Agrusa et al., 2022) to the
detachment of a single fragment from the primary (Scheeres, 2007b).
Despite this, YORP spin-up is considered the most probable driver of
small binary asteroid formation because it can account for the observed
shared properties of NEO and SMBA binary asteroids. The challenge
lies in determining whether we can distinguish between binary systems
that were successfully injected into the NEO region without losing their
satellites and those that were formed in situ within the NEO population.
Identifying differences between the two scenarios would have major
implications for understanding the ages, tidal evolution timescales, and
material strengths of these bodies.

For example, if some NEO binaries originated in and survived
migration from the main belt, their ages could potentially be tied to
longer collisional lifetimes, rather than their dynamical end state ages
of a few Myr to a few tens of Myr within NEO space (Taylor and Margot,
2011).

2.2. Tidal-BYORP dynamical evolution

There are two main secular perturbations that drive binary asteroids
down different evolutionary pathways: re-emission of solar radiation
and mutual body tides. Over time, these pathways can lead to escape
of the satellite or collision of the two asteroids. The first effect is
called binary YORP or “BYORP”. Similar to the YORP effect on a
single asteroid, solar radiation can also affect binary systems as the
satellite acts as an asymmetric appendage to the primary (Cuk and
Burns, 2005). Asymmetries in the secondary’s shape leads to a net
torque on the system driven by uneven thermal re-emission of absorbed
solar radiation, which can expand or shrink the mutual orbit depending
on the exact geometry of the secondary.

The BYORP effect is further complicated by the complex grav-
itational environment of small binary asteroids. These systems ex-
hibit highly non-Keplerian dynamics due to the strong coupling be-
tween their orbital and rotational motions (Scheeres, 2006). Typically
these systems are dynamically relaxed, or “singly-synchronous”, which
means the satellite’s spin period equals the mutual period with the
same side of the satellite always facing the primary. The secondary can
also experience “librations”, which are bounded oscillations about the
singly-synchronous equilibrium.

Near-synchronous rotation is a key requirement of the BYORP ef-
fect (McMahon and Scheeres, 2010b). As shape asymmetries cause
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uneven thermal re-radiation, synchronous rotation ensures a consistent
geometry between the satellite’s leading and trailing hemispheres. This
stability allows the uneven net force to accumulate over time, typically
on timescales of tens to hundreds of thousands of years. It gradually
drives secular changes in the secondary’s orbit (Cuk and Nesvorny,
2010), even in the presence of small librations.

In a situation where the libration oscillations become unbounded,
however, the secondary’s moments of inertia and mutual orbit eccen-
tricity can cause the secondary to either tumble or roll about its long
axis (commonly referred to as the “barrel roll” configuration; Cuk et al.,
2021). This means there will no longer be a fixed leading and trailing
hemisphere. As a result, the re-emission of solar radiation becomes
random and will not accumulate over time in a secular manner. This
effectively “turns off” the BYORP effect, rendering it incapable of
influencing the orbital dynamics.

The state-of-the-art BYORP model was developed by McMahon
and Scheeres (2010b,a), which implements the theory from Scheeres
(2007a). In summary, the method represents SRP as a Fourier se-
ries that is periodic with respect to the secondary’s rotation. Given a
faceted shape model for the secondary, a set of Fourier coefficients are
computed up to a specified order, n. The coefficients and SRP expres-
sions can then be incorporated into a set of equations of motion and
numerically propagated to assess dynamical evolution due to BYORP.

However, this highest-fidelity method to quantify the BYORP effect
is computationally inefficient. Therefore, we rely on a simplified first-
order analytical model for our work. In this BYORP representation, we
use only the dominant Fourier coefficient, referred to simply as the
“BYORP coefficient”, or B. This dimensionless coefficient correlates to
the along-track motion of the mutual orbit. A positive B corresponds to
orbit expansion, while a negative B corresponds to orbit contraction.
The typical estimated value of B is on the order of 1073-10~2. This
single coefficient is numerically computed along with the full set of
Fourier coefficients using the methods in Scheeres (2007a) and McMa-
hon and Scheeres (2010a), since BYORP has yet to be measured on an
actual body. The typical values are derived from known faceted satellite
shape models and are a function of the satellite’s reflective properties
and the solar latitude. More pronounced shape asymmetries result in a
higher magnitude, which in turn leads to a stronger effect and a quicker
rate of dynamical evolution.

To first order, the evolution of the orbital semimajor axis and
eccentricity is computed using the following equations:

. 3HyB a2 V1+qy o
ap =%
27 a)dpRz q(;/3
_3HgB [ 41/2 V1+q
BT g R ) 2)
WqpRy 4,

where a and e are the semimajor axis in terms of primary radii (R,)
and eccentricity of the binary mutual orbit, respectively, p is the bulk
density of the binary system, and ¢, is the mass ratio between the
secondary and primary (Jacobson and Scheeres, 2011b). The quantity
wy; = \/4rnGp/3 is the surface disruption spin limit for a sphere (with
G being the gravitational constant) (Murray and Dermott, 1999). The
quantity Hg is defined as:

Hy=—2 3

with Fy = 1 x 10" kg km s~2 being the solar radiation constant, and
ag and ey being the binary’s current heliocentric semimajor axis and
eccentricity, respectively (McMahon and Scheeres, 2010b,a).

In addition to the BYORP effect, the orbit and rotational dynamics
of the binary system are also affected by mutual body tides. This
dissipative effect arises from gravity gradients reciprocally imparted
on the primary and secondary bodies. It is important to note that the
exact mechanism and strength by which tides act on a binary remain
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poorly understood and are the subject of significant debate in the
literature. However, there is general agreement that tides raised on
the secondary work to synchronize its rotation. This is typically the
fastest tidal process and can dampen librations over timescales ranging
from 100 to 1000 years (Goldreich and Sari, 2009; Meyer et al., 2023b;
Cueva et al., 2024).

Tides are ultimately working to synchronize both the secondary and
the primary and reach the doubly-synchronous tidal end state (Jacob-
son and Scheeres, 2011b). Given that the primaries in these systems
are typically rapid rotators, their synchronization timescales can be
substantially longer than 100 to 1000 years. Consequently, as the
primary undergoes spin-down, angular momentum is transferred into
the mutual orbit, resulting in a gradual secular expansion of the orbit.

The strength of tides is dependent on the internal structure of these
bodies, and we adopt the k,/Q strength model. This is a ratio of
the degree of tidal deformation (k,) to the efficiency of tidal energy
dissipation (Q), and assumes a constant tidal frequency and friction-
induced nonelastic tidal deformation (Goldreich and Sari, 2009; Nimmo
and Matsuyama, 2019). While we recognize alternative tidal dissipation
theories, such as viscosity-driven approaches (Efroimsky, 2015) or hy-
pothetical short-lived episodes of high dissipation rather than gradual
dissipation (Cuk et al.,, 2024), we choose to stick with the friction-
based k,/Q representation due to its relative simplicity and frequent
use throughout the literature (Jacobson and Scheeres, 2011b; Meyer
et al., 2023b; Cueva et al., 2024).

Once again, we use a first-order analytical representation of tidal
evolution, where the change in semimajor axis and eccentricity are:

k 1)
=32 <al—1‘jz>40\/1+11() )

ar 0

57k,q'3 — 84k, [ w,e
O <a1;’/z)q§“w T4 )

80

where k, and k, are the tidal Love numbers of the primary and
secondary, respectively (Jacobson and Scheeres, 2011b; Murray and
Dermott, 1999). These evolutionary equations are derived from the
tidal torque expressions in Murray and Dermott (1999), where the
strength of the torque scales « a%. As a result, tidal strength dimin-
ishes rapidly as the secondary moves farther from the primary. If the
secondary’s distance from the primary becomes sufficiently large, tidal-
driven orbital expansion slows significantly, and the tides acting on the
secondary may become too weak to resynchronize its rotation.

Tides and BYORP do not act independently of each other. Instead,
their coupled interactions can give rise to a wide range of evolutionary
behaviors. This interplay makes it challenging to fully disentangle the
individual contributions of tides and BYORP to the overall observed
orbital drift rate. Tides are always expanding the orbit for these sys-
tems, but BYORP can shrink or grow the orbit. If B is positive, these
expansive systems can lead to wide asynchronous binaries, where the
large semimajor axis weakens tides significantly and destabilizes the
secondary (Jacobson et al., 2013), or asteroid pairs, where the two
bodies have escaped their bound mutual orbit and are on similar
heliocentric orbits (Pravec et al., 2010; Jacobson and Scheeres, 2011a).
Thus, it is possible that a main belt binary system could lose a satellite
from expansive BYORP and tides to create an asteroid pair, preventing
it from fully becoming an NEO binary.

Systems with contractive BYORP can lead to contact binary systems,
or induce a theoretical tidal-BYORP equilibrium where the torques
of contractive BYORP and expansive tides cancel out (Jacobson and
Scheeres, 2011b). It has been hypothesized that this equilibrium con-
figuration can be long-term stable compared to the other tidal-BYORP
evolutionary pathways. Recent work in Wang and Hou (2021) sug-
gests that a system may exist in this equilibrium state for timescales
of >10° years. They could potentially remain in this state indefi-
nitely unless adequately perturbed by an external collision or planetary
encounter (Jacobson et al., 2016).
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The analytical equation for the location of this equilibrium semima-
jor axis («*) is derived from Egs. (1) and (4), and is expressed as:
2 p2 473\
2rk,w;pR 240

“ =\ "BHgo ©®

This theoretical equilibrium semimajor axis has been numerically
demonstrated to be stable in the presence of additional dynamics other
than BYORP and primary tides (Cueva et al., 2024). This mechanism
could even play a key role in enabling the long-term survivability of
binary NEOs and SMBAs.

2.3. Planetary encounters

The effects of planetary encounters on binary asteroids has been
studied extensively throughout the literature. Original analytical ex-
pressions for the change in a binary asteroid system’s orbital energy
— and consequently, semimajor axis — due to a planetary flyby were
derived by Farinella (1992), Farinella and Chauvineau (1993) and
Chauvineua et al. (1995). Eccentricity change of a binary star system
due to an encounter with a third star was derived by Heggie and
Rasio (1996), and both eccentricity and inclination changes due to
an unbound perturber was evaluated by Collins and Sari (2008), with
specific applications to Kuiper Belt binaries.

Numerical models have investigated the feasibility of planetary
encounters as a source of binary asteroids. Walsh and Richardson
(2006) performed N-body simulations to study the tidal disruption
of a progenitor body and potential formation of a satellite by an
Earth encounter. Bottke and Melosh (1996) looked at the formation
of co-orbiting binary fragments from tidal break-up of rubble piles
and contact binaries as an explanation of the fraction and properties
of doublet craters observed on the inner planets. Fang and Margot
(2011a) numerically studied how a binary mutual orbit between the
primary asteroid and its satellite can change in shape and orientation
following an Earth flyby, analyzing a wide range of encounter geome-
tries and comparing to analytical approximations. Araujo and Winter
(2014) analyzed the stability of binary NEOs as they undergo Earth en-
counters and transition between different near-Earth dynamical classes
(e.g., Amor, Apollo, and Aten).

The highest fidelity numerical model of the effect of planetary
encounters on binary asteroid dynamics was developed by Meyer and
Scheeres (2021) and implemented into the General Use Binary Asteroid
Simulator (GUBAS) (Davis and Scheeres, 2020). This model builds off of
the foundation in Fang and Margot (2011a), where the flyby is modeled
as an impulsive perturbation with all spherical components. However,
unlike in Fang and Margot (2011a) and other past studies, Meyer
and Scheeres (2021) accounts for the coupled orbital and rotational
dynamics in these non-Keplerian systems by allowing for non-spherical
asteroid shapes. This allows for analysis on what combinations of flyby
parameters trigger the secondary’s tumbling state, in addition to what
parameters lead to complete disruption of the system (i.e., stripping
of the satellite or collision with the primary). The tumbling state is
important for modeling BYORP evolution following a flyby since this
configuration renders BYORP inactive. Additionally, while the effects
of the flyby on the binary orbit behave as impulsive, GUBAS includes
the perturbing planet in simulations to include its gravity at each time
step.

The largest complication with the GUBAS code is computation time,
with a single flyby taking on the order of ~15-30 s to simulate. This
quickly compounds and becomes significant when analyzing hundreds
of successive flybys per each test binary system across tens to hundreds
of transportation routes from main belt to NEO space. Because of this,
our model utilizes the analytical equations in Fang and Margot (2011a)
and will be summarized here.
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To first-order, the change in the mutual orbit semimajor axis, eccen-
tricity, and inclination due to a planetary encounter can be described

Mp,a
Aa~ 148 @)
Mp,a
Ae ~ 1.89 ®
M a3
4i~075y/ & My ©
M v q?

where G is the gravitational constant, M is the total mass of the binary
system, M, is the planetary mass, a is the Keplerian semimajor axis of
the mutual orbit, v, is the hyperbolic excess speed of the flyby, and ¢
is the close approach distance of the flyby. These equations represent
the average change in these values over all encounter geometries, with
the constants in the equations arising from this averaging process (Fang
and Margot, 2011a; Collins and Sari, 2008).

A detailed comparison of these analytical approximations against
the results of the full numerical GUBAS simulations was performed
by Meyer and Scheeres (2021). They found that while the two ap-
proaches generally agree to within one order of magnitude, the analytic
equations tend to over-estimate the change in each element. This is
likely due to the discrepancy in using Keplerian orbit elements to
describe non-Keplerian systems like binary asteroids (Meyer et al.,
2023a), since the orbital and rotational dynamics for these systems are
highly coupled. However, since this study represents the first known
attempt to model the overall survivability of binary asteroids through
multiple distinct mechanisms, an order-of-magnitude approximation is
deemed a sufficient starting point to make this initial large scale sur-
vivability study computationally tractable. We note that survivability
probabilities are expected to decrease if the analytical approximations
deviate too far from the full numerical simulations.

A limitation of using purely analytical expressions is the absence of
the effects on the satellite’s rotational motion. In order to account for
this, we look at the flyby parameter for a given encounter. This single
coefficient represents the overall impact of the flyby by linking the
incoming binary’s orbital size and mass, the mass of the encountering
planet, and the flyby’s distance and speed. It is defined as:

\/E Mpl a3/2
=4/—=— (10)
M v q?

This value can be used as a proxy for when, on average, we can
qualitatively expect the satellite to start tumbling. Based on a series of
GUBAS simulations for a system similar to 1999 KW4, this cut-off value
for tumbling was determined to be approximately 0.1. Since the flyby
parameter changes primarily with encounter distance, flyby speed, or
the binary mutual orbit semimajor axis entering into the flyby, this
means that any combination of those three variables resulting in a flyby
parameter greater than 0.1 will trigger tumbling. This result is further
supported by Fig. 11 in Meyer and Scheeres (2021), which conducted
a similar study for a generic representative NEO binary.

The flyby parameter can also be used to assess when, on average,
we should expect the satellite to either be stripped from or collide
with the primary. Egs. (7)-(9) do not always capture these outcomes
as simple checks based on the Hill sphere radius, tidal disruption
radius, or Roche limit of the asteroid do not account for the effects
of encounter speeds. Thus, the flyby parameter was used to better
match numerical outcomes from GUBAS. Using the same approach as
the cutoff for tumbling behavior, we found that systems tend to be
numerically disrupted from the flyby at P ~ 0.2.

To visualize how this parameter relates to dynamical behavior, we
will use near-Earth binary asteroid system 1999 KW4 as an example.
Fig. 1 shows the distributions of flyby parameters for 300 simulated
Earth encounters with GUBAS. Flyby distances ranged from 2 to 30
Earth radii and two v, values of 16 and 24 km/s were used. For a
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GUBAS Encounter Results for 1999 KW4
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Fig. 1. The distribution of flyby parameters (P) corresponding to simulated
Earth encounters for binary asteroid system 1999 KW4 using GUBAS. The left
box plot shows cases where the orbit was perturbed and satellite libration
was induced, the middle box plot shows cases where satellite tumbling was
triggered, and the right box plot shows cases where the binary was fully
disrupted (either by escape or collision between the two components). 300
total GUBAS simulations were performed.

nominal 1999 KW4 system that has a mutual orbit semimajor axis
of ~3.9 primary radii (Ostro et al.,, 2006) heading into a flyby with
Uy, = 16 km/s, planetary encounters with 5.5 < ¢ < 8 planetary radii
will trigger tumbling and encounters with ¢ < 5.5 planetary radii will
lead to binary disruption, corresponding to our chosen tumbling cut-
off (P = 0.1) and disruption cut-off (P = 0.2). For v, = 24 km/s, this
results in tumbling and disruption limits of ~6.4 and ~4.5 planetary
radii, respectively.

From Fig. 1, we can see that while there are some outlier cases,
the majority of cases where the binary mutual orbit is perturbed and
satellite libration is induced have P < 0.1. Likewise, the majority of
cases where satellite tumbling was triggered or full disruption occurred
fall within 0.1 < P < 0.2 and P > 0.2, respectively, corroborating our
selected cut-off values.

The tumbling and disruption P values are used as thresholds within
the algorithms described in the following section. These thresholds
do not represent strict cut-offs between behaviors, rather where, on
average, we can expect qualitative behavior in the binary system to
change. Therefore, the cut-offs should be considered as loose thresh-
olds. Refining and fine-tuning these values is left for future work.

3. Methodology
3.1. Migration pathways of asteroids: NEOMOD

Most NEOs originate in the main belt. Kilometer-sized main belt
asteroids primarily follow two key transportation routes that increase
their eccentricities to the point that they can reach Earth-crossing
orbits: (1) the 3:1 mean-motion resonance with Jupiter located at about
~2.5 AU in the main belt, and (2) the v secular resonance, where an
asteroids’ heliocentric apsidal precession equals that of Saturn. This
resonance is located at the inner edge of the main belt (Minton and
Malhotra, 2010). These resonant zones, which are resupplied via the
Yarkovsky-induced semimajor axis drift of asteroids and the occasional
direct injection of collisional fragments, are responsible for keeping the
km-sized NEO population in steady state (Bottke et al., 1994, 2001,
2002, 2006; Morbidelli and Vokrouhlicky, 2003; Minton and Malhotra,
2010). These two main resonances are predicted to deliver ~30% of
asteroids with absolute magnitude H ~ 15 and ~90% of asteroids with
H ~ 28 in NEO space (Nesvorny et al., 2023, 2024a; Granvik et al.,
2016).
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The most detailed numerical model simulating the migration path-
ways of asteroids ejected from resonant zones in the main belt is the
near-Earth object model, NEOMOD (Nesvorny et al., 2023, 2024a,b).
NEOMOD was constructed by numerically integrating the heliocentric
orbits of test asteroids from main belt resonance source regions to NEO
space (Nesvorny et al., 2023). Using these results, they constructed
residence time probability distributions which provide a map of where
NEOs from a given source are statistically likely to be found. Next, they
combined these contribution with models of observational selection
effects based on data from the Catalina Sky Survey (CSS). This approach
enabled them to compare and calibrate the source contributions against
NEO observations recorded by the CSS.

The first version of the model utilized 4510 NEO observations over
the time period of 2005-2012 (Nesvorny et al., 2023), while the second
version was updated to include ~14,000 new observations over the
time period of 2013-2022 (Nesvorny et al., 2024a). The third version
of the code includes data from the Wide-Field Infrared Survey Explorer
(WISE) mission to compute the size distribution of NEOs (Nesvorny
et al., 2024b).

NEOMOD accounts for 12 resonance sources: the 3:1, 5:2, 7:3, 8:3,
9:4, 11:5, and 2:1 resonances with Jupiter, the v, resonance with
Saturn, an ‘“inner-belt” source region to account for various inter-
acting weak resonances, the high-inclination source regions for the
Hungaria and Phocaeas asteroid families, and a comet source region.
The model propagates 10° test asteroids from each source for statistical
significance, recording their heliocentric orbits every 1000 years until
they collide with a planet or the Sun, or are ejected from the solar
system (Nesvorny et al., 2023).

For our initial study, we use pathways solely from the 3:1 and vg
resonance source regions, as they are the two most efficient sources for
km-sized and smaller asteroids (Bottke et al., 2002). All 10° migration
pathways for each of the 3:1 and v, sources, along with all correspond-
ing encounters with the inner planets recorded up to a distance of 30
planetary radii, were used in our work (provided by D. Nesvorny).
Each encounter has a corresponding encounter pericenter distance with
a planet ¢ and planetary encounter velocity v,,. While it is possible
that more distant encounters can perturb very wide binaries, Fang
and Margot (2011a) found that encounters within 30 planetary radii
capture the most significant orbital changes.

3.2. Dynamical survivability model

Our model consists of a pre-processing block and a Monte Carlo sim-
ulation block. The process begins by first choosing an existing binary
NEO of interest. After identifying such a system, the pre-processing
block sifts through all test asteroid migration pathways from the 3:1
and v4 resonance sources for runs that come within a specified tolerance
of the existing binary’s heliocentric orbit (e.g., Bottke et al., 2015). Each
matching run is recorded and all orbit states after the time of match are
discarded. The corresponding planetary encounters for each migration
pathway are then found and recorded.

These pathway and encounter files are then passed to the main
Monte Carlo simulation block. The code flow of this main block is
visualized in Figs. 2 and 3 and is summarized as follows. All matching
NEOMOD migration pathways and their respective planetary encoun-
ters for the chosen existing binary system of interest are loaded, and
each migration pathway is individually analyzed on a separate com-
puter core. If there are no planetary encounters (which was extremely
rare; only one matching pathway of the three systems analyzed later
on had no encounters), N test binary systems are initialized and
propagated through a single tidal-BYORP evolution arc until the system
either reaches the heliocentric state of the observed binary system or is
disrupted. Here, we define disruptions as either stripping the satellite
from the binary mutual orbit (which is only possible via expansive
BYORP in this instance) or colliding with the primary asteroid.

Icarus 453 (2026) 117048

If there are planetary encounters, the code enters a loop where N
test binary systems are initialized at the start of each encounter. For
example, if there are 100 planetary encounters experienced along the
migration pathway from the main belt to the final NEO state, then there
would be 100 sets of N test binaries.

To better illustrate how this loop works, we will walk through the
first few iterations. We start at the final heliocentric state of the known
binary system of interest and work backwards in time through all
encounters. On the first iteration, the initial encounter in this instance
is the “most recent” encounter relative to the final heliocentric state of
the existing binary. In other words, this encounter is equivalent to the
latest encounter in time along the migration pathway. At that point,
N test binaries are initialized and the first-order encounter equations
are propagated through the initial encounter for each test binary. If the
satellite is disrupted during the flyby, the simulation is exited for that
test binary. If the satellite survives, it is passed to the first-order tidal-
BYORP analytical equations and propagated until it reaches the state of
the existing binary, where it is either checked for disruption following
the tidal-BYORP arc or marked as a complete run.

The second iteration initializes N test binaries at the start of the
second most recent encounter, equivalent to the second latest encounter
in forward time relative to the initial location in the main belt. Each
test binary is propagated through the encounter equations for the new
initial encounter, checked for disruption, propagated through a first
tidal-BYORP evolution arc if they survived, and again checked for
disruption. This iteration now has two total encounters, so the surviving
test binaries are propagated through the next planetary encounter in
forward time before reaching the final state of the known binary.
The second encounter in this iteration is equivalent to the first and
only encounter in the previous iteration. Even though we have already
simulated this encounter, we re-simulate flyby dynamics again in the
second iteration because the incoming binary geometry for each test
asteroid is now different from the fixed binary geometry initialized
before the encounter in the previous iteration. For example, the binary
semimajor axis for each test system will have increased or decreased
varying amounts having already undergone an initial encounter and
tidal-BYORP evolution arc. Thus, while the flyby distance and speed re-
mains the same, the binary semimajor axis and, consequently, the flyby
parameter defined by Eq. (10) will change from previous evolutionary
arcs, altering the probability of satellite tumbling or disruption.

This process repeats for each encounter along the migration path-
way for all matching migration pathways: Initialize N binaries at the
location of each encounter and propagate through successive planetary
encounter and tidal-BYORP dynamics until the satellite is lost or the
final state of the known binary is reached.

A visualization of this methodology is depicted in Fig. 4. This
approach provides statistics on how far back along its migration history
the existing binary could have kept its satellite. We chose N = 50
initial test binaries as a compromise between statistical significance and
computation expediency.

Test binary systems are initialized with a prescribed mutual orbit
description (semimajor axis, eccentricity, and inclination relative to the
primary’s equatorial plane), physical parameters of the primary and
secondary bodies (mass and radius for each component assuming spher-
ical shapes and a uniform system bulk density), a qualitative attitude
representation, and randomized B and k/Q values. We assume that the
satellite is confined to two attitude options: fully dynamically relaxed
(i.e., singly synchronous) or fully tumbling (unbounded oscillations),
but every system starts as synchronous. Bounded librational motion is
ignored for the purposes of this study. For the simulations presented in
this work, we use a fixed initial binary semimajor axis, and assume zero
mutual orbit eccentricity and inclination with a synchronous secondary.

BYORP values are sampled over magnitudes of 10~2 and 1073,
as these represent typical BYORP magnitudes reported in the litera-
ture (McMahon and Scheeres, 2010a; Jacobson and Scheeres, 2011b),
and are given an equal chance of being positive or negative. Tidal
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Fig. 2. High level code flow for the main Monte Carlo loop.
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Fig. 3. Iterative planetary encounter loop code flow for the main Monte Carlo loop.
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Fig. 4. Visualization of Monte Carlo code flow for the first three iterations of the propagation loop from left to right. The dashed lines indicate the Earth-crossing
line that marks the boundary for where encounters with Earth are possible, the solid line is a depiction of a migration pathway starting in the main belt at the
location of the cyan star and ending at the location of a known binary system (gold star). The gray circles are locations of planetary encounters. The first iteration
(left) initializes N test binaries at the most recent encounter relative to the final heliocentric state, the second at the second most recent encounter (middle), and
so on; in each case, binaries are sequentially propagated in forward time through planetary flybys tidal-BYORP evolution arcs until the satellite is disrupted or

the present-day binary state is reached.

parameters are sampled over magnitudes 10~> and 10°. These values
were selected based on tidal parameters used in previous modeling
efforts (Jacobson and Scheeres, 2011b; Nimmo and Matsuyama, 2019;
Meyer et al.,, 2023b; Cueva et al.,, 2024). Although the exact tidal
strength of rubble piles remains largely uncertain, these estimates are
considered adequate given our current state of knowledge. The values
for B and k/Q are sampled uniformly over log space and are fixed
for the length of the simulation (i.e., we assumed no re-shaping effects
during evolution).

The planetary encounters code block in Figs. 2 and 3 is a function
that reads in the binary orbit and system parameters, the heliocentric
orbit position, and the current flyby information and planet (Mercury,

Venus, Earth, or Mars). The magnitude of the change in mutual orbit
a, e, and i due to the flyby are computed using Egs. (7)-(9). These
values can either increase or decrease due to a flyby, so each value is
given an equal chance of being positive or negative. Perturbations that
lead to a non-physical result (e.g., negative eccentricity) are discarded
and redrawn. While the first encounter will have N test binaries
initialized with all the same geometry and thus the same magnitudes
in orbit changes due to the flyby, the signs of the flyby changes are
randomly selected. Thus, the test binaries would not evolve identically
through the first flyby. Although the choice of initial semimajor axis
might affect the resulting behavior from the first encounter, all systems
are initialized with starting binary semimajor axes typically expected
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as a result from YORP-induced fission satellite formation. Note that
orbital parameters with no subscript represent the mutual orbit, while
parameters with subscript 4 distinguish heliocentric values.

The flyby parameter for the current encounter is computed using Eq.
(10). If this parameter is greater than 0.1, the satellite is set to tumbling
mode. If it is greater than 0.2, the system is marked as destroyed, with
the satellite escaping or colliding with the primary depending on the
direction of Aa. We also check the Hill sphere and Roche limit of the
primary for satellite escape or collision in the event the flyby parameter
is less than 0.1. We also perform intermediate checks for eccentricities
exceeding one for satellite escape. Recall that the flyby parameter is
used in addition to these physical limits to account for the speed of
the planetary encounter (e.g., a binary is more likely to be disrupted at
slower encounter speeds).

The tidal-BYORP evolution code block processes the updated binary
parameters provided by the encounter function and propagates the
Egs. (1), (2), (4), and (5) from the time of the current encounter to
the time of either the next encounter or the final state of the known
binary. The heliocentric parameters of the test binary are updated every
1000 years due to the cadence at which NEOMOD data is recorded.

The signs of Egs. (1) and (2) are determined based on the prescribed
B for each test binary. If the satellite is tumbling post-flyby, then BY-
ORP is shut off and only the tidal evolution equations are propagated.
However, this code block also computes a tidal despinning timescale as
a proxy for tidal synchronization by solving for time in the following
equation:

9/2
1 dwr 15 ks Pp 32 RP
_— = = —w.) — | — —_— 11
5 a ~aelmed) 5 a) " an

where w; is the satellite’s spin rate, » is the mean motion of the mutual
orbit, and w; = 1/GM,/R? is the breakup spin rate (with M, and R
being the mass and radius of the secondary, respectively) (Goldreich
and Sari, 2009). The values p, and p, are the densities of the primary
and secondary, respectively; however, this ratio becomes unity since
we assume equal densities between the components.

If this timescale is reached prior to the next encounter or the final
end state, then the satellite attitude is set to singly synchronous and
BYORP evolution is turned back on for the rest of that evolution arc.
This block also uses the Hill sphere and Roche limit of the primary to
check for satellite escape or collision with the primary, respectively.

We note that while we assume a system bulk density to be consistent
with the first-order tidal-BYORP analytical equations outlined in Sec-
tion 2.2, modest deviations from uniform density between the primary
and secondary can modify the tidal despinning timescale by a factor-of-
a-few variations. However, these deviations do not tend to change the
order of magnitude of the timescales. The despinning timescale is far
more sensitive to the mutual orbit semimajor axis, which varies signifi-
cantly throughout the simulations. Because the tidal damping timescale
is compared to the interval between planetary encounters to determine
when BYORP evolution resumes, this remains an order-of-magnitude
estimate dominated by variations in a rather than non-uniform density.

3.3. Asteroid systems of interest

In order to assess overall survivability of NEO binaries, we have cho-
sen three representative systems to analyze: Didymos and Dimorphos,
1999 KW4 (also commonly referred to as Moshup and Squannit in the
literature), and Bennu. The first two are known binaries, while Bennu is
a well studied asteroid that possibly had a satellite in the past (Walsh,
2018; Bottke et al., 2025). Their properties are summarized below.

The Didymos system was the target of the NASA DART mission. The
spacecraft impacted the satellite Dimorphos in September 2022 (Daly
et al., 2023; Chabot et al., 2024). Prior to the up-close images of Dimor-
phos captured just before impact, the 1999 KW4 system was possibly
the most extensively studied and well-characterized binary asteroid
system in NEO space (Ostro et al., 2006). Some of the papers discussing
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the dynamical environment of 1999 KW4 are Scheeres et al. (2006),
Fahnestock and Scheeres (2008), McMahon and Scheeres (2010a).

These systems represent typical binary NEOs, exhibiting the charac-
teristics described in Section 2.1. However, each are on very different
heliocentric orbits in NEO space. Didymos is an Apollo class NEO
(a, > 1.0 AU, g;, < 1.0167 AU), while 1999 KW4 is an Aten class NEO
(a, < 1.0 AU, Q,, > 0.983 AU) (Bottke et al., 2002). Both are Earth-
crossing asteroids, meaning they will experience encounters with Earth,
but 1999 KW4 has traveled much deeper into NEO space compared to
Didymos. Combined with the fact that Atens have Earth-crossing orbits
near aphelion, the slowest segment of their orbital trajectory (Michel
et al., 2000), this substantially increases the probability of Earth en-
counters during their dynamical evolution (Araujo and Winter, 2014).
Thus, these two binary systems should provide a useful comparison
between their respective migration pathways and subsequent evolution.

Bennu was the target of the OSIRIS-REx sample return mission.
It successfully collected surface material in 2020, with the samples
delivered to Earth on September 2023. The combination of in situ
reconnaissance of Bennu with laboratory analysis of its materials have
provided us with key insights into the composition, structure, and evo-
lutionary history of primitive, carbonaceous chondrite-like rubble-pile
asteroids (Lauretta et al., 2024).

While Bennu does not currently have a satellite, it may have had one
in the recent past (Walsh, 2018; Bottke et al., 2025). It was chosen as
a case study to assess the likelihood that it once formed a satellite and
lost it during its migration through NEO space. Bennu has a relatively
rapid spin rate, with a rotational period of 4.3 h, and features a
distinct top-shaped structure with a prominent equatorial ridge. Both
are characteristics of a primary body in a binary system formed through
YORP-induced spin-up (Bottke et al., 2015).

We will investigate the probability of Bennu losing a satellite from
planetary encounters and/or tidal-BYORP evolution. The physical and
dynamical properties of the three asteroid systems of interest are pro-
vided in Table 1 for comparison. Note that Didymos values are those
pre-DART impact when the system was suspected to be in a relaxed
singly synchronous configuration (Richardson et al., 2022, 2024).

We note that while the v5 and 3:1 resonance are the dominant
pathways for NEOs in general (Bottke et al., 2002), their relevance can
change for individual asteroids. Previous modeling efforts demonstrate
that the vy resonance is the most likely source region for Bennu (with
a predicted ~82% probability; Bottke et al., 2015). Didymos is sug-
gested to have a >82% probability of coming from the v, resonance
source and a ~7% chance of coming form the 3:1 mean-motion reso-
nance (Richardson et al., 2016). Overall statistical models of the NEO
population indicate that for asteroids with absolute magnitudes similar
to Didymos (H ~ 18.1) and 1999 KW4 (H ~ 16.6), the v and 3:1
resonances are the two sources that statistically dominate delivery
over all other individual resonance sources (Nesvorny et al., 2023,
2024a; Granvik et al., 2016). This provides further justification for
solely analyzing the v and 3:1 resonance sources for the three selected
asteroids.

4. Results
4.1. Dynamical survivability simulations

We simulate the dynamical survivability of Didymos, 1999 KW4,
and Bennu using the tool outlined in Section 3.2. Systems are ini-
tialized as dynamically relaxed (i.e., circular mutual orbits in the
primary’s equatorial plane and singly synchronous attitude configura-
tions). Bennu was prescribed a pseudo-satellite modeled off typical NEO
satellite parameters. Specifically, we use a mutual orbit separation of
4R, and component size and mass ratios equivalent to those of 1999
Kw4.

Each test binary was randomly assigned a B and k/Q value and
initialized using the orbital and physical parameters provided in Table
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Table 1
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Relevant physical and dynamical parameters of chosen NEO systems.

Parameter Didymos Value

1999 KW4 Value Bennu Value

Physical System?®

System Mass

Volume-Equivalent Diameter of Primary
Bulk Density of Primary

Mass of Primary

Rotation Period of Primary
Volume-Equivalent Diameter of Secondary
Bulk Density of Secondary

Mass of Secondary

Rotation Period of Secondary
Mutual Orbit”

Orbital Separation
Eccentricity

Inclination relative to primary’s equatorial plane

Mutual Orbit Period

Heliocentric Orbit®

Family Types
Semimajor Axis
Eccentricity
Inclination

53% 10" kg

2.488 x 10'2 kg

7.329 x 1010 kg

0.730 km 1.317 km 0.490 km
2790 kg m~3 1970 kg m=3 1190 kg m=3
- 2.353% 10" kg 7.329 % 10'0 kg
2.26 h 2.76 h 4.30 h
0.150 km 0.451 km -

2400 kg m=3 2810 kg m~3 -

- 1.350 x 10! kg -

11.92 h 17.42 h (assumed) -

1.189 km (~3A3Rp) 2.548 km (~3.9R‘,) -

<0.03 0.0004 -

0 (assumed) 3.2° -

11.92 h 17.42 h -

Apollo Aten Apollo

1.643 au 0.642 au 1.126 au
0.383 0.688 0.204

3.414° 38.891° 6.035°

2 Didymos values from Richardson et al. (2024). Note that recent work may suggest a lower Dimorphos density of 1540 kg m~3 (Chesley
et al., 2025). This would alter the mass ratio of the Didymos system and slightly affect tidal-BYORP evolution, but the mass ratio would
overall remain within in the same order-of-magnitude estimate. 1999 KW4 value from Ostro et al. (2006). Bennu primary volume-equivalent
diameter and rotation period from Lauretta et al. (2019), primary bulk density and mass from Scheeres et al. (2019).

b Didymos values from Richardson et al. (2024). 1999 KW4 orbital separation and eccentricity values from Ostro et al. (2006), inclination

value from Scheeres et al. (2006).

¢ Didymos values from the JPL Solar System Dynamics Horizons System (Solution 205 for Epoch 2459957.0 = 2023 Jan 12.5 TDB). 1999
KW4 values from Fahnestock and Scheeres (2008). Bennu values from the JPL Solar System Dynamics Horizons System (Solution 118 for

Epoch 2455562.5 = 2011 Jan 01.0 TDB).

Table 2

Initial conditions and parameters for simulations of chosen NEO systems.

Parameter Didymos Value

1999 KW4 Value Bennu Value

Physical System

2790 kg m~3

2000 kg m~3 1190 kg m—3

System Bulk Density

Volume-Equivalent Diameter of Primary 0.730 km 1.317 km 0.490 km
Mass of Primary 5.255x 10" kg 2.353x 10'? kg 7.329 x 10'° kg
Volume-Equivalent Diameter of Secondary 0.150 km 0.451 km 0.168 km

Mass of Secondary 4.5%10° kg

Mutual Orbit
Orbital Separation
Eccentricity 0
Inclination relative to primary’s equatorial plane 0°

1.189 km (~ 3.3R,)

1350 x 10" kg 4205 10° kg
2548 km (~3.9R,) 0.980 km (4R,)
0 0

0° 0°

2. We chose to fix initial mutual orbit conditions to narrow the pa-
rameter space and better isolate the specific contributions of planetary
flybys and varying tidal-BYORP evolution parameters. Initializing the
satellite in a singly synchronous, circular, equatorial orbit is a valid
approach as it aligns with the typical characteristics of NEO binaries
formed by fission from YORP spin-up. Initial simulations indicated that
the effect of varying the starting mutual orbit semimajor axis is minimal
on the final results, and is thus ignored. Further exploring different sets
of initial mutual orbit configurations is left for future work.

Each system was run through the pre-processing block to identify
NEOMOD migration pathways that came within some tolerance of their
current observed heliocentric states (ay, ¢, i,) at any point throughout
the evolution. We used initial tolerances of Aa;, < 0.01 AU, 4e, < 0.01,
and 4i, < 1° based on a similar NEO migration propagation study
in Bottke et al. (2015, 2025). Didymos and Bennu were sifted a second
time using arbitrary tolerances of 4a¢ < 0.002 AU, 4e < 0.002, and
Ai < 0.2° to reduce the amount of matching pathways for effective
analysis. In total, 103 pathways were found for Didymos (97 from the
vg source; 6 from the 3:1 source), 50 pathways for 1999 KW4 (44 from
the v source; 6 from the 3:1 source), and 40 pathways for Bennu (36
from the v source; 4 from the 3:1 source).

4.2. Didymos results

The dynamical survivability of the Didymos binary was simulated
along each matching migration pathway. Fig. 5 shows one representa-
tive pathway originating from the v4 resonance, corresponding to a ~4
Myr migration to Didymos’s current heliocentric orbit, plotted in a,—e,
and a,—i;, space. The gray curve traces the migration pathway, black
lines denote planet-crossing boundaries, the purple star marks the start
of the migration pathway in NEO space, and the light pink star indicates
the present orbit of Didymos. Circles mark planetary encounters (8 with
Earth and Mars in this example).

The colorbar represents the probability that a test binary retains its
satellite to the final state, assuming formation immediately prior to a
given encounter. These probabilities are not computed per batch of 50
systems; rather, they reflect the fraction of binaries across all Monte
Carlo iterations that survive each encounter or tidal-BYORP evolution
segment relative to those reaching that stage. The overall survival
probability along a pathway is obtained by multiplying the probabilities
of all successive encounters and tidal-BYORP phases.

Because binaries must survive later encounters to reach the final
configuration, the most recent encounters have the highest statistical
confidence, while earlier stages have progressively lower sampling
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Fig. 5. Example migration pathway #1 (gray line), planetary encounters (circles), and probabilities for the Didymos system keeping a satellite in a, versus e,
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Fig. 6. Example migration pathway #2 (gray line), planetary encounters (circles), and probabilities for the Didymos system keeping a satellite in a, versus e,
space (left) and g, versus i, space (right). The purple star is the start of the pathway, the light pink star is Didymos’s observed heliocentric state, and the black
lines in the left plot are the planet-crossing lines for Mercury (Me), Venus (V), Earth (E), and Mars (Ma).

statistics. Nevertheless, survival probabilities generally decrease back-
ward along the pathway, so small differences at already low final
survival rates are not significant. This approach also samples a broader
distribution of mutual orbit geometries beyond the initially circular
configurations.

For clarity, the first encounter (nearest the purple star) is light blue,
indicating that 28% of binaries formed prior to that encounter survive
all subsequent evolution to the final state. The final encounter (below
the light pink star) is orange, indicating an 84% retention probability
for satellites formed in that region.

It makes sense that the likelihood of survival increases the fur-
ther the binary goes along its migration pathway. If binary systems
experience fewer encounters, there is corresponding reduction in op-
portunities for their satellites to be stripped away during a flyby.

The very first encounter along a specific migration pathway is of
particular interest, as it can be conceptualized as a “gateway” en-
counter between main belt and NEO space. It can be used to distinguish
whether a binary system was formed back in the main belt or did
not form until it was already in NEO space. If a binary formed prior
to this first encounter is able to survive to the present-day observed
heliocentric state, then it can be thought of as effectively having formed
in the main belt. In this example, we find there is a ~30% chance of
Didymos forming Dimorphos in the main belt based on our simulation
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statistics. It is important to establish that this probability (and all
other provided probabilities) is only applicable to our simulated runs.
In reality, we cannot assign an exact probabilistic percentage on the
chance an asteroid formed its satellite in the main belt — we can
only interpret that Didymos forming Dimorphos in the main belt is a
plausible scenario. This logic is applicable to all other reported numbers
throughout our results.

Fig. 6 shows a second migration pathway example for Didymos.
It is evident that this pathway is quite different from Fig. 5. This
trek is longer, with an approximate timescale of ~19 Myr, and the
binary undergoes 47 planetary encounters, the vast majority of which
are Earth flybys. Examining the first encounter, defined by the circle
closest to the purple star, the likelihood of surviving from the main belt
along this specific course is significantly lower compared to the first
example. While before there was a nearly ~30% chance of surviving
from the main belt, now it is <1%. We note again that this does not
imply that these are the true survival probabilities. Rather, this just
implies that the run with the higher survivability rate based solely on
our sample statistics is more likely than the run with a near-zero rate to
have formed a satellite in the main belt. This highlights how different
migration tendencies can be for a given system.
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Didymos forming Dimorphos in NEO space or back in the main belt.

Among all migration pathways for Didymos, the minimum and
maximum number of encounters per a single pathway are 0 and 944,
respectively, with a median of 10 encounters.

These two example migration trajectories demonstrate that there is
no singular highway to transition from the main belt to NEO space.
While some may share similarities, others may exhibit wildly different
behaviors. Thus, while it is important to consider and evaluate the
migration pathways in our NEOMOD dataset, the reader should keep in
mind that we will never precisely know what happened to the binary
asteroid in question.

Fig. 7 visualizes the results of all 103 matching migration pathways
that arrive at Didymos’s heliocentric orbit at some point during its
time history. The purple circle and tan triangle markers show the
initial locations where a satellite formed somewhere in heliocentric
space has a 50% probability of surviving to reach Didymos’s current
heliocentric state. Each marker represents an individual pathway. If
a binary fails to reach a 50% likelihood of survival, it is not plotted.
The purple circles represent those coming from the v4 resonance, while
the tan triangles are from the 3:1 resonance. They can be considered
the bounding region of space where one can expect an asteroid to
form a satellite and keep it to the existing Didymos heliocentric orbit.
The 50% survivability threshold was chosen arbitrarily, but it serves
as a practical benchmark for identifying the point at which dynamical
survival becomes more likely than not.

The black “X” marks in the g, versus e, plot are solely a visual rep-
resentation of migration pathways whose 50% survivability threshold
corresponds to the first encounter, indicating the binary system formed
in the main belt. (Note we are referring to the first possible encounter in
the entire migration route, not every “first” encounter where a batch
of 50 test binaries is initialized in each iteration of the Monte Carlo
loop.) The marks are placed along the NEO boundary line to symbolize
this interpretation. Therefore, a little over a fifth of simulated cases that
made it to Didymos’s observed state came from the main belt, according
to our 50% survivability rate threshold. Again, this just implies that it
is plausible that Dimorphos was formed in main belt space.

We can also use our model to analyze the final binary orbit param-
eters of the surviving test binaries. Fig. 8 shows the final surviving
mutual orbits as a function of semimajor axis, eccentricity, and in-
clination. We again use the 50% survivability threshold for these
plots.
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Starting from the initial condition where all test binaries have zero
mutual eccentricity and inclination, the surviving binaries display a
broad range of final parameters, with distributions spanning several
orders of magnitude. Blue dots represent satellites that are dynam-
ically relaxed in their final state, meaning there was enough time
for tides to damp out libration. Red dots are satellites that did not
dynamically recapture from tides and remained tumbling in their final
state. The fact that both exist in Fig. 8 indicates that our model can
form both synchronous and wide, asynchronous, eccentric binaries.
Each state can be found in observed binary systems. Examples include
the singly-synchronous systems 1999 KW4 (Ostro et al., 2006) and
1996 FG3 (Scheirich et al., 2015), and the tumbling satellite of 1991
VH (Pravec et al., 1998, 2016; Meyer et al., 2024).

We note that the some of the wider binaries observed in our results
have synchronous satellites. This is simply a byproduct of our model
assumptions, where we do not allow the satellite to start tumbling
from joint tidal-BYORP expansion. In reality, tidal strength would
significantly drop off at these distances and the likely outcome would
be that the satellites enter a tumbling state, pausing BYORP evolution.

Our model results successfully replicate the observed binary param-
eters of the pre-DART impact Didymos system. This is evident from the
gold star and line in both plots, which lie within the main distributions
of the simulated binaries. We did not explicitly control the final binary
orbit to converge to the current state of Didymos, which is why we see
the large spread in final orbit parameters. It is interesting to note that
many surviving systems are similar to real systems, but at the same
time there are a number of results that are quite a bit different, such as
wider or highly inclined systems. These differences could be the focus
of future work. Additionally, we note that even though test binaries are
initialized with a fixed binary semimajor axis, it was found that varying
this parameter does not drastically influence the statistics. This is due to
the tidal-BYORP equilibrium semimajor axis being the main driver for
survivability, which is independent of initial semimajor axis but largely
dependent on B and k/Q (which we do vary). This observation will be
discussed in further detail in Section 4.5.

Another notable item in Fig. 8 is the presence of a large population
of test binaries with highly inclined mutual orbits relative to the
primary’s equatorial plane. Only semimajor axis and eccentricity are
affected by tides and BYORP in our model, so these high inclination
values are the byproduct of successive planetary encounters. Curiously,
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most of the observed binary NEO and SMBA systems are coplanar with
the primary’s equator, contradicting our results (Ostro et al., 2006;
Scheirich and Pravec, 2009; Pravec et al., 2012; Pravec and Scheirich,
2012).

We believe this mismatch can be explained by one of two possibili-
ties. The first is that we are simply missing a mechanism in our model
that is capable of effectively damping orbit inclination. This possibility
warrants further investigation in future modeling efforts.

The second option is that a broader range of binaries with high
inclinations exists, but they are significantly harder to detect due to
observational biases favoring low-inclination systems. One of the main
techniques used to detect NEO and SMBA satellites are ground-based
photometric light curves. This technique measures the brightness of the
system and detects dips in overall brightness during eclipses between
the two opponents or occultations relative to the observer’s line of sight,
indicating the presence of a satellite (Pravec et al., 2006). The challenge
with this method is that it requires a favorable geometric alignment
with the Earth and Sun (Pravec et al., 2006). Specifically, it is beneficial
for the obliquity of the mutual orbit plane relative to the ecliptic to
be near 0° or 180°, such that the orbit is edge-on with the Sun and
Earth (Pravec et al., 2012).

Radar is not inherently biased against wide or inclined binaries
(Vavilov et al.,, 2022) and has detected dozens of near-Earth sys-
tems (Margot et al., 2015). However, resolving both components re-
quires close Earth approaches (<0.2 AU) (Cuk, 2007; Margot et al.,
2015), and wide binaries may be disrupted before such encounters oc-
cur (Bottke et al., 1994; Walsh and Richardson, 2008; Fang and Margot,
2011a). Radar does not rely on mutual events, but constraining inclina-
tion relative to the primary’s equatorial plane requires knowledge of the
primary’s spin pole, which is often degenerate from a single apparition.
Reliable spin-state solutions typically require multiple apparitions and
supporting light-curve data (Margot et al., 2015; Benner et al., 2015),
and assumptions about pole alignment are sometimes adopted based
on expected formation mechanisms (e.g., rotational fission; Naidu et al.
2015).

Accordingly, if we have binary systems where the primary equa-
tor is near the ecliptic plane, high inclination mutual orbits excited
by flybys could potentially disrupt the orientation required to detect
these systems using light curve methods. This possibility is supported
by indirect evidence of a missing population of wide asynchronous
binaries. Recent crater studies have reported that the properties of
doublet craters observed on Ceres, Vesta, and Mars suggest a larger
population of well-separated and inclined binaries that does not agree
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with the known binary population (Vavilov et al., 2022; Herrera et al.,
2024). While Ceres and Vesta cannot be used as justification for the
inclined cases we observe from flybys with the inner planets (since they
would require a different inclination excitation mechanism in the main
belt), Mars could lend credence to inclination pumping from planetary
encounters. Resolving the mystery behind this population discrepancy
is left for future work.

4.3. 1999 KW4 results

The dynamical survivability of the 1999 KW4 system was also sim-
ulated along every matching migration pathway identified. We again
look at two examples from the vg resonance source, as that is where
most of the matching pathways reside. They are shown in Figs. 9 and
10.

Similar to the two Didymos examples, we can see that each of the
1999 KW4 pathways are unique in behavior. Unlike Didymos, the 1999
KW4 pathways exhibit a near-zero chance of keeping a satellite along
most of its migration pathway until closer to the end of the pathway.
It stands to reason that a 1999 KW4 satellite would not survive all the
way from the main belt, given that its orbit deep in NEO space exposes
it to a greater number of encounters that it would need to withstand.

The pathway in Fig. 9 has a timescale of ~53 Myr with 642 en-
counters, while the pathway in Fig. 10 has an even longer timescale
of ~88 Myr with 675 encounters. Among all 1999 KW4 migration
pathways, the minimum, median, and maximum number of encounters
experienced are 180, 507, and 1474, respectively. Given the orders of
magnitude increase in encounters on average compared to Didymos, it
is highly unlikely that 1999 KW4 could have formed a satellite in the
main belt.

Furthermore, there is a significant portion of NEO space where it
is unlikely that 1999 KW4 formed. Many of the migration pathways
include a small number of extremely close planetary flybys (~1.5-2
planetary radii) that consistently disrupt 100% of the test binaries en-
countering them. These close flybys act as highly effective gatekeepers,
limiting survivability in specific regions of NEO space.

By comparing the Didymos and 1999 KW4 individual pathway re-
sults, we can see that in addition to there being a multitude of migration
possibilities for one body, different bodies in different zones in NEO
space have drastically different outcomes. This difference is evident
from Fig. 11, which shows the result of all 50 matching migration
pathways that arrive at 1999 KW4’s heliocentric orbit at some point
during its time history. The bounding region of forming a satellite with
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Fig. 11. Same as Fig. 7, but for 1999 KW4.

a 50% chance of surviving to 1999 KW4’s current heliocentric state is
more limited than that of Didymos.

Fig. 11 also reveals that, although there is a spread of potential
satellite-forming heliocentric eccentricities and inclinations, satellites
have no realistic chance of survival unless they form within approx-
imately 0.2 AU of 1999 KW4’s current heliocentric semimajor axis.
Looking at the first encounter for each pathway, there is a 0% chance of
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1999 KW4 forming and keeping its satellite from the main belt, based
on our simulation statistics.

Our statistics are limited to the simulated cases and the sample
size of 50 test binaries initialized per encounter. We expect the overall
trends to persist with a larger sample. Furthermore, the model does not
weight results by the observed distribution of binaries in heliocentric
space. Thus, if a binary is observed in a bin where our simulations
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Fig. 13. Same as Fig. 5, but for Bennu with a prescribed satellite.

predict negligible survival from the main belt, this does not definitively
imply formation in NEO space; rather, it may reflect sampling limi-
tations. Accordingly, our results indicate only that formation in NEO
space is more likely than formation in the main belt.

Analyzing the final binary orbit parameters of the systems with
50% survivability probability, Fig. 12 shows that we can success-
fully reproduce the current configuration of 1999 KW4’s mutual orbit
starting from the initial conditions of a planar circular orbit. Similar
to Didymos, there is a large population of more inclined binaries,
providing further data to support either an absent inclination-damping
mechanism or a missing population of wide, inclined binaries. Unlike
Didymos, however, there are fewer tumbling binaries. This could be at-
tributed to a combination of tidal recapture and distant/weak planetary
encounters. One plausible scenario is that sufficient time exists for tidal
forces in the binary system to dampen satellite tumbling after the final
planetary encounter, allowing the system to settle into 1999 KW4’s final
state. Another possible situation is that the satellite starts tumbling due
to an intermediate planetary encounter, has enough time to recapture
in a subsequent tidal-BYORP evolution leg, and then experiences a
series of weak planetary encounters that do not re-trigger the tumbling
state. We note again though, that the widest final orbits shown in Fig.
12 would likely experience satellite tumbling at those distances if such
dynamics were accounted for in our model.

4.4. Bennu results

The dynamical survivability of Bennu with a prescribed pseudo-
satellite at a binary semimajor axis of 4R, was simulated along every
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matching migration pathway identified to assess the likelihood of satel-
lite loss. Like the two existing binary systems assessed, we also present
two representative migration pathways from the v resonance source to
evaluate migration behavior.

The first pathway is shown in Fig. 13. It shows a ~7 Myr migration
pathway largely following the Earth-crossing line and experiencing 29
Earth encounters. These successive Earth encounters cause Bennu to mi-
grate along lines of constant Tisserand invariant with respect to Earth,
with the test Bennus ultimately converging to Bennu’s observed orbit,
characterized by low semimajor axis and eccentricity values (Bottke
et al., 2025).

The second pathway in Fig. 14 shows a longer ~21 Myr pathway
with 225 planetary encounters. Compared with the first example, this
pathway experiences encounters with all four of the inner planets,
rather than just with Earth. This pathway is more similar to the 1999
KW4 example, where the probability of survival is near-zero until the
end of the pathway.

Among all Bennu migration pathways, the minimum, median, and
maximum number of encounters experienced are 17, 43, and 226, re-
spectively. These values imply that Bennu undergoes a similar number
of encounters to Didymos on average. For some pathways, however,
it experiences hundreds of additional encounters, resembling those of
1999 KW4 (and a few outlier cases for Didymos).

Fig. 15 shows the result of all 40 matching migration pathways from
Bennu from the vy and 3:1 resonance sources, marking the bounding
region for the 50% survivability threshold. The Bennu trends are similar
to Didymos in that we see a wider spread in the allowable region where
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Fig. 15. Same as Fig. 7, but for Bennu with a prescribed satellite.

Bennu is likely to have formed a satellite in (ay, e, i;,) space. Unlike
Didymos, but similar to 1999 KW4, none of the simulated cases for
Bennu survived from the main belt.

4.5. Lifetimes of surviving systems

Fig. 16 shows the bounding regions of 50% probability of surviving
to existing binary states for all three systems on a single plot for further
comparison. For the sake of comparison, each system and correspond-
ing location markers from the two sources regions have their own
color. While there is slight overlap in the formation region of Didymos
and Bennu, the results show that the three systems likely form their
satellites in distinctly different regions of space. 1999 KW4’s satellite
formation is confined to the smallest g, values of the three systems,
but experiences the widest range of ¢, and i, values. While Didymos
and Bennu have larger distributions in a,, Bennu’s current position is
at a lower a;,, and e, compared to Didymos and the formation region
does not extend back into main belt space.

We conclude that it is relatively unlikely for a main belt binary to
survive for an extended period in NEO space today unless the system is
relatively new to an Earth-crossing orbit (i.e., it has undergone only a
small number of planetary encounters). Typically, this would imply that
its perihelion is close to or greater than the Earth-crossing threshold,
and its semimajor axis is near 2 AU.

One interpretation of this result is that the low survival rates from
the main belt implies a larger fraction of main belt binaries to get the
known 15% binarity fraction in NEO space. Although it is suspected
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that the small main belt binary fraction is also roughly 15% (Pravec
et al., 2012, 2016; Pravec, 2025), this estimate is more uncertain than
NEO binaries since these bodies are harder to detect. On the other
hand, if the binary fraction truly is the same among NEO and SBMA
populations, then it is unlikely that main belt binaries are a huge source
for NEO binaries.

Fig. 16 also provides the ages of the satellites formed for all three
systems that have a 50% probability of survivability. 1999 KW4 and
Didymos have relatively similar age distributions, with values ranging
from minima on the order of 10°~10° years to maxima of ~107 years.
The median ages of the surviving 1999 KW4 and Didymos satellites are
~2 Myr and ~1.2 Myr, respectively.

The surviving pseudo-satellites of Bennu experience an order of
magnitude smaller possible ages, ranging from 10* to 10° years with
a median age of ~570,000 years. This corroborates the hypothesis that
Bennu could have been a top-shaped primary of a YORP-formed binary
at some instance in its dynamical history (Walsh, 2018; Bottke et al.,
2025). Our simulated lifetimes suggest that if Bennu at one point had
a satellite, it would need to have been dynamically younger compared
to the other two systems for it to exist today.

With shorter survival times, Bennu has a longer window during
its migration history to lose a satellite. This aligns with the general
stability trends of binaries, where systems with either wide mutual
orbits or long mutual orbital periods tend to be less stable. Bennu has
the smallest diameter and mass among the three primaries, resulting in
a weaker gravitational parameter and correspondingly longer mutual
orbit period for a given binary semimajor axis. This means that Bennu



R.H. Cueva et al.

50% Probability of Binary Survival

2.5 * 1999 KW4
vk Didymos
. Y% Bennu
EC — — NEO Boundary /. ° __¥
~ »f °
5 °
=
wn
& ]
‘0
=]
)
I}
2
g 1
% o . A
T e e .
05 : ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

Heliocentric Eccentricity [-]

Ages of Satellites

Icarus 453 (2026) 117048

50% Probability of Binary Survival

. /! '
opd3l = — Y1999 KW4
a // Y Didymos

'S Va./ - 7 Y& Bennu
= 2@

o o Ao
S

o % ©
wn ﬁ: 2° o
O 15l °
= 1.5+ 00° © ° |
=] o o ° %o
=] ° 0% @
5] oA °
R
T 1o, oo e0 |
m @ o

A °
o0
° ® . ‘A.. f. .A.‘.‘O.*‘ .?..A. o
0.5 . . L . ! ;
0 10 20 30 40 50 60 70

Heliocentric Inclination [deg]

with 50% Chance of Survivability

25 25

20 20

; 15 15
&
=,

& 10 10
<

5 5

0 0

25

20

15

10

0 E

1999 KW4

Didymos

Bennu
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chance of survivability for all three systems (bottom).

has a lower binding energy for its mutual orbit and therefore its test
satellites are more susceptible to disruptions at tighter mutual orbit
separations from planetary encounters.

It is important to note that the overall ages of surviving satellites
for our model systems are much longer than previously suggested. Prior
estimates of NEO binaries place BYORP-driven disruption timescales at
10° years at 1 AU (Cuk, 2007; Cuk and Nesvorny, 2010), matching the
minimum ages from our simulations.

Conversely, we also report binary lifetimes spanning several mil-
lion years. This extended longevity is attributed to the theoretical
tidal-BYORP equilibrium mechanism. The equilibrium occurs when
expansive tidal forces and the contractive effects of BYORP balance
each other. This stabilizes the mutual orbit at the equilibrium semi-
major axis defined in Eq. (6). This state is hypothesized to persist for
timescales >10° years (Wang and Hou, 2021), or potentially indefi-
nitely until broken apart by an external collision or close planetary
encounter (Jacobson et al., 2016).

Table 3 reports the breakdown of BYORP coefficients and tidal
parameters corresponding to surviving systems. Specifically, the mag-
nitude and sign statistics are for test binaries with 50% chance of
having a surviving satellite to the final heliocentric state of the observed
system. While no apparent dynamical correlations exist for the magni-
tudes of B and k/Q values, there is a clear trend for the sign of the
BYORP coefficient. While some satellites were able to survive with a
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positive BYORP coefficient, the vast majority of surviving test binaries
possess a negative BYORP coefficient, attesting to the dependence
on the theoretical long-term stability of the tidal-BYORP equilibrium
configuration.

The existence of a long-lived tidal-BYORP equilibrium carries ad-
ditional implications, particularly concerning the tidal de-spinning of
the primary. If this equilibrium is indeed operating over the timescales
suggested by our model, it implies that significant spin-down of the
primary should occur as tidal forces gradually act to synchronize
its rotation with the mutual orbit. This process would unfold over
timescales several orders of magnitude longer than the rapid evolution
driven by BYORP (Cuk, 2007; Goldreich and Sari, 2009; Cuk and
Nesvorny, 2010). Consequently, our model predicts that we should
observe primaries with slower spin rates. In contrast to this prediction,
nearly all primaries in known NEO and SMBA binaries are observed to
be rapid rotators. This gives rise to several potential hypotheses and
different ways to interpret the observed data.

For example, if we observe a rapidly rotating single asteroid such
as Bennu, it could suggest it experienced the early loss of a satellite in
its dynamical history, thereby preventing tidal dissipation from signifi-
cantly slowing the primary’s spin period. Conversely, if significant tidal
spin-down of primaries is expected for older satellites, the presence
of fast-spinning primaries in known binary systems could serve as
evidence for the dynamical youth of the satellite.
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Table 3

Statistical breakdown of B and k/Q values for surviving systems.
System |B| =1073 |B| = 1072 |k/Q| = 107° |k/Q| = 1073 Positive B Negative B
Didymos 55.297% 44.703% 52.112% 47.888% 14.996% 85.004%
1999 KW4 49.413% 50.587% 53.568% 46.432% 2.349% 97.651%
Bennu 49.867% 50.133% 51.194% 48.806% 2.520% 97.480%

These interpretations are complicated by interactions with YORP
cycles on the primary, possibly confounding our understanding of
the relative importance of contributing torques. It is possible that
YORP spin-up must remain active to counterbalance tidal de-spinning
in these long-term stable systems. This idea might be supported by
the observation that, among all currently detected cases of YORP,
all but one involve spin-up (Durech et al., 2024; Feng et al., 2025),
and hints that transversal conduction of heat in small-scale surface
irregularities breaks symmetry between rotational acceleration and
deceleration (Golubov and Krugly, 2012; Golubov, 2017). Thus, YORP
is, at times, confusing and therefore it is very possible that by extension
the field’s understanding of BYORP is far from complete.

A potential caveat to this trend could be an observational bias
against detecting decreasing spin rates (Feng et al., 2025). Alterna-
tively, it is possible that tidal dissipation is several orders of magnitude
weaker than currently anticipated, meaning that its ability to slow
down the primary’s spin would be negligible. Another possibility is
that the tidal-BYORP equilibrium is not as strong as current studies
suggest. If this mechanism is indeed weaker, binary system lifetimes
would likely decrease accordingly. We pose these questions as avenues
for further investigations.

5. Discussion
5.1. The dynamical uniqueness of didymos

Our results for Didymos, 1999 KW4, and Bennu suggest that Didy-
mos is the only system that has some likelihood of having formed
its current satellite in the main belt. The next question to ask is
whether our conclusions make sense given the observed properties of
the Didymos system.

Recent work suggests that the Didymos binary is a special end
member of the known binary NEO population. For example, it has one
of the tightest observed mutual orbits and one of the fastest primary
rotation rates, as well as Didymos and Dimorphos being some of the
least elongated primaries and secondaries (Pravec, 2025). This suggests
that our dynamical survivability findings for Didymos may not be
representative of other Apollo-class systems that have made similarly
limited excursions into NEO space. Perhaps our 1-in-5 likelihood for
retaining a Didymos satellite from the main belt is merely a product of
Didymos’s distinct dynamical characteristics.

Additionally, specific surface features on Dimorphos, such as a
paucity of dusty regions (Lucchetti et al., 2024; Vincent et al., 2024)
and craters (Barnouin et al.,, 2024) imply it has a younger surface
than Didymos. This could indicate that the satellite is so dynamically
young that it could not have formed in the main belt. On the other
hand, these missing surface features might simply be a consequence
of other processes that have reset Dimorphos’s surface in the recent
past (e.g., impacts producing seismic shaking, non-principal axis rota-
tion, or ejecta from Didymos landing on Dimorphos; Richardson et al.,
2020; Agrusa et al., 2022; Barnouin et al., 2024; Stern, 2009).

5.2. Limitations of current study

There are many simplifying assumptions made in our model that can
be expanded upon in future versions of the model. For example, we use
k/Q values spanning two orders of magnitude due to the significant
uncertainty surrounding the strength and mechanical properties of
rubble piles in the literature. Recent work suggests that k/Q could be
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several orders of magnitude higher than the range used in this work (as
high as 1072; Burnett et al., 2024).

As a second example, consider that Cuk et al. (2024) suggests that
rubble piles may be dominated by short bursts of dissipative behav-
ior rather than continuous tidal evolution, whereas Efroimsky (2015)
argues that dissipation could be dominated by viscosity, rather than
a classical friction-based approach with a single k/Q value. Although
our understanding of the actual behavior of these bodies is limited,
future models should, at a minimum, explore a broader range of tidal
parameters to better capture potential outcomes.

We also note that the tidal-BYORP analytical equations used in
our model have a limited scope in how they treat binary evolution. If
BYORP is contractive, the equations will always enforce a tidal-BYORP
equilibrium endpoint by Eq. (6), and our chosen magnitudes for B
and k/Q values do not allow for the formation of contact binaries. We
would instead need to incorporate B values stronger than 10~2 and k/Q
values weaker than 107° to get a tidal-BYORP equilibrium semimajor
axis less than the Roche limit.

At present, the only way to form a contact binary in our model is
through planetary encounters. Furthermore, joint tidal-BYORP expan-
sion is unbounded in our model until the satellite escapes the system.
In high-fidelity modeling of tidal-BYORP evolution, tidal dissipation
strength drops off significantly at wide separations and would cause
the satellite to enter a tumbling state (Cueva et al., 2024). This would
shut off BYORP and pause secular evolution before the satellite would
have a chance to escape. Our model currently accounts only for tidal
recapture. If we were to add the ability to initiate tumbling at specific
distances, we would expect the binaries to have an increased surviv-
ability rate. Note that previous studies show that BYORP can expand a
satellite to the Hill sphere before losing synchronous lock, so allowing
for satellite disruption from BYORP expansion is not an unfounded
outcome and thus a reasonable assumption (McMahon and Scheeres,
2010a; Jacobson et al., 2013). Furthermore, this preliminary model
cannot capture all possible perturbations a binary may experience. As
the binary expands closer to the Hill sphere, it is likely that additional
perturbations not included in our model will trigger the final unbinding
of the two components. Nevertheless, expansive BYORP is what drives
the orbit to susceptibility for destruction. Therefore, attributing the fi-
nal disruption to BYORP is a reasonable simplification for the purposes
of this study.

Our approach to modeling planetary flybys could also be improved
by numerically propagating the orbital dynamics during a flyby, rather
than using a probabilistic analytical approach. Currently, we compute
the average change in Keplerian mutual orbit elements from the flyby
and assign equal chance of increasing or decreasing those values. This
approach does not adequately account for the influence of binary orbit
orientation when entering a planetary encounter. Previous studies have
shown that the incoming binary geometry as the system approaches the
planet may influence how the system responds to the encounter (Bottke
and Melosh, 1996; Meyer and Scheeres, 2021). Additionally, we assume
a 100% disruption rate for encounters with sufficiently large flyby
parameters. This assumption is a modest over-estimate; higher-fidelity
GUBAS simulations suggest that even very close planetary encounters
can have small probabilities of survival, which would likely increase
overall survivability rates.

We also assume that a satellite forms instantaneously prior to un-
dergoing the initial encounter in a sequence. We do not account for
formation of a satellite along the arc of the migration pathway prior to
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the location of the initial encounter, negating any dynamics that could
affect the orbit preceding the first encounter.

While our binary simulations end once the satellite is lost, in reality
we can expect the primary to form new satellites. This formation-
destruction cycle of binaries is expected to form satellites several times
throughout the rubble pile’s dynamical lifecycle (Cuk, 2007; Jacobson
and Scheeres, 2011a). While it is much easier to strip the satellite
from the primary rather than tidally disrupt an asteroid and form a
satellite during a close planetary flyby (Walsh and Richardson, 2008),
it is possible for multiple YORP spin-up cycles to occur, leading to
several instances of satellite formation. However, the main focus of this
paper was to assess how long certain satellites survive. Thus, successive
formations of satellites can be viewed as a different question our tool
could be used to answer, rather than a caveat of the presented work.

Additionally, our model does not account for satellite libration,
nor does it track the spin rates of the system’s components. The spin
rate of the primary could be easily added to our model to further
explore interactions between tidal spin-down and combating YORP
spin-up over long durations. Furthermore, future work will explore a
wider range of initial conditions for the mutual orbits of test binaries,
including configurations with non-zero eccentricity and inclination.

Our model also does not include satellite acceleration caused by
unbalanced thermal cooling and heating following the entry and exit
of the primary shadow, dubbed the Yarkovsky-Schach (YS) effect (e.g.,
Vokrouhlicky et al., 2005; Zhou et al., 2024; Zhou, 2024). While po-
tentially important, the YS effect depends on another set of poorly con-
strained variables, opening the problem of a potential over-
parametrization of our results. We thus postpone extension of our
model by the YS effect to the future studies.

Finally, we only test one plausible size ratio for the prescribed
pseudo-satellite of Bennu. In theory, a larger satellite will tend to have
a weaker BYORP coefficient due to factors like bulk shape becom-
ing more spherical and less irregular as size increases. This would
widen the tidal-BYORP equilibrium semimajor axis, making a larger
satellite more likely to be stripped. A size ratio optimized for satel-
lite survival could hypothetically be assessed, but in general smaller
satellites (including our the prescribed radius we use) fall within the
low mass ratio regime (defined by secondary-to-primary mass ratios
below 0.2, representative of the binary systems described throughout
this study; Jacobson and Scheeres, 2011a). Thus, we anticipate smaller
satellites to generally produce similar outcomes, making our choice of
pseudo-satellite a reasonable starting point.

Ultimately, approximations and reasonable assumptions were made
in order to make this preliminary study computationally tractable.

5.3. Extensions of current study

Beyond investigating the dynamics of existing NEO binary systems,
our tool offers numerous opportunities for exploration in other areas.
One direction is the formation and evolution of escaping ejecta binaries
(EEBs). These binary systems form as a result of catastrophic collisions
where escaping fragments become gravitationally bound (Durda et al.,
2004). They have different characteristics than typical NEO binaries,
such as larger component mass ratios and wider, eccentric, and inclined
mutual orbits. To date, however, very few candidate EEBs have been
identified in the main belt (Durda et al., 2010; Polishook et al., 2011),
and none have been detected in NEO space. This is despite the model
prediction that numerous EEBs should be created in asteroid family-
forming events (Durda et al., 2004; Nesvorny et al., 2006; Minker
et al., 2025). Our model could be used to examine this discrepancy
and potentially explain the dynamical history of EEBs. It may even be
able to predict where they should exist today, if some can dynami-
cally survive. Such work could also be connected to the disagreement
between the properties of known binary NEOs and SMBAs and the
differing characteristics of doublet craters observed on Ceres, Vesta,
and Mars (Vavilov et al., 2022; Herrera et al., 2024).
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The formation of asteroid pairs — escaped bodies previously bound
by a mutual orbit now on alike orbits about the sun — could also be
another line of possible inquiry. The dynamics of these systems can be
backwards integrated to determine their age since separation (Pravec
et al., 2010, 2019; Pou and Nimmo, 2024). We could perform an in
depth comparison between known asteroid pair formation timescales
and the disruption timescales of test binaries in our dynamical model to
assess if there are preferential pathways from the main belt responsible
for the formation of asteroid pairs. This could be tied with a study
performing the opposite analysis of what is reported in this work.
Rather than looking at the timescales of survival for systems with
known satellites, we could look at the timescales of SMBA binaries
since first evolving out of the main belt and compute expected lifetimes
that binaries tend to persist in NEO space until being disrupted. The
caveat here however, is that most known asteroid pairs are observed
in the inner main belt. While there have been a few observations of
pairs in the NEO population, it is likely that their orbital parameters
quickly spread from planetary encounters and chaotic evolution, mak-
ing them impossible to detect unless they are newly formed (Pravec
and Vokrouhlicky, 2009; Pravec et al., 2019; Moskovitz et al., 2019).
Ultimately, we encourage collaboration with researchers interested in
using our tool for any of the ideas presented here or for topics we have
not considered.

6. Conclusions

In this work, we model the dynamical survivability of near-Earth
and small main belt binary asteroids to determine the source regions
and lifetimes of satellites. We simulate the migration of test binaries
from the v secular resonance and 3:1 mean motion resonance with
Jupiter along various pre-computed pathways provided by the NEO-
MOD numerical integration runs. First-order analytical equations are
used (i) to evaluate the changes in mutual orbit and satellite attitude
for all test binaries at every planetary encounter per each migration
pathway, and (ii) to propagate analytical equations in the migration
segments between each planetary encounter, incorporating mutual or-
bit expansion and contraction induced by tidal dissipation and the
BYORP effect. Successive planetary encounters and tidal-BYORP evo-
lution arcs are modeled until the test binary reaches the observed
heliocentric location of a known binary asteroid system, or the satellite
either collides into or is stripped from the primary.

Using our code, we simulated the dynamical evolution and surviv-
ability of three known near-Earth systems: 1999 KW4 (with primary,
Moshup and satellite, Squannit), Didymos and Dimorphos, and Bennu
with a prescribed pseudo-satellite. We report survival statistics, ages,
and bounding regions where satellite formation is possible in heliocen-
tric space for each system, as well as resulting mutual orbit parameters
for the two real binaries.

The main findings from this study are summarized with a bulleted
list:

1. NEOs with orbits deeply within NEO space are more likely to
form satellites within NEO space rather than have those satel-
lites originate in the main belt. Our model results indicate that
Didymos exhibits a significant likelihood of forming and retain-
ing a satellite from the main belt, based on our sample-driven
statistics. It remains an open question whether this dynamical
trend applies to other Didymos-like systems or if the Didymos
system itself possesses uniquely singular characteristics.

2. Binary inclinations may be produced by close planetary encoun-
ters.

3. Binary dynamical lifetimes can be much longer than previously
suspected due to tidal-BYORP equilibrium. If this mechanism is
weaker than predicted, however, our predicted model ages for
our binaries will decrease.
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4. It is plausible that Bennu once formed and subsequently lost a
satellite due to the short-lived nature of satellites in our Bennu
runs. This could explain its physical properties resembling those
of a typical primary in a binary system formed through YORP
spin-up-induced fission.
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