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Abstract

We overview various efforts within the DART Investigation Team’s Ejecta Working Group to predict the
characteristics, quantity, dynamical behavior, and observability of DART impact ejecta. We discuss various
methodologies for simulation of the impact/cratering process with their advantages and drawbacks in relation to
initializing ejecta for subsequent dynamical propagation through and away from the Didymos system. We discuss
the most relevant forces acting on ejecta once decoupled from Dimorphos’s surface and highlight various software
packages we have developed and used to dynamically simulate ejecta under the action of those forces. With some
additional software packages, we explore the influence of additional perturbing effects, such as interparticle
collisions within true N-body codes and nonspherical and rotating particles’ interplay with solar radiation pressure.
We find that early-timescale and close-proximity ejecta evolution is highly sensitive to some of these effects (e.g.,
collisions) while relatively insensitive to other factors. We present a methodology for turning the time-evolving
size- and spatially discretized number density field output from ejecta simulations into synthetic images for
multiple platforms/cameras over wide-ranging vantage points and timescales. We present such simulated images
and apply preliminary analyses to them for nominal and off-nominal cases bracketing realistic total mass of ejecta
and ejecta cumulative size—frequency distribution slope. Our analyses foreshadow the information content we may
be able to extract from the actual images taken during and after the DART encounter by both LICIACube and
Earth-vicinity telescopes.
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1. Introduction

The Double Asteroid Redirection Test (DART) is a NASA
mission that will be the first meaningful demonstration of the
use of a kinetic impactor for defense against objects on a
collision course with our planet (Cheng et al. 2016, 2018;
Rivkin et al. 2021). Having successfully launched on 2021
November 24, the spacecraft will impact (65803) Didymos I
Dimorphos, the satellite of the (65803) Didymos binary system,
on 2022 September 26 at approximately 23:14 UTC, causing a
minimum 73 s change in the binary mutual orbit period that
will be measurable from the ground. The actual impact-induced
change in this period will be determined by the momentum of
the spacecraft and the fate of any resulting ejecta. The
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momentum transfer enhancement factor “beta” (6>1) is a
scalar describing any additional “push” imparted to Dimorphos
as a result of escaping ejecta and is planned to be estimated
from observations made before, during, and after the event
using the approach outlined in Rivkin et al. (2021). The Light
Italian CubeSat for Imaging of Asteroid (LICIACube; Dotto
et al. 2021), contributed by the Italian Space Agency and
deployed from DART in the days before impact, will contribute
some of these observations during a fast flyby of the system as
the event unfolds.

The European Space Agency mission Hera (Michel et al.
2018, 2022) consists of an orbiter and two CubeSats, called
Juventas and Milani, that will visit Dimorphos 4 yr after the
DART impact to fully characterize the physical (including
interior), compositional, and dynamical states of the system.
Hera will also assess the impact effects further, in particular the
size and morphology of the crater left by DART and the actual
momentum transferred by the impact, in part through actual


https://orcid.org/0000-0001-5375-4250
https://orcid.org/0000-0001-5375-4250
https://orcid.org/0000-0001-5375-4250
https://orcid.org/0000-0002-8068-7695
https://orcid.org/0000-0002-8068-7695
https://orcid.org/0000-0002-8068-7695
https://orcid.org/0000-0002-0884-1993
https://orcid.org/0000-0002-0884-1993
https://orcid.org/0000-0002-0884-1993
https://orcid.org/0000-0002-7478-0148
https://orcid.org/0000-0002-7478-0148
https://orcid.org/0000-0002-7478-0148
https://orcid.org/0000-0001-9311-2869
https://orcid.org/0000-0001-9311-2869
https://orcid.org/0000-0001-9311-2869
https://orcid.org/0000-0003-3240-6497
https://orcid.org/0000-0003-3240-6497
https://orcid.org/0000-0003-3240-6497
https://orcid.org/0000-0002-9335-1656
https://orcid.org/0000-0002-9335-1656
https://orcid.org/0000-0002-9335-1656
https://orcid.org/0000-0001-7537-4996
https://orcid.org/0000-0001-7537-4996
https://orcid.org/0000-0001-7537-4996
https://orcid.org/0000-0002-9321-3202
https://orcid.org/0000-0002-9321-3202
https://orcid.org/0000-0002-9321-3202
https://orcid.org/0000-0003-0457-2519
https://orcid.org/0000-0003-0457-2519
https://orcid.org/0000-0003-0457-2519
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0001-5475-9379
https://orcid.org/0000-0001-5475-9379
https://orcid.org/0000-0001-5475-9379
https://orcid.org/0000-0003-3121-3845
https://orcid.org/0000-0003-3121-3845
https://orcid.org/0000-0003-3121-3845
https://orcid.org/0000-0002-4943-8623
https://orcid.org/0000-0002-4943-8623
https://orcid.org/0000-0002-4943-8623
https://orcid.org/0000-0001-9840-2216
https://orcid.org/0000-0001-9840-2216
https://orcid.org/0000-0001-9840-2216
https://orcid.org/0000-0003-4045-9046
https://orcid.org/0000-0003-4045-9046
https://orcid.org/0000-0003-4045-9046
mailto:Eugene.G.Fahnestock@jpl.nasa.gov
http://astrothesaurus.org/uat/779
http://astrothesaurus.org/uat/72
http://astrothesaurus.org/uat/1092
http://astrothesaurus.org/uat/1255
http://astrothesaurus.org/uat/453
http://astrothesaurus.org/uat/1083
http://astrothesaurus.org/uat/1857
https://doi.org/10.3847/PSJ/ac7fa1
https://crossmark.crossref.org/dialog/?doi=10.3847/PSJ/ac7fa1&domain=pdf&date_stamp=2022-09-01
https://crossmark.crossref.org/dialog/?doi=10.3847/PSJ/ac7fa1&domain=pdf&date_stamp=2022-09-01
http://creativecommons.org/licenses/by/4.0/

THE PLANETARY SCIENCE JOURNAL, 3:206 (21pp), 2022 September

measurement of Dimorphos’s mass. Together, DART and Hera
are supported by the Asteroid Impact and Deflection Assess-
ment cooperation between the two space agencies.

The size and velocity distributions of ejecta produced by a
hypervelocity impact on the low-gravity surface of an asteroid
are an important topic for many reasons related to planetary
defense and also regolith production on asteroid surfaces. Yet
these distributions involve large uncertainties, in particular for
the low-speed component that is very difficult to characterize
through impact experiments in Earth-surface gravity condi-
tions. Scaling laws have been developed based on dimensional
analysis that indicate how multiple parameters of the impact
and cratering process relate to each other, allowing predictions
and extrapolations for different impact conditions. They allow
relating the crater’s radius, as well as the ejecta mass and
ejection velocities, to the impact conditions. Depending on
whether the surface strength or net surface acceleration
accounting for body rotation and body gravity controls the
cratering process, the impact is defined as occurring in the
strength regime or in the gravity regime, respectively.
Laboratory experiments have been conducted in order to
obtain the empirical values of the constant parameters
employed in the scaling laws for both regimes and for different
materials (Housen & Holsapple 2003, 2011). However, scaling
laws are idealized, as they assume the uniformity of the
process, as well as structural continuity, and they are not valid
for the entire ejecta velocity range (Housen & Holsapple 2011).
Numerical simulations have also been developed to predict the
crater and ejecta properties from an impact, but some situations
are very challenging to numerically simulate, such as when the
process needs a long time to finalize and involves more than
shock physics. Thus, validations of potential modeling
improvements for these challenging circumstances are strongly
needed.

While impact experiments in the laboratory remain crucial to
validate scaling laws and simulations at small scales, experi-
ments at the real scale of an asteroid are required to make sure
of their more general validity. The Deep Impact mission was
the first mission to perform an actual impact on a comet in
2005, but the outcome was so different than expected that there
are still some debates about its interpretation. More recently,
the JAXA Hayabusa2 sample return mission to Ryugu
(Watanabe et al. 2019) successfully made the first impact
experiment on an asteroid with its Small Carry-on Impactor
(SCI; Arakawa et al. 2020). The impact of the 2 kg projectile
into the surface at 2km s~ ' was observed by a small camera
called Deployable CAMera 3 that was deployed for this
purpose, showing a fraction of ejecta getting back to the surface
of the asteroid despite its low gravity. Later, the Hayabusa2
Optical Navigation Camera observed the impact site, allowing
the measurement of the crater’s size. While predictions were
giving a crater size of a few meters, under the assumption that
the impact would take place in the strength regime, the
measurements gave a crater diameter of 15 m. Using scaling
laws, it was then found that the only way to explain such a
large size is if the impact took place in the gravity regime and
the surface cohesion was smaller than 1Pa. This would also
explain the observed rather large fraction of low-speed ejecta.

Clearly, whether the impact takes place in the gravity or
strength regime can make a big difference, both in the crater’s
size and in the ejecta properties. The consequences would also
be a difference in the momentum enhancement factor § and the
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fate of ejecta. Ryugu is about 900 m in diameter, while
Dimorphos is only about 160 m in diameter, and both objects
probably have different formation histories. Therefore, it is
difficult to assess a priori whether the impact into Dimorphos
will be gravity- or strength-dominated, despite Dimorphos’s
smaller size. So, we need to allow for both cases. Only later,
comparing with the actual DART impact, the ejecta observed
by LICIACube, and, eventually, the measurements of the
crater’s properties by Hera, we will be able to provide answers
to this very important question.

In this paper, we survey work performed within the Ejecta
Working Group of the DART Investigation Team to predict the
quantity, characteristics, dynamical behavior, fate, and pre-
sentation within planned observations (i.e., observability) of the
ejecta that will be generated by the DART impact. We start
with a discussion of the different phases of ejecta generation
and different approaches to use for initializing ejecta in
Section 2. Here initialization is taken to mean defining the
initial time, vector position, and vector velocity, plus size,
density, and mass, of ejecta particles sampled for later
dynamical propagation within and away from the binary
asteroid system. In Section 3, we discuss the accelerations
acting on ejecta within that dynamical propagation and their
implementation within different software packages. Additional
perturbing effects, which can be particularly important,
especially in the initial phases of the ejecta’s motion, are
described in Section 4. In Section 5, we detail a methodology
by which the size and spatial distributions of ejecta particle
number density are turned into simulated images from
LICIACube and Earth-vicinity vantage points at planned
image-capture epochs. Next, in Section 6, we apply all of
these methods to a brief case study of nominal and off-nominal
scenarios spanning a range of total ejecta mass and cumulative
size—frequency distribution (cSFD) slope. Conclusions are
provided and avenues for future work are discussed in
Section 7. Finally, the reader is referred to companion papers
on the impact physics (Stickle et al. 2022), the binary dynamics
pre- and post-impact (Richardson et al. 2022), the ground-
based observation campaign (Naidu et al. 2022; Pravec et al.
2022; Scheirich & Pravec 2022), and the use of spacecraft-
based observations for geological assessment (Pajola et al.
2022) and shape modeling (Daly et al. 2022) to form a more
complete picture of the expectations for the DART encounter.

2. Ejecta Characteristics and Initialization

With an anticipated speed of about 6km s~ ', the DART
impact will occur in the hypervelocity cratering regime. This
complex process of hypervelocity cratering can be divided into
two distinct phases: the impact phase and the phase involving
the dynamical evolution of the ejecta, which may include
reaccumulation on Didymos and/or Dimorphos (Jutzi et al.
2019). During the first moments of crater formation, highly
shocked material is ejected out of the growing crater cavity,
carrying away a portion of the energy and momentum budgets.

The difficulty in studying the entire process of crater
formation and ejecta reaccumulation is that with the low
gravity and strength that are predicted on a rubble-pile
Dimorphos, consistent with our current understanding of
binary formation and evolution (Walsh & Jacobson 2015),
impact-related processes happen on very different spatiotem-
poral scales. In the case of the DART impact, the cratering
process could last from a few seconds to astens of minutes. On
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the other hand, the dynamical evolution of the ejecta occurs
over even longer timescales, up to several weeks/months (Yu
et al. 2017; Yu & Michel 2018).

Very fast ejecta (with speeds up to five times the impact
velocity (Kieffer 1977), depending on the angle between the
converging surface of the projectile and the target during the
“jetting” phase that occurs in the first moments following the
impact (Johnson et al. 2014)) will escape from the asteroid
system. Very slow ejecta (with speeds much lower than
Dimorphos’s escape velocity) will rapidly reaccrete on the
source asteroid body. Low- to moderate-speed ejecta that do
not escape the system or rapidly reaccrete can survive longer in
the binary system, undergoing complex three-body motion, and
even stabilize in resonant orbits around Didymos’s libration
points (Soldini et al. 2020a). The ultimate fate of such long-
term surviving particles depends critically on their size, with
smaller dust-sized particles being less stable due to their
sensitivity to nongravitational forces, namely, solar radiation
pressure (SRP).

2.1. Impact Phase

The complicated process of ejecta formation during cratering
involves extreme pressures and temperatures and requires
laboratory experiments and dedicated numerical codes to
understand.

Numerous past impact experiments (e.g., Gault et al. 1963;
Cintala et al. 1999; Anderson et al. 2003; Hermalyn &
Schultz 2011; Housen & Holsapple 2011) have shown that the
ejecta mass—velocity—launch position distribution is sensitive to
target properties—including target strength, density, and
porosity—and impactor density and speed. For example, Gault
et al. (1963) recorded the mass—velocity distribution of ejecta
from impacts into strong basalt (=30 MPa), and Housen (1992)
recorded the ejected mass as a function of velocity from
impacts into weaker material mixtures (<1 MPa), including
weakly cemented basalt (WCB). The data for solid basalt (a
few percent porous) showed steeper mass—velocity trends than
in the case of the more porous WCB (=20% porosity). Similar
data exist for impacts into highly porous mixtures of sand and
fly ash (Housen & Holsapple 2003) and sand (Cintala et al.
1999; Anderson et al. 2003). Recent impact experiments (Ormo
et al. 2022) also noted the influence of heterogeneities within
the target. Despite the relatively large number of laboratory-
scale impact experiments, it is difficult to quantify the influence
of target properties independently. Moreover, it is unknown
how well the results of small-scale laboratory experiments can
be extrapolated to cratering on asteroids, as these settings are
separated by orders of magnitude in both gravity and spatial
scale. The specifics of the strength and porosity properties on
asteroids are also highly uncertain.

To computationally model a complicated process like impact
cratering requires the use of computer codes that can simulate
not only the passage of a shock wave but also the behavior of
geologic materials over a broad range of stress states. Impact
simulations using so-called shock physics codes have been
widely used to predict the outcome of the impact of a kinetic
impactor (e.g., Jutzi & Michel 2014; Raducan et al. 2019).
Such models, if rigorously validated against laboratory
experiments, are able to accurately assess the full suite of
consequences related to the collision of a spacecraft with an
asteroid. Such numerical simulations have the advantage over
laboratory experiments that a larger range of events (with a
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large range of initial conditions (ICs) and target properties to
help account for some of the unknowns), which are more
relevant to asteroids, can be tested. Impact simulations of the
DART impact have been performed in the context of the
DART Impact Working Group (e.g., Stickle et al. 2017; Rainey
et al. 2020; Stickle et al. 2022), while systematic studies of the
influence of target properties have previously been performed
by Prieur et al. (2017), Luther et al. (2018), and Raducan et al.
(2019).

2.2. Dynamical Evolution of the Ejecta Phase

N-body codes are needed to model the mid- and long-term
evolution of the ejecta. After shock physics—related effects
cease, the dynamics of fragments are dominated by the
gravitational pull of the asteroids. In such a low-acceleration
environment, small dynamical perturbations caused by inho-
mogeneities of the asteroids’ mass distribution, interparticle
interactions, and SRP play major roles in the long-term
evolution of ejecta fragments. N-body codes are suitable to
reproduce the dynamics of ejecta fragments in this context, as
they provide reliable long-term integration of the gravitational
and nongravitational acceleration terms involved.

We investigate the dynamical evolution of ejecta using N-
body discrete element method (DEM) codes, a subset of N-
body codes that account for the finite sizes of N-body particles.
It is important to characterize the mutual contact interaction
between ejecta fragments, which might collide between each
other and form aggregates where several particles remain in
stable or quasi-stable contact with each other. Preliminary
results using GRAINS, a DEM N-body code that models ejecta
fragments as irregularly shaped polyhedra (Ferrari et al.
2017, 2020), have shown that contact interactions between
particles are indeed important to their short- to medium-
term dynamics (Ferrari et al. 2021). The code pkdgrav
(Richardson et al. 2000; Stadel 2001) with soft-sphere DEM
contacts (Schwartz et al. 2012; Zhang et al. 2017, 2018) has
been used to study the gravitational reaccumulation phase after
catastrophic and subcatastrophic disruption (e.g., Ballouz et al.
2014; Schwartz et al. 2016, 2018; Zhang et al. 2021a).

As an input, DEM N-body codes require initial-time
knowledge of the dynamical state, i.e., the full vector position
and velocity, of all fragments and their physical properties,
such as mass, volume, or density. In addition, when six degrees
of freedom (dof) particles are used, as in the case of GRAINS’s
angular fragments, the initial-time orientation and spin state of
each particle must also be known.

There are several approaches that can be implemented to
define the ejecta properties in an N-body code: (a) empirically
derived scaling laws from laboratory experiments, (b) direct
handoff from shock physics numerical models, and (c) velocity
field transition from shock physics numerical results. These
approaches are schematically illustrated in Figure 1. Each of
these has their own advantages and disadvantages, as described
below.

2.3. Ejecta Initialization

2.3.1. Initialization from Ejecta Scaling Relationships, Previously
Calibrated to Laboratory Experiments

One way of initializing the ejecta in N-body codes is to use
ejecta scaling relationships, which have been previously
calibrated to laboratory experiments. Arguably, the most
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Figure 1. Schematic representation of the handoff procedure and ejecta initialization in N-body codes for mid- and long-term evolution of the DART impact ejecta. (a)
Properties of the ejecta plume from small-scale impacts can be recorded from laboratory impact experiments (J. Ormoé et al. 2022, personal communication). (b) Shock
physics codes (e.g., SPH codes) validated against laboratory impact experiments can be used to model asteroid-scale impacts. (c) Ejecta scaling relationships (i.e.,
Housen & Holsapple 2011) can be used to approximate the behavior of the ejecta away from the impact point and crater rim using laboratory- or numerical
simulation—derived scaling constants (Housen & Holsapple 2011; Raducan et al. 2019). (d) The input conditions in N-body codes that track the mid- and long-term
evolution of the DART impact ejecta particles can be initialized by direct handoff from SPH codes or by applying ejecta scaling relationships.

widely used ejecta scaling relationships were derived by
Housen & Holsapple (2011) using point-source approximation
and dimensional analysis. Housen & Holsapple (2011)
proposed a series of power-law scaling equations that relate
the initial impact conditions to properties of the impact ejecta,
such as mass, speed, and launch position distributions. In
reality, the ejecta velocity—launch position distribution deviates
from a simple power law close to the impact point and near the
crater rim. In the Housen & Holsapple (2011) formulation, the
ejecta scaling deviates from a simple power law near the crater
rim, where the ejection speed is reduced to zero as the ejection
flow is increasingly affected by gravity or strength. Recent
modifications (Raducan et al. 2019) also account for the
behavior of very fast ejecta launched close to the impact point.
The Housen & Holsapple (2011) ejecta scaling relations
include a number of constants that are determined by fitting
the equation to empirical data (e.g., the velocity exponent p,
density scaling exponent v, or constant C;). Housen &
Holsapple (2011) gave a comprehensive summary of ejecta
data from the literature for a variety of target materials and the
corresponding scaling constants.

This method has been used to initialize ejecta properties and
integrate the ejecta evolution in an idealized case of an isolated,
spherical Dimorphos without SRP by Schwartz et al. (2016).
Their preliminary study came out of an effort to develop the
methodology to diagnose and characterize safe regions to

position a proposed observer spacecraft during the time of the
DART impact (Michel et al. 2016, 2018). Schwartz et al.
(2016) also contained an early hydrocode-to-soft-sphere DEM
N-body handoff methodology (discussed below), which has
since been built upon in Ballouz et al. (2019) and Zhang et al.
(2021a).

One obvious advantage of using ejecta scaling relationships
to initialize the ejecta in N-body codes is their simplicity; they
do not require the use of additional computer codes, which
introduce many additional parameters and the complication of
developing a technique to translate the code output into ICs for
N-body integration. However, data from only a limited number
of laboratory experiments are available, and these were
performed under a limited range of impact conditions (i.e.,
all under Earth-surface gravity and at small scales), which
might not always be justifiably extrapolated to asteroid
environments. Moreover, the scaling relationships are an
idealization of the ejecta behavior and do not account for the
variation of the ejection angle with material properties
(initialization conditions usually assume an ejection angle
of ~45°). Recent studies (i.e., Raducan et al. 2022) have shown
that the ejection angle from a high-velocity impact on an
asteroid deviates from 45° depending on the target friction
properties and impact angle. In addition, the ejecta scaling laws
do not account for preexisting heterogeneities within the target
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or target curvature (which is important for very large craters
relative to the target).

2.3.2. Direct Handoff from Discrete Particle Shock Physics Codes

Another approach is to use shock physics numerical
simulations to model the impact crater, and then assign the
ejecta properties as ICs to N-body codes. This method has been
used to link Bern’s smoothed particle hydrodynamics (SPH)
simulations to GRAINS. Once the impact phase is over, the
shock physics code simulations are stopped, and the
SPH particles and their corresponding velocity and mass
distribution are fed into the N-body code that computes the
dynamical evolution of the system to later times. In the case of
a DART-like impact, the shock physics code is stopped when
no more ejecta is produced with velocities higher than a few
centimeters per second (approximately the escape velocity of
Dimorphos at its surface, vpiy, ~ 0.089 m sfl), after which the
ejected particles are affected only by gravity. The handoff time
is representative for the transient morphology of the target. For
a DART-like impact, the transfer time varies with crater growth
time and cratering efficiency and ranges from ~~a few seconds
after the impact (for strong, >1 kPa targets) to ~tens of minutes
after the impact (for low-cohesion targets). The SPH particles
are directly transformed into DEM particles, and their mass and
density are kept constant. Note that cohesion is not handed
over to the N-body simulation; therefore, the particles are
cohesionless.

One of the main current limitations of this approach is that
the ejecta particle size distribution is not considered. Due to the
limits in the resolution in SPH simulations, the ejected
fragments are not explicitly resolved. Instead, the SPH particles
do not represent “real” mass particles, and the material needs to
be further discretized, conserving the combined ejecta mass,
into smaller particles within the N-body code. Another
difficulty, discussed within Schwartz et al. (2016), is the need
to avoid having any overlap of the resulting particles within the
N-body code, which would produce unphysical particle
repulsion forces depending on the particle interaction model
(e.g., “hard-sphere” versus “soft-sphere”). This may involve
shrinking particle volumes and increasing particle densities
while conserving particle masses.

2.3.3. Handoff Based on Velocity Field Transition from Shock Physics
Numerical Results

The initial mass—velocity distribution of the ejecta is a key
that determines their later evolution. As discussed in
Section 2.3.1, the ejecta velocity scaling laws are nevertheless
limited by the point-source approximation and the lack of
validation with regolith target materials under low gravity.
Numerical modeling using well-validated shock physics codes
may provide a more reliable way to characterize the ejecta
mass—velocity distribution.

Therefore, in addition to the direct particle-to-particle
handoff procedure described in Section 2.3.2, we can also
use a velocity field transition procedure to carry out the handoff
(Zhang et al. 2021a). This procedure consists of four steps.
First, a regolith bed is generated with a desirable particle size
distribution and settled down under a predefined gravity
environment using a DEM code. Second, according to the
ejecta velocity field given by a shock physics simulation, a
surface is constructed to isolate the compact material from the
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fast-moving ejecta using the a-shape-construction algorithm
(Ballouz et al. 2019). Third, this surface then is used to carve
out the DEM regolith bed and match the velocity and mass of
particles with the shock physics simulation outcome. Finally,
the fast-moving ejecta is added as individual particles.

With a combination of two numerical schemes, Bern’s
SPH and the DEM code pkdgrav, this handoff procedure was
developed recently for end-to-end impact cratering modeling
and has been validated against the Hayabusa2 SCI impact
experiments on asteroid Ryugu (Zhang et al. 2021a). The
simulation results show that, in this low-gravity regime, the
excavation process lasted about 300 s. After that, the ejecta
curtain started to deposit onto the surface. It took above 1000 s
to let most of the ejecta settle down. The time evolution of the
ejecta is quantitatively consistent with the results of the SCI
impact (Arakawa et al. 2020). The final crater morphology also
shows quantitatively good agreement, where the crater depths
are identical and differences in the crater diameters are less than
1 m. These simulation results confirm that the SCI impact
occurred in the gravity-dominated regime, and the cohesion of
Ryugu’s surface regolith is extremely small (Zhang et al.
2021b).

In this handoff procedure, the particle resolution and size
distribution in the DEM simulation are independent of those of
the SPH simulation. Therefore, the ejecta distribution can be
refined or resampled according to the mass—velocity relation-
ship and launch position to reflect the actual size distribution of
the ejecta fragments. The adopted particle resolution would be
a trade-off between the computational cost and simulation
fidelity requirements. In addition, as the late stage of crater
growth is modeled using a presettled regolith bed, the
overlapping issue in the direct handoff method can be
eliminated, and the seismic dynamics of granular material
following the high-speed impact can be revealed, which is one
of the big advantages of this handoff procedure.

However, since this handoff procedure considers both the
ejecta field and the compacted materials that have not been
ejected, the appropriate time to carry out this handoff is largely
uncertain. As shown in the SCI impact simulations (Zhang
et al. 2021b), due to the propagation of impact momentum,
particles with low-to-moderate velocity located >5 m from the
impact site were still continuously ejected from the surface
200 s after the impact. The long-lasting growth of the ejecta
curtain may affect the dynamics of Dimorphos and the
deflection efficiency measurement (i.e., 3), which needs to be
carefully tested using the handoff numerical framework.

3. Ejecta Dynamical Propagation

The subsequent motion of the ejecta particles is driven by
gravitational and nongravitational forces that are acting with
different relative importance depending on the distance from
the asteroids and the size and mass of the particles themselves.
To begin with, the main acceleration is due to the gravity 