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Abstract

The NASA Double Asteroid Redirection Test (DART) spacecraft successfully crashed on Dimorphos, the
secondary component of the binary (65803) Didymos system. Following the impact, a large dust cloud was
released, and a long-lasting dust tail developed. We have extensively monitored the dust tail from the ground and
the Hubble Space Telescope. We provide a characterization of the ejecta dust properties, i.e., particle size
distribution and ejection speeds, ejection geometric parameters, and mass, by combining both observational data
sets and using Monte Carlo models of the observed dust tail. The size distribution function that best fits the
imaging data is a broken power law having a power index of —2.5 for particles of » <3 mm and -3.7 for larger
particles. The particles range in size from 1 pum up to 5 cm. The ejecta is characterized by two components,
depending on velocity and ejection direction. The northern component of the double tail, observed since 2022
October 8, might be associated with a secondary ejection event from impacting debris on Didymos, although is
also possible that this feature results from the binary system dynamics alone. The lower limit to the total dust mass

2! Mullard Space Sc1ence Laboratory, Department of Space and Climate Physics, University College London, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK

ejected is estimated at ~6 x 10° kg, half of this mass being ejected to interplanetary space.

Unified Astronomy Thesaurus concepts: Asteroid dynamics (2210)

1. Introduction

The Double Asteroid Redirection Test (DART) is a NASA
mission that impacted a spacecraft on the surface of
Dimorphos, the satellite of the primary asteroid (65803)
Didymos (Cheng et al. 2018). On 2022 September 26, 23:14
UT, DART impacted in a nearly head-on configuration on
Dimorphos’s surface, giving rise to a fast ejected material
(plume; speed of ~2 km s ') whose spectrum consists of
emission lines of ionized alkali metals (Na I, K I, and Li I;
Shestakova et al. 2023). This plume was clearly observed in
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images obtained from Les Makes Observatory (Graykowski
et al. 2023) right after impact time and was also seen in the
earliest images during the Hubble Space Telescope (HST)
monitoring (Li et al. 2023). A wide ejection cone of dust
particles and meter-sized boulders was monitored by the Light
Italian CubeSat for Imaging of Asteroid (LICIACube; Dotto
et al. 2021; Farnham et al. 2023), which performed a fast flyby
of the system.

Apart from the plume, a fraction of the ejected mass was
emitted at significantly lower speeds, forming the ejecta pattern
and tail that could be seen on the earliest images acquired from
ground-based observatories (Bagnulo et al. 2023; Opitom et al.
2023) and the HST (Li et al. 2023). Our purpose is to
characterize the dust properties of this mostly slow-moving
ejecta, the ejection velocities, the size distribution, and the
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Table 1
Technical Data of the Instrumentation Used
Telescope Location CCD Camera Plate Scale Filter
(Latitude; Longitude) Field of View (arcsec pixel")
HST Marconi 160”7 x 160" 0.04 F350LP
SPACEOBS 22°57'09”8S; 68°10'4877TW ZWO ASI6200MM Pro 49’ x 29/ 0.54 Clear
BOOTES 37°05'58"2N; 06°44'14""9W Andor iXon EMCCD 16’8 x 168 1.97 Clear

ejected mass using Monte Carlo models to simulate the motion
of the particles in the spatial region near the binary system.
After describing the ejecta observations in Section 2, in
Section 3, we introduce the Monte Carlo models used to
calculate the synthetic tail brightness and their time evolution
and discuss the results obtained. In Section 4, we provide a
comparison of the DART results with those obtained from the
observation of natural active asteroids. Finally, the conclusions
are given in Section 5.

2. Observations

We first describe the observational material acquired from
the ground, followed by a brief description of the HST
observations (Li et al. 2023). Table 1 summarizes the technical
data of the instrumentation used.

Aperture photometry of the binary system was performed
using the BOOTES-1 telescope. The Burst Observer and
Optical Transient Exploring System (BOOTES) is a worldwide
robotic telescope network primarily designed to detect and
follow gamma-ray bursts (Castro-Tirado et al. 2012; Hu et al.
2023). The aperture photometry measurements were performed
using BOOTES-1, which is a 0.3 m aperture telescope located
in the Estaciéon de Sondeos Atmosféricos in the Centro de
Experimentacion, El Arenosillo, Huelva, Spain. The aperture
size was selected automatically in the range 6”-7”, depending
on the seeing conditions. The photometric data were calibrated
using standard stars in the Gaia G-band system (Weiler 2018).

The ground-based images were acquired from a private
observatory located in the Atacama desert (Chile) called San
Pedro de Atacama Celestial Explorations (SPACEOBS), which
is run by Alain Maury. The Atacama desert is an excellent
place for astronomical observations, with low humidity and
good transparency and seeing conditions. All of the observa-
tions were performed with a CCD camera mounted on a 0.43 m
aperture telescope. The technical information on the instru-
mentation used is displayed in Table 1. Images were acquired
from the impact date (2022 September 26) to late 2022
December on 56 epochs in total. The images were acquired
using a nonsidereal tracking mode, i.e., by tracking on the
binary system, always using an exposure time of 300 s. The
reduction of the images was performed by standard techniques,
including bias subtraction and flat-fielding. The sky back-
ground was estimated in each image by taking a median value
of field star-free regions in each frame. A median image was
obtained on each night by stacking up all of the available
reduced images. The images were calibrated to magnitudes
arcsec  using the photometric data from BOOTES-1 until
2022 October 20. At later epochs, we assumed for calibration
of the images the V-band magnitude values obtained from the
JPL-Horizons web interface®* for the Didymos system, as the
tail contribution is essentially negligible on those dates. This

24 https://ssd.jpl.nasa.gov /horizons/

involves the assumption that the “naked” system has not
experienced any brightness variation from post- to preimpact
conditions, which is confirmed by other observations. Thus,
photometric measurements by P. Pravec et al. (2023, private
communication) reveal a difference of just -0.061 mag between
the pre- and postimpact absolute magnitudes, which has been
detected only at the 1.9¢ level (formal errors), so it is only a
marginal detection of the binary system’s brightening and not
statistically significant. In line with this, B. Buratti et al. (2023,
personal communication) did not report any significant bright-
ness variation in the system postimpact either, the difference
being only —0.13 absolute mag relative to the preimpact data.

From the large observational data set, we selected for
modeling those shown in Figure 1, whose observational
parameters are given in Table 2. The earliest images acquired
only 1 or 2 days after the impact already show a complex
morphology, where, in addition to other smaller-scale features,
two conspicuous features directed toward the north and
southeast (the ejecta cone features in Figure 2, upper panel)
became apparent, as well as a well-developed tail in the
antisolar direction. In addition, a secondary tail appeared north
of the main tail about 6 days after the impact, forming a double
tail feature that is barely seen in the ground-based images (see
Figures 8 and 9) but clearly seen in the HST images (see
Figure 2, lower panel; see also Li et al. 2023). The origin of the
northern component of the double tail is still unclear, but it
clearly follows the corresponding synchrone at 7, + 6 £ 1 day
(where Ty is the impact time; Li et al. 2023).

The HST images, already described in Li et al. (2023), were
acquired using the 2.4 m diameter HST with the Wide Field
Camera 3 (WFC3). Additional technical details of the
instrumentation used are provided in Table 1. We have selected
for modeling a subset of the HST calibrated images as shown in
Table 3. Images coded as (1) and (o) are depicted in Figure 2,
showing the most conspicuous features observed in the images
and providing a nomenclature reference.

In order to refer all of the aperture photometry data and
images to a common photometric system, the solar spectrum in
combination with the reflectance spectrum of the binary system
should be taken into account. The output of our Monte Carlo
codes is given in solar disk intensity units (i/i.) that we
converted to r’ Sloan mag arcsec™ -, m, to compare with the
observations according to the equation

m = 2.51log;o 2 + me — 2.5log(i/ic), ey

where ) is the solid angle subtended by the Sun at 1 au
expressed in arcsec” (0 = 2.893 x 10° arcsec?), and m., is the
magnitude of the Sun in the r’ Sloan filter, m., = -26.95 (Ivezi¢
et al. 2001).

If the reflected spectrum were purely solar, the aperture
photometry data, given in the G-band system, could be
converted to ' by r' = G + 0.066 mag (Oszkiewicz et al.
2017). On the other hand, the conversion of magnitudes in the
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Figure 1. Subset of SPACEOBS images used for modeling. Axes are labeled in kilometers of projected distance at the asteroid in all panels. Labels (a)—(i) indicate
observation time as given in Table 2. Celestial north is up, and celestial east is left in all panels.

Table 2

Log of SPACEOBS Observations
Time Time since 't PsAng® PlAng? af Code
(UT) Impact (days) (au) (deg) (deg) (deg)
2022 Sep 30 07:41 3.32 1.037 8 0.072 292.45 48.67 58.24 (a)
2022 Oct 3 06:43 6.28 1.0315 0.071 288.23 48.19 62.56 (b)
2022 Oct 16 07:12 19.30 1.014 5 0.081 280.87 34.34 75.20 (c)
2022 Nov 2 07:26 36.31 1.0202 0.113 283.72 16.63 72.70 )
2022 Nov 18 08:24 52.35 1.0533 0.147 284.81 6.80 60.31 (e)
2022 Dec 2 07:26 66.31 1.100 7 0.176 282.22 1.05 45.82 ®
2022 Dec 17 06:00 81.25 1.1657 0.212 273.76 -3.30 28.33 (2)
2022 Dec 22 08:10 86.34 1.190 4 0.227 268.42 —4.38 22.32 (h)
2022 Dec 24 07:13 88.30 1.200 1 0.233 265.75 —4.73 20.06 ()
Notes.

# Heliocentric distance.

® Geocentric distance.

€ Position angle of the extended Sun-to-asteroid radius vector.
d Angle between observer and asteroid orbital plane.

¢ Phase angle.

HST F350LP filter to Johnson’s V has been given by Nolan
et al. (2019) as V = F350LP — 0.12 mag. Then, using the
relation #' =V — 0.49(B — V) 4+ 0.11 mag (Fukugita et al.
1996), valid for stars with (B — V) < +1.5 mag, and the solar
color index (B—V) = 0.629 mag (Willmer 2018), we get
r’ = F350LP — 0.32 mag. However, the reflectance spectrum
of the unaltered Didymos—Dimorphos system exhibits temporal
variations in slope that can be attributed to a number of things,
including compositional changes on Didymos’s surface (Ieva
et al. 2022), preventing us from performing any precise
photometric correction. In addition, the spectrum of the freshly
ejected material after the DART collision might be spectro-
scopically different as well. Then, we decided to maintain all of
the measurements in their original units. In any case, based on
the given color index conversion assuming a solar-like
spectrum, we do not expect variations higher than =0.3 mag
among the different bands (Gaia G and F350LP) and the r’/
Sloan magnitudes.

3. Dust Tail Modeling

Our purpose is to perform an interpretation of the available
observed images with Monte Carlo techniques, i.e., by direct
calculation of the orbits of the individual particles ejected at the
time of impact, and the computation of their positions in space
at the time of the observation.

To calculate the orbits of the ejected dust particles, we used
two different approaches. The first one, which we call simple
Monte Carlo modeling, assumes that the particles are initially
placed out of the Hill sphere of the system, where the gravity of
the binary components can be neglected, and then the dust
grains are influenced by solar gravity and radiation pressure
forces only. In consequence, the particles undergo purely
Keplerian orbits around the Sun, and their orbits can be easily
integrated. This approach is adequate to describe the escaping
ejecta and suited to analyze the large-scale, low-resolution,
ground-based SPACEOBS observations. The second approach,
which we call detailed Monte Carlo modeling, is used to
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Figure 2. The HST images obtained on 2022 September 28 (code (1); upper panel) and 2022 October 8 (code (0)) in Table 3, indicating the most obvious features
encountered in the images. Axes are labeled in pixels, where 1 pixel represents ~2 km projected on the sky. Celestial north is up, and celestial east is left in both

panels.
Table 3

Log of the HST Observations
Time Time since n A PsAng PlAng « Code
uT) Impact (days) (au) (au) (deg) (deg) (deg)
2022 Sep 27 01:04 0.04 1.046 0.076 297.84 47.59 53.34 (0)
2022 Sep 27 07:25 0.31 1.045 0.075 297.39 47.73 53.74 (k)
2022 Sep 28 02:28 1.10 1.043 0.074 296.05 48.11 54.92 ()
2022 Oct 1 16:12 4.67 1.035 0.072 290.42 48.63 60.25 (m)
2022 Oct 5 18:38 8.78 1.027 0.071 285.41 46.68 65.94 (n)
2022 Oct 8 19:40 11.82 1.022 0.073 282.95 43.76 69.56 (o)
2022 Oct 11 20:42 14.86 1.018 0.075 281.53 40.10 72.44 (p)
2022 Oct 15 10:26 18.43 1.015 0.078 280.90 35.46 74.80 @

describe the dynamics in the innermost region close to the
binary system and is based on the integration of the equations
of motion of the particles, taking the gravitational fields of the
two bodies fully into account. Owing to the superb spatial
resolution of the HST images, this approach is better suited to
analyze the details of the features that appear in those images
but has the obvious drawback of the large CPU time needed to

run the model in comparison with the simple Monte Carlo
model.

After setting the particle scattering properties, particularly the
geometric albedo, the results of the models (i.e., the evolution of
the tail brightness with time) depend on three basic parameters:
the ejection velocities, the size distribution, and the total dust
mass ejected after the DART impact. The combination of those
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parameters affects the tail brightness in an intricate manner.
Thus, small dust particles are highly affected by radiation
pressure and quickly populate the far tail regions, while larger
particles need a much longer time to leave the near-nucleus™
region, depending on ejection speed. In addition, in the detailed
model calculations, those particles might be trapped for a long
time, orbiting close to the binary system and leaking out from it
very slowly, especially if the ejection speeds are close to the
escape velocity of Dimorphos. High ejection speeds spread out
the particles quickly, so that the tail brightness will tend to
decrease. The size distribution, which is commonly set to a
power-law function, defines the range of sizes that dominate
the total mass. Thus, for power exponents lower than —4, most
of the mass would be concentrated in the smallest particles,
while for exponents higher than —3, most of the mass would
reside on the larger ones.

The fitting procedure is based on selecting upper and lower
limits to the parameter inputs and experimenting with them until
a reasonable agreement with all of the observations is achieved.
Due to the many parameters involved, we cannot ensure that the
best-fitting parameters constitute the only solution to the
problem. The main weakness of the modeling resides in the
difficulty of constraining the total mass ejected, on one hand
because of the presence in the particle population of meter-sized
and larger boulders that mostly contribute to the mass but not the
brightness when compared with the much more abundant small
particle population, and, on the other hand, because of the very
high-speed ejecta (see, e.g., Fitzsimmons et al. 2023) immedi-
ately after impact, which leaves the field of view of the cameras
in a very short time interval. We will come back to these
problems in the next section.

3.1. Simple Monte Carlo Modeling

The interpretation of the ground-based dust tail brightness in
terms of the simple dynamical-radiative models is made using
our Monte Carlo model as described in, e.g., Moreno et al.
(2022a, and references therein). In such an approach, as stated
above, the particles are assumed to be affected by the solar
gravity and radiation pressure only, ignoring the gravity
perturbations of the two components of the binary system.
Then, this model is valid out of the Hill sphere of the system;
ie., it is useful to characterize the material that has
gravitationally escaped from the binary system but cannot be
used to describe the complex dynamics in the vicinity of the
asteroid pair. In fact, we will see with the detailed Monte Carlo
model that a significant fraction of the ejected mass is lost in
collisions with either Didymos or Dimorphos, thus reducing the
dust mass ejected to interplanetary space.

In the simulations, a large number (>107) of particles are
released with a certain velocity distribution and particle size
distribution. The total ejected mass must also be specified. For
this application of the code, all of the particles are assumed to
be ejected instantly, except for a secondary ejection event
occurring a few days after the impact, which explains the
development of an additional tail component forming a small
angle toward north of the main tail, to be described at the end
of this section. The particles are considered spherical,
independent scatterers, and they do not experience collisions

% In the context of this paper, we always refer to the “nucleus” as to the two
asteroids of the binary system that are seen as an effective single body in the
comet-like appearance in the Earth-based telescope images of the ejecta.
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among them or disruption or fragmentation phenomena. Their
dynamics is governed by the so-called [ parameter (not to be
confused with the momentum transfer efficiency due to the
DART impact, usually also denoted by (3), defined as the ratio
of solar radiation pressure force to solar gravity force, as
B = Fraa/Farav = Cp:Qpr/(2ppr). In that equation, r is the
particle radius, p, is its density (assumed at 3500 kg m),
Cor = 119 x 10 *kgm 2 is the radiation pressure constant,
and Q,,, is the scattering efficiency for radiation pressure, which
becomes Q,,, ~ 1 for moderately absorbing particles with r 2 1
pm (see, e.g., Moreno et al. 2012, their Figure 5). The assumed
density of p, = 3500 kg m > corresponds to the density of
ordinary chondrite meteorites associated with the S-type
spectrum exhibited by the Didymos—Dimorphos system (Dunn
et al. 2013). All particles are assumed to have the same density.
The Keplerian trajectories of the particles can be determined
from their § parameter and the ejection velocity vector. At the
end of the integration time, their positions on the sky plane at
any time after ejection are recorded. The brightness contrib-
ution of each particle in a %iven pixel of the synthetic image, m,
expressed in mag arcsec” ~, is given by

22,2 A21()0-4(m ,—m)
pR7rr2=2'24 x  10%7r; AZ10°40ne 7 o)
G(a)

where r;, is the asteroid heliocentric distance in au, A is the
geocentric distance of the asteroid, and m, is the apparent solar
magnitude in the appropriate passband. The particle’s geometric
albedo at zero phase angle is given by pg, and G(a) = 1004
is the phase correction, where « is the phase angle, and ¢ is the
linear phase coefficient. Recent work by Lolachi et al. (2023),
however, shows the calculated geometric albedo dependence
with phase angle, revealing values between 0.07 and 0.15 for pg
for a range of particle sizes, compositions, and different
porosities from several sources, including laboratory data by
Muiloz et al. (2020) and emitted particles from asteroid Bennu
(Hergenrother et al. 2020), for phase angles smaller than about
60°, so that we adopted pr = 0.1 and G(c) = 1. In any case, in
the geometric optics approximation, which holds for the derived
size distribution functions, the ejected mass is directly propor-
tional to the geometric albedo, so that for higher albedos, the
dust mass ejected will be lower accordingly. In the vicinity of the
image optocenters, the contribution of the nucleus reflected light
(i.e., the scattered light of the spherical body having an
equivalent radius to the Didymos+Dimorphos system) is
important, as it may be comparable to or higher than the dust
cloud brightness. In fact, for images taken a few weeks after
impact, the contribution of the nucleus brightness to the total
brightness is dominant. The equivalent radius of the system can
be approximately computed as an average of the Didymos radius
and the effective radius of the Didymos+Dimorphos system,
which turns out to be R, = 395 m, i.e., only a bit higher than
Didymos’s radius, as it has a much larger surface than
Dimorphos. Then, to compute the contribution of the nucleus,
we assume a spherical body with the same value of geometric
albedo given above for the particles. Following the magnitude—
phase relationship by Shevchenko (1997), for pr = 0.1, we get
¢ =0.013 — 0.01041Inp, = 0.037 mag deg™'. This value is
very close to that obtained by B. Buratti et al. (2023, personal
communication) of ¢ = 0.035 +0.001 mag deg™ .
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The ejection of material is mainly modeled by two ejecta
components traveling at different speeds. This is justified below
in order to reproduce both the antisolar tail (slow-speed
component) and the conical features (high-speed component).
This component, which contributes one-third of the total ejected
mass, is assumed to be characterized by a hollow conical shape
whose axis is oriented to the equatorial coordinates R.A. = 130°,
decl. = 17°, which is within the range of the current
determinations. The impactor direction was R.A. = 128°,
decl. = 18° (e.g., Hirabayashi et al. 2023). Recent detailed
calculations of the ejecta geometry by Hirabayashi et al. (2023)
predict an emission cone elongated along the north—south
direction of Dimorphos with the cone axis oriented to R.
A. = 140°+4°, decl. = 17°+7° (the uncertainties are lo
values). However, the precise axis direction does not have a
significant impact on the results as long as it does not deviate by
more that 10° from the assumed direction. The cone aperture is
set to 140°, and the cone wall thickness is set to 10°. The second
ejecta component is described by a hemispherical ejection with
the same axis as the conical emission and contributing two-thirds
of the ejected mass.

The remaining model parameters are the size distribution and
the initial speeds. The size distribution function is initially set
to a single differential power-law distribution function with
power exponent x, i.e., dnor”dr, where dn is the number of
particles between r and r + dr. We assumed an initial value for
K of k = -2.5, close to the value obtained by Li et al. (2023) on
the earliest HST images. The size distribution was assumed to
be the same for all of the ejecta components.

Concerning ejection velocities, conventional scaling laws for
cratering ejecta generally refer to velocity distributions as a
function of launch position (e.g., Housen et al. 1983; Cintala
et al. 1999; Housen & Holsapple 2011) and do not include the
effects of the different sizes of the particles populating the
distribution. Only a few experimental or observational studies
provide information on velocity distribution as a function of
grain size, but in all cases, because of technical limitations, they
refer to sizes in the millimeter range and larger, up to boulder-
sized debris (e.g., Okawa et al. 2022). After repeated
experimentation with the model, it soon became apparent that
a double component was needed for the ejecta speeds—one
component associated with faster particles giving rise to the
two features associated with the conical ejection (high-speed
component) and another with ejection velocities close to
Dimorphos’s escape velocity (slow-speed component)—to
properly model the length and thickness of the antisolar tail
(the hemispherical ejecta component). The faster ejecta was
modeled following a power-law function of the particle size, as
it has been set to model the ejection speeds for natural impacts
on asteroids (596) Scheila (Ishiguro et al. 2011) and
354P/LINEAR (Kleyna et al. 2013; Kim et al. 2017). On the
other hand, the velocities of the slow-speed component are
modeled as v=0.05(1+x) m s ', where y is a random
number in the (0, 1) interval. The randomization in the speed
distribution is imposed in an attempt to somehow mimic its
stochastic nature. The high-speed ejecta was modeled by
v=0.375xr""> m s~ (with r expressed in meters). Ejecta
speed estimates of ~2 m s~ for millimeter-sized particles have
been reported by Roth et al. (2023) from ALMA observations
of the DART impact. This is in line with our average higher-
speed ejecta estimates of ~6 m's~' for = 1 mm particles. As
stated above, the reason for a double ejecta component is
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motivated by the appearance of the conical feature in
combination with the antisolar tail; this tail cannot be modeled
assuming the conical high-speed component, as it would
generate a tail far broader and more diffuse than observed. The
slow-speed component, which encompasses most of the ejected
mass (two-thirds of the total dust mass), could be associated
with the large amount of material that is ejected at a slow
velocity during the latter stages of crater formation, as
determined from conventional scaling laws (e.g., Housen
et al. 1983). In addition, there is another mechanism that
might be contributing to this slow ejecta component: the lofting
of particles owing to the propagation of seismic waves after the
impact (Tancredi et al. 2023).

In conjunction with the two components of the ejecta just
described, a third dust ejecta emission event took place on 2022
October 2.5, leading to the secondary northern branch of the
tail. This event is associated with the presence of the northern
secondary tail that follows the corresponding synchrone at the
given epoch. This agrees with the timing obtained by Li et al.
(2023) from HST images (T, + 6 == 1 days). The small tail
thickness suggests low ejection velocities, and its faintness
compared to the main tail suggests a much smaller ejected mass
than the main tail slow component of the ejecta. For simplicity,
we adopt the same parameters of the slow ejecta component
mentioned above (i.e., v=0.05(1+y) m s ') and isotropic
ejection. We will link this dust emission event to the impacts of
debris particles on Didymos in the framework of the detailed
Monte Carlo approach (see Section 3.2). At this point, it is
interesting to note that a slight increase in brightness has been
observed around 6-9 days after impact in both ground-based
and HST photometric light curves (Kareta et al. 2023). This so-
called “eighth-day bump” could be associated with reimpacting
material on Didymos, as we will also show later in Section 3.2.

The dust masses ejected for each component that better fits
the tail profiles were 2.2 x 107 (slow-speed), 7.4 x 10° (high-
speed), and 3.7 x 10°kg (late event), respectively, giving a
total mass ejected of 3.3 x 10’ kg. The mass of the secondary
ejecta component is just a rough estimate; the signal-to-noise
ratio of that secondary tail is too low to allow for a better
constraint. This estimate will be improved with the analysis of
the much higher resolution HST images (Section 3.2).

The maximum particle size in the distribution was constrained
by the analysis of the latest images. Thus, the initial assumed
radius r.x = 1 cm had to be increased to larger values. The
reason is that for r,,, = 1 cm, the central condensation
containing the nuclei would be detached from the tail at the latest
observation dates because the radiation pressure would be
moving those » = 1 cm particles away some months after impact.
Then, a larger size limit of r,,,, = 5 cm was set instead, providing
a better fit to the near-nucleus region. Regarding the minimum
particle size, setting r,,;, = 1 pm was found to be adequate to fit
the outermost part of the tail in the earliest images. Also, as we
will describe later in this section, this lower limit is very well
constrained by the earliest HST images, where the observed
length of the tail is very consistent with that minimum size.

With all of the above model inputs, the resulting photometric
scans along the tails of the images in comparison with the
observations at the dates shown in Table 2 are displayed in
Figure 3. Although the fits to the early images are reasonably
good, the model does not perform well for images acquired
later than ~10 days after impact. Varying the power index
does not produce any improvement either. As the observed
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Figure 3. Scans along the tails of the SPACEOBS images. The panels are labele

d (a)—(i), corresponding to the dates shown in Table 2 (“Code” column). The black

lines correspond to the observations and the red line to the model. The horizontal axes are labeled in kilometers projected on the sky plane, and the vertical axes are

expressed in mag arcsec” 2. These scans were obtained using a single power-law size distribution with x = —2.5. The total dust mass released is 3.2 x 107 kg.
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Figure 4. Scans along the tails of the SPACEOBS images. The panels are labele

d (a)—(i), corresponding to the dates shown in Table 2 (“Code” column). The black

lines correspond to the observations and the red line to the model. The horizontal axes are labeled in kilometers projected on the sky plane, and the vertical axes are
expressed in mag arcsec 2. These scans were obtained using a broken power-law differential size distribution function with x = —2.5 between 1 zm and 3 mm and

Kk = —3.7 between 3 mm and 5 cm. The total dust mass sent to interplanetary s

brightness in the near-nucleus region is clearly overestimated
with this model, we imposed a broken power law with a “knee”
in the millimeter size range to search for an improvement in the
fits. We found that a broken power law with x = -2.5 for
particles smaller than 3 mm in radius and a higher slope of
k =-=3.7 for particles having radii larger than 3 mm produces
much better fits at all epochs, as can be seen in Figure 4. The
assumption of a different size distribution with a higher slope
on the largest particles implies a recalculation of the ejected
masses that now become a factor of ~8 smaller, i.e., 2.8 x 10°

pace is 4.2 x 10°kg.

and 9.2 x 10’ kg for the slow and fast components, respectively,
and 4.6 x 10°kg for the secondary, late, ejecta, giving a total
mass of 4.2 x 10°kg. It is important to realize that this dust mass
constitutes a stringent lower limit to the total ejected mass from
Dimorphos. On one hand, the high-speed (~2 km s~ ') material
released right after the impact (see Shestakova et al. 2023) is out
of the field of view on our images. On the other hand, the
presence in the particle distribution of very large particles, such
as boulders, might contribute significantly to the total ejected
mass but very little to the brightness, becoming almost
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Figure 5. Panels (a), (b), and (c) display the SPACEOBS images at the corresponding dates in Table 2, and panels (al), (bl), and (c1) display the corresponding
synthetic images generated with the simple Monte Carlo model. All images are stretched between 28 and 22 mag arcsec 2. Axes are labeled in kilometers projected on

the sky plane. North is up and east is to the left in all images.

Table 4
Parameters of the Best-fit Models
Total
Ejecta Speed Ejected Ejection Unbound®
Ejected
Component (ms™h Mass (kg) Mode Mass (kg)
Simple Monte Carlo Model
Slow 0.05(1 + & 2.8 x10° Hemispherical
Fast 0375y % 92 x10° Conical 42 % 10°
Late 0.05(1 + & 46x10° Isotropic
Detailed Dynamical Monte Carlo Model
Slow 0.09 43 x 10°  Hemispherical
Fast 0225y %% 2.1 x 10° Conical 4.9 x 10°
Late 0.09 3.0 x 108 Isotropic
Note.

# Delivered to interplanetary space. Note that in the case of the detailed
dynamical Monte Carlo model, this mass is not the sum of the total masses
ejected due to intervening dynamical stirring and collision of a sizable fraction
of the ejecta with Didymos and Dimorphos.

undetectable in the images. In that respect, it is convenient to
mention the findings by Farnham et al. (2023), who detected a
boulder population after DART impact by analyzing LICIACube
LUKE images. Those authors found a population of some 100
meter-sized boulders, so that, assuming a density of
3500 kg m >, they would give a total mass of ~1.5 x 10°kg.
Those boulders are moving at speeds of 20-50 m s~ ', so that

they carry a momentum that might be comparable to that of the
DART spacecraft (Farnham et al. 2023). Let us assume that the
actual boulder population was a factor of 100 higher, i.e., a total
mass of 108 kg, and that this population is distributed following a
power law of index —3.7 (as in our model) with ejection speeds
of 20 m s~'. This would result in a unrealistic momentum
balance, but we would like to remark that even in this case, the
boulder population would add a negligible increase in the
integrated flux of only 0.06% relative to the corresponding
model results on the dates shown in Table 2. Even if we reduce
the speed of those boulders to the much smaller speeds used in
the modeling (see Table 4), that will tend to concentrate the
boulders much closer to the optocenter at all epochs, the
contribution to the total flux coming from the boulders would be
of only 7% compared with the flux computed with the best-fit
model parameters.

The synthetic images generated are convolved with a
Gaussian function of FWHM consistent with the average
seeing point-spread function. The modeled images are then
compared to the observed images in Figures 5-7 using the
same gray scale. As shown, the modeled images capture well
many of the features displayed in the observed images.

The model image showing the double tail in comparison
with the SPACEOBS observation is given in more detail in
Figure 8. For purposes of comparison only, an additional
image, taken at the LULIN Observatory 1 m aperture telescope
in Taiwan on October 12, i.e., 4 days before the SPACEOBS
image on October 16, also displays the feature, with a slightly
higher signal-to-noise ratio than the SPACEOBS image in
Figure 8, see Lin et al. (2023; Figure 9). By November 2,
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Figure 6. Panels (d), (e), and (f) display the SPACEOBS images at the corresponding dates in Table 2, and panels (d1), (el), and (f1) display the corresponding
synthetic images generated with the simple Monte Carlo model. All images are stretched between 28 and 22 mag arcsec™ -, except synthetic image (d1), which has
been heavily stretched between 30 and 25 mag arcsec >, barely showing the secondary tail north of the main tail. Axes are labeled in kilometers projected on the sky
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Figure 7. Panels (g), (h), and (i) display the SPACEOBS images at the corresponding dates in Table 2, and panels (gl), (h1), and (il) display the corresponding
synthetic images generated with the simple Monte Carlo model. All images are stretched between 28 and 22 mag arcsec 2. Axes are labeled in kilometers projected on
the sky plane. North is up and east is to the left in all images.
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Figure 8. Upper panel: SPACEOBS observation on 2022 October 16 (image labeled (c) in Table 2) of the ejecta barely showing the double tail structure. Lower panel:
result of the simple Monte Carlo modeling. Axes are labeled in kilometers projected on the sky plane. North is up, and east is to the left.
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Figure 9. Appearance of the ejecta tail on an image taken at the 1 m telescope of the LULIN Observatory in Taiwan on October 12, 18:19 UT (Lin et al. 2023). The

upper panel is the original unstretched image, while the lower panel shows a heavily stretched display to show the double tail structure. Axes are labeled in kilometers
projected on the sky plane. North is up, and east is to the left.

image (d) in Table 2, the secondary tail is not seen anymore, tail vanishing but a geometric effect of the two synchrones
although it is still present in the simulations, forming a very associated with the main and secondary events overlapping
small angle with the main tail when the synthetic image is more and more as the Earth becomes closer to the asteroid
shown heavily stretched (see Figure 6). This is not an effect of orbital plane (see the PIAng column in Table 2).
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Figure 10. Isophote fields in the innermost regions for the earliest images, (a), (b), (c), and (d) (see Table 2). The observations are represented by black contours and
the model by red contours. The isophote levels are 17, 19, 21, and 23 mag arcsec™ - for images (a) and (b) and 17, 19, and 21 mag arcsec 2 for images (c) and (d).
Axes are labeled in kilometers projected on the sky plane. North is up, and east is to the left in all images.
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Figure 11. Aperture photometry by BOOTES compared with the simple Monte Carlo model predictions. The solid line is the magnitude as given in the JPL-Horizons
system.

A summary of the obtained dust parameters for this simple Finally, we compare the photometric measurements by
Monte Carlo model describing the properties of each ejecta BOOTES with the photometry calculated from this model.
component (slow, fast, and late) is given in Table 4. Figure 11 compares the magnitudes calculated with the model

For the earliest SPACEOBS images, it is useful to build an at 5day intervals since impact and those by BOOTES. The
isophote field to make a detailed comparison with the model. model agrees reasonably well with the measurements. The JPL-
Thus, Figure 10 displays a comparison of the observed and Horizons apparent “nuclear” magnitude data are also depicted
modeled isophotes in the innermost regions close to the for comparison at such epochs, which also served to check that
maximum condensation. As can be seen, the model fits are the nuclear magnitudes computed with the model nucleus size,
quite satisfactory, mostly taking into account the large range in geometric albedo, and phase coefficient were correct. The JPL
brightness displayed. curve is obtained through the IAU H-G system magnitude
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Figure 12. Schematic drawing of the vectors shown in Equation (3).

model with absolute magnitude H=18.12 mag and a G
parameter of G =0.15. Our model predicts a small relative
maximum near the eighth day after impact, also hinted at by the
measurements.

3.2. Detailed Dynamical Monte Carlo Modeling

The visual inspection of the HST images reveals a complex
dynamics in the neighborhood of the binary system. Owing to
the superb spatial resolution (=2 km pixel ') of the HST
WEFC3 during the observational time span (see Table 3), a
variety of structural details are seen in the images, as has been
inventoried by Li et al. (2023). The detailed dynamics of the
particles close to the binary components can be described
through the integration of the equation of motion of the
individual particles subjected to the gravity fields of the two
objects, as well as to the solar gravity and radiation pressure.
We have already provided the input equations of the model
(Moreno et al. 2022a) when performing photometric predic-
tions of the DART impact ejecta. For completeness, we
reproduce here the equation of motion of the ejected particles,
where the reference frame has its origin in the Didymos center
of mass, and the two binary components are assumed to be
spherically shaped:

d? —
_’;"' — er_‘; + Wzrdirs%
dt r; lra — rsl
Iy — Iy ¥y Tdsec Fsec
+W3[7”3——3]+W4[3 - =3 ], (3)
Iy —Ia Ty Tdsec Tsec

where r; is the Didymos-to-dust grain vector, rg is the
Didymos-to-Sun vector, 7y is the vector from the dust grain
to Dimorphos, and ry. is the Didymos-to-Dimorphos vector.
We have used the fact that ry, = r; + rg,, where ry, is the vector
from the dust grain to the Sun. Figure 12 provides a schematic
drawing of the vectors used. The other terms are W; = —GMp,
W3 =GM,., and Wy = GM,., where G is the gravitational
constant, Mp is the mass of Didymos, M. is the mass of
Dimorphos, and M, is solar mass. The remaining term, W5, is
given by

o Qprﬂﬂ'd2

W .
¢ 4mdm,

“)

In Equation (4), c is the speed of light, E; = 3.93 x 10 W
is the total power radiated by the Sun, d is the particle diameter
(d = 2r), and m,, is the particle mass, m, = p,(4/3)7r.
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As stated in Moreno et al. (2022a), the model has been
validated against the MERCURY N-body software package for
orbital dynamics (Chambers 1999). The initial conditions are
initially assumed in a similar way as in the simple Monte Carlo
(see Section 3.1). However, in this more detailed model, the
larger particles might spend significant time orbiting the
neighborhood of the binary components until either colliding
with one of those bodies or leaving the system for
interplanetary space (see also Rossi et al. 2022) Therefore,
the total mass ejected would actually be larger in this model
than was found in the simple model, since a fraction of that
mass is lost in collision processes. For the same reason, the
velocities of the particles will also have a somewhat different
distribution.

We modeled a subset of all of the acquired HST images
described in Li et al. (2023). We used the same cone geometry as
assumed for the ground-based image modeling and the same size
distribution parameters (the same broken power law with the
same limiting sizes). We begin by assuming similar values of the
total masses ejected and the parameters associated with the
velocity distribution. Then, we refine those parameters so as to
give the best possible agreement between the model and the
observations. As already stated, the fact that this model accounts
for the orbital evolution in the neighborhood of the binary
components necessarily implies a departure from the parameters
obtained above from the relatively more simple model. As
before, we considered a double-speed ejecta component released
immediately after the impact time and a later secondary ejection
event on 2022 October 2.5, the same date as in the simple Monte
Carlo model. In order to find a reasonable agreement with the
evolution of the brightness and morphology of the observed
features, the slow, hemispherical ejecta component had a
velocity simply given by v=vee=0.09 m s~ (where v is
the Dimorphos escape velocity), while the faster ejecta has v =
0.225xr_0'5 (where x is a random number in the (0, 1) interval).
The two ejecta components contribute to the ejected mass in the
same proportions as assumed in the Monte Carlo simple model.
The ejecta speeds differ by factors of less than 2 relative to those
found for the simple Monte Carlo model, which is quite
reasonable when taking into account the different approaches to
the problem.

Regarding the late emission, we assume the same parameters
as in the simple Monte Carlo model approach, where this
ejection event is characterized by isotropic emission with
particle speed v = Vegc.

The total ejected mass (without taking into account the late
emission) from this model is 6.4 x 10° kg, which would be
close to the 4.2 x 10°kg estimated using the simple Monte
Carlo model considering that a significant fraction of the
emitted mass in the detailed model is lost in collisions with
either Didymos or Dimorphos.

Concerning those colliding particles, Figure 13 depicts the
cumulative dust mass impinging on those surfaces, and
Figure 14 displays the total linear momentum transferred to
the surfaces of Didymos and Dimorphos per unit time. From
Figure 13, we see that for both surfaces, the total masses
converge some 20 days after impact to values close to
1.5x 10°kg. The momentum delivered to Dimorphos
(Figure 14) is higher than that on Didymos during the first
few hours after impact, but the opposite occurs after ~2 days,
where the momentum on Didymos becomes dominant, reach-
ing a maximum =5 days after impact. This behavior is
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Figure 13. Cumulative impacting dust mass on Didymos and Dimorphos during the 20 days following impact.
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Figure 14. Linear momentum transferred per second to the surfaces of Didymos (red line) and Dimorphos (blue line) as a function of time since the DART impact.

confirmed by what was found by Rossi et al. (2022), where
centimeter-sized particles were integrated. The momentum
delivered to Didymos becomes dominant several days after the
impact up to a time span of tens of days, thanks to particles that
evolve within the binary system after being ejected from the
impact crater. The reimpact velocities against Didymos are also
higher with respect to the ones against Dimorphos, reaching up
to 80 cms ™' in the cases analyzed in Rossi et al. (2022). We
speculate that this momentum transfer could be the cause of, or
at least contribute to, the generation of the secondary tail, as it
peaks near the right time, but this argument would need further
modeling of the effects of low-speed impacts on the surfaces of

13

such bodies, which is beyond the scope of this work. In this
regard, it should be noted that the secondary tail could also be
associated with the dynamical evolution of particles that
evolved for a while in the system and then escaped after a few
orbits, as revealed by the detailed dynamical analysis
performed by F. Ferrari et al. (2023, in preparation).

The total ejected mass agrees very well with that estimated
with the simple Monte Carlo model, as the total emission of
6.4 x 10°kg of particles would actually be reduced to
3.4 x 10°kg to unbound dust because ~3 x 10°kg are lost in
collisions with the binary components (see Figure 13), leaving
close to the 4.2 x 10° kg of the simple Monte Carlo.
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For purposes of comparison, the synthetic images generated
are convolved with the HST point-spread function for the
appropriate filter and camera used. The HST observations,
along with the model images, are shown in Figures 15-17. In
Figure 15, the modeled images are heavily stretched to display
the antisolar tail extent, which otherwise would be unseen
owing to their thinness. The central portion of image (1) and its
model (11), along with the isophote fields, is depicted in
Figure 18. The outermost modeled isophotes associated with
the conical emission are in line with the observations, although
the antisolar tail becomes too narrow in comparison with what
is observed. On the other hand, the length of the tail constrains
the minimum particle radius to =1 pm, as assumed in the
simple Monte Carlo model; a larger minimum size would result
in a too-short tail, and a smaller minimum size would display
an incipient tail already on image (j). The secondary tail, which
competes in brightness with the main tail, clearly appears in
images (0) and (p) (see Figures 16 and 17). This feature had to
be modeled by an ejecting dust mass of the order of half of the
main event, i.e., =3 X 10° kg. However, an important fraction
of that mass is again reimpacting Didymos and/or Dimorphos,
so that only about half of that late mass is released to the
interplanetary medium, i.e., 1.5 x 10°kg. This mass is about
twice that estimated with the simple Monte Carlo, but since
these HST images are far better in resolution than those
obtained with SPACEOBS, we prefer to rely on this value.
Considering all of the ejected masses, the total contribution to
the mass in unbound orbits becomes 4.9 x 10°kg, which
agrees fairly well with the value estimated from the simple
Monte Carlo model (4.2 x 10°kg). A summary of the dust
properties from the detailed model is given in Table 4.

The photometric measurements on the HST images using a
0”2 aperture (Li et al. 2023) are displayed in Figure 19,
together with BOOTES photometry. These two light curves are
consistent, showing a constant difference of 0.5 £ 0.1 mag,
owing to the different apertures used. The model results for the
subset of HST images shown in Table 3 are found to be in line
with the measurements for both data sets.

Although many of the observed features are captured in the
model, some of them remain unexplained. Thus, in the early
images, the observed tail is broader than the modeled ones, as we
have already illustrated in Figure 18. The tail thickness is mostly
influenced by the ejection speeds, so that by setting a larger
ejection speed, we would get a thicker tail. However, model runs
show that while this would work for the earlier images, it would
lead to much broader and more diffuse tails than observed for the
later images of Figures 16 and 17. On the other hand, while the
southern ejecta curtain shows a temporal evolution similar to that
retrieved with the model, the northern branch of the ejecta
(diffuse ejecta in Figure 2) shows a different evolution with a
northeast orientation, while the model predicts a northwest
orientation instead, following the direction of the radiation
pressure force. In addition, there are also some features in the
sunward direction that the model does not reproduce, likely due
to the fact that the ejecta cone is asymmetric (Hirabayashi et al.
2023). The origin of such discrepancies is unclear, and many
physical parameters are likely contributing. Thus, the model uses
spherical particles moving in the gravitational fields of assumed
spherical bodies, which is not the case. The dynamics of
nonspherical particles in asteroidal or cometary environments is
certainly more complex (Ferrari et al. 2017; Ivanovski et al.
2017, 2023; Moreno et al. 2022b), as are the gravitational fields
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of nonspherical bodies. On the other hand, the model assumes
that the ejected particles have a constant mass and size,
excluding any disruption and/or fragmentation processes during
their motion. In addition, the ejection pattern is much more
complex than described by a simple conical geometry, showing
an intricate structure with nonradial filaments (Cheng et al. 2023;
Dotto et al. 2023). Future models should incorporate those
effects to see how they affect the resulting dust structures in an
attempt to understand the physical processes involved.

4. Comparison with Active Asteroids

Active asteroids constitute a recently discovered class of
objects in the solar system that, having typical asteroidal orbits,
exhibit a comet-like appearance (e.g., Jewitt & Hsieh 2022).
The DART mission resulted in the artificial activation of one of
these objects, as anticipated by Tancredi et al. (2023), and,
following their suggestion, it is interesting to briefly compare
the DART results with those observed in naturally activated
asteroids. A more extended comparison of the DART results
with the natural active asteroids will be the subject of a
forthcoming paper (G. Tancredi et al. 2023, in preparation).
Following the discovery of 133P/Elst-Pizarro in 1996 (Hsiech
et al. 2004), some 40 active asteroids have been detected so far
(Jewitt & Hsieh 2022). Among the physical mechanisms that
can trigger activation are ice sublimation, rotational destabili-
zation, the result of an impact, or a combination of these. The
sample of impacted objects is not statistically significant, as out
of that active asteroid population, only four objects have been
identified to be most likely activated by an impact with another
body, namely, 354P/LINEAR (e.g., Hainaut et al. 2012;
Agarwal et al. 2013), (493) Griseldis (Tholen et al. 2015; Jewitt
& Hsieh 2022), P/2016 G1 (PAN-STARRS) (Moreno et al.
2016, 2017, 2019; Hainaut et al. 2019), and the large asteroid
(596) Scheila (Ishiguro et al. 2011; Moreno et al. 2011). In the
case of the DART impact, most of the physical parameters are
known in advance: the masses of the impactor and the impacted
bodies, the relative velocity, the geometry of the impact, and
the impact time. For the natural impacts, none of those
parameters are known, not even the collision speed; the relative
speed between impactor and impacted body in the DART
collision is ~6 km s~ !, which is similar to the mean collision
speed in the main asteroid belt (~5 km s~ "), but, as pointed out
by O’Brien & Sykes (2011), asteroids indeed experience a
significant fraction of impacts at velocities much smaller or
larger than the “canonical” value. In addition, those naturally
impacted objects are normally found to be already active during
dedicated sky survey programs such as Pan-STARRS,
LINEAR, or the Catalina Sky Survey, and the impact occurred
at an unspecified earlier time. In consequence, the evolution of
the dust structures cannot be systematically followed as in the
DART collision event, where dedicated ground-based and
space telescope campaigns have been planned well in advance.
Therefore, retrieving information on the dust parameters from
scarce data, normally a few images and/or spectra during a
short time window, becomes difficult. The determination of the
impact time is made through Finson—Probstein or Monte Carlo
modeling of the observed tails, but it is always difficult to
assess owing to the complex morphology of the observed dust
patterns and the large number of dust physical parameters
involved. In a way similar to the findings in the DART impact,
the resulting particle ejection speeds of the observed ejecta are
found to be very small, of the order of the escape velocities of
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Figure 15. Panels (j), (k), and (1) display HST images on the corresponding dates in Table 3, and panels (j1), (k1), and (11) display the corresponding synthetic images
generated with the detailed Monte Carlo model described in Section 3.2. The HST images are stretched between 22 and 17 mag arcsec > and the modeled ones
between 25 and 20 mag arcsec > to show the antisolar tail that would not be seen otherwise because of their thinness. Axes are labeled in kilometers projected on the
sky plane. North is up, and east is to the left in all images.

In contrast, one of the most remarkable differences between
the impacted asteroids and Dimorphos is the duration of the
observed tails. The fading of the tail on those natural active

the impacted bodies (e.g., Moreno et al. 2021, and references
therein), confirming the scaling law predictions that most of the
mass is ejected at low speeds (e.g., Housen et al. 1983).
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Figure 16. Panels (m), (n), and (o) display HST images on the corresponding dates in Table 3, and panels (m1), (nl), and (ol) display the corresponding synthetic
images generated with the detailed Monte Carlo model described in Section 3.2. All images are stretched between 22 and 17 mag arcsec 2. Axes are labeled in
kilometers projected on the sky plane. North is up, and east is to the left in all images.
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Figure 17. Panels (p) and (q) display HST images on the corresponding dates in Table 3, and panels (pl) and (ql) display the corresponding synthetic images
generated with the detailed Monte Carlo model described in Section 3.2. All images are stretched between 22 and 17 mag arcsec” 2. Axes are labeled in kilometers
projected on the sky plane. North is up, and east is to the left in all images.
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Figure 19. Light curves from HST images with a 072 aperture (Li et al. 2023; black filled circles) compared with BOOTES photometry (with 6"—7" apertures
depending on seeing conditions; red filled circles) and the model results (open circles connected by black and red solid lines for HST and BOOTES, respectively).

asteroids commonly occurs in a time span of several weeks,
while the DART tail is still observable more than 9 months after
impact (Li et al. 2023) Possibly, the binary nature of the
impacted object is playing a role in that long survivability of the
tail in keeping relatively large particles orbiting the neighbor-
hood of the binary components for a long time before being
ejected to the interplanetary medium. A thoughtful analysis of
the long-lasting tail is beyond the scope of this paper.

5. Conclusions

The observed dust ejecta after the collision of the DART
spacecraft with Dimorphos, the satellite of the (65803) Didymos
system, has been modeled by Monte Carlo dust tail codes. The
observations—taken from the Earth and HST, which has the
advantage of exploring the ejecta behavior at two different
spatial resolutions and spatial scales—are analyzed by simple
and detailed Monte Carlo modeling. From the ground-based data
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and using our simple Monte Carlo model, we conclude that the
differential size distribution of the particles could be represented
by a broken power-law function with index x = -2.5 for
particles between 1 um and 3 mm and x = 3.7 for particles of
radii between 3 mm and 5 cm. The ejecta pattern might be
explained, on one hand, by particles being ejected along the wall
of a hollow cone with its axis pointing to R.A. = 130°,
decl. = 17° with relatively large speeds, and on the other hand,
by particles emitted hemispherically at Dimorphos’s escape
speed, oriented in the same way as the emitting cone. With this
configuration and an ejected mass of approximately 6 x 10°kg,
most of the observed features can be reproduced both
morphologically and photometrically at all of the epochs
included in the present analysis, keeping in mind that this
estimate is always a lower limit, as the presence of large boulders
in the distribution, having large mass but contributing negligibly
to the brightness, cannot be excluded. The detailed Monte Carlo
model takes into account the rigorous motion of the particles in
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the neighborhood of the binary system. With this model, various
details observed in the ejecta on the HST images have been
reproduced, although there remain some that so far cannot be
captured with such a model. In any case, the model parameters
used to explain the ground-based images can also explain the
detailed structures seen in the HST images, in particular, the
northern and southeastern streams associated with the hollow
cone emission, the early evolution of the ejecta, the length of the
antisunward tail, and the double tail pattern. The northern
component of the double tail could be associated with
reimpacting material on Didymos, as the momentum carried
by the impacting particles peaks at nearly the same epoch as that
needed to generate the secondary tail. However, further
modeling is clearly needed to test this conclusion. There are
also many structures readily seen on the HST images, such as the
northern diffuse pattern, unreproducible with the model, that
needs further modeling including additional processes, such as
particle collisions, fragmentation, and disruption phenomena.
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