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ABSTRACT32

The NASA/DART (Double Asteroid Redirection Test) spacecraft successfully crashed on Dimorphos,33

the secondary component of the binary (65803) Didymos system. Following the impact, a large dust34

cloud was released, and a long-lasting dust tail was developed. We have extensively monitored the35

dust tail from the ground and from the Hubble Space Telescope (HST). We provide a characterization36

of the ejecta dust properties, i.e., particle size distribution and ejection speeds, ejection geometric37

parameters, and mass, by combining both observational data sets, and by using Monte Carlo models38

of the observed dust tail. The size distribution function that best fits the imaging data was a broken39

power-law, having a power index of –2.5 for particles of r≤ 3 mm, and of –3.7 for larger particles.40

The particles range in sizes from 1 µm up to 5 cm. The ejecta is characterized by two components,41

depending on velocity and ejection direction. The northern component of the double tail, observed42

since October 8th 2022, might be associated to a secondary ejection event from impacting debris on43

Didymos, although is also possible that this feature results from the binary system dynamics alone.44

The lower limit to the total dust mass ejected is estimated at ∼6×106 kg, being half of this mass45

ejected to the interplanetary space.46

http://orcid.org/0000-0003-0670-356X


2

Keywords: minor planets, asteroids: individual (65803 Didymos) — techniques: photometric47

1. INTRODUCTION48

The Double Asteroid Redirection Test (DART) is a NASA mission that impacted a spacecraft on the surface of49

Dimorphos, the satellite of the primary asteroid (65803) Didymos (Cheng et al. 2018). On 2022 26th September,50

23:14 UT DART impacted in a nearly head-on configuration on Dimorphos surface, giving rise first to a fast ejected51

material (plume) (speed of ≈2 km s−1) whose spectrum is consisting of emission lines of ionized alkali metals (NaI, KI,52

and LiI) (Shestakova et al. 2023). This plume was clearly observed on images obtained from Les Makes Observatory53

(Graykowski et al. 2023), right after impact time, and was also seen in the earliest images during the HST monitoring54

(Li et al. 2023). A wide ejection cone of dust particles and meter-sized boulders was monitored by the Light Italian55

CubeSat for Imaging of Asteroid (LICIACube, Dotto et al. 2021; Farnham et al. 2023) which performed a fast flyby56

of the system.57

Apart from the plume, a fraction of the ejected mass was emitted in significant lower speeds, forming the ejecta58

pattern and tail seen since the earliest acquired images from ground-based observatories (Opitom et al. 2023; Bagnulo59

et al. 2023), and from the HST (Li et al. 2023). Our purpose is to characterize the dust properties of this mostly slow-60

moving ejecta, the ejection velocities, the size distribution, and the ejected mass, using Monte Carlo models to simulate61

the motion of the particles in the spatial region near the binary system. After describing the ejecta observations in62

section 2, in section 3 we introduce the Monte Carlo models used to calculate the synthetic tail brightness and their63

time evolution, and discuss the results obtained. Finally, the conclusions are given in Section 5.64

2. OBSERVATIONS65

We first describe the observational material acquired from the ground, followed by a brief description of the HST66

observations (Li et al. 2023). Table 1 summarizes the technical data of the instrumentation used.6768

Aperture photometry of the binary system was performed using the BOOTES-1 telescope. The Burst Observer69

and Optical Transient Exploring System (BOOTES) is a world-wide robotic telescope network primarily designed to70

detect and follow gamma ray bursts (GRBs) (Castro-Tirado et al. 2012; Hu et al. 2023). The aperture photometry71

measurements were performed using BOOTES-1, which is a 0.3-m aperture telescope located in the Estación de72

Sondeos Atmosféricos in the Centro de Experimentación, El Arenosillo, Huelva, Spain. The aperture size was selected73

automatically in the range 6-7′′, depending on the seeing conditions. The photometric data were calibrated using74

standard stars in the Gaia G-band system (Weiler 2018).75

The ground-based images were acquired from a private observatory located in the Atacama desert (Chile) called76

San Pedro de Atacama Celestial Explorations (SPACEOBS) which is run by Alain Maury. The Atacama desert is77

an excellent place for astronomical observations, with low humidity, and good transparency and seeing conditions.78

All the observations were performed with a CCD camera mounted on a 0.43-m aperture telescope. The technical79

information on the instrumentation used is displayed in Table 1. Images were acquired from the impact date80

(September 26th, 2022) to late December 2022, on 56 epochs in total. The images were acquired using a non-sidereal81

tracking mode, i.e., by tracking on the binary system, using always an exposure time of 300 s. The reduction of82

the images was performed by standard techniques, including bias subtraction and flat-fielding. The83

sky background was estimated in each image by taking a median value of field star-free regions in each84

frame. A median image was obtained on each night, by stacking up all the available reduced images.85

The images were calibrated to magnitudes arcsec−2 using the photometric data from BOOTES-1 until October 20th,86

2022. At later epochs, we assumed for calibration of the images the V band magnitude values obtained from the JPL87

Table 1. Technical data of the instrumentation used.

Telescope Location CCD Camera Plate scale Filter

(Latitude; Longitude) field of view (′′/pixel)

HST – Marconi 160′′× 160′′ 0.04 F350LP

SPACEOBS 22◦57′09.8′′S; 68◦10′48.7′′W ZWO ASI6200MM Pro 49′× 29′ 0.54 Clear

BOOTES 37◦05′58.2′′N; 06◦44′14.9′′W Andor iXon EMCCD 16.8′× 16.8′ 1.97 Clear
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Figure 1. The subset of SPACEOBS images used for modeling. Axes are labeled in km projected distance at the asteroid in
all panels. Labels (a) through (i) indicate observation time as given in Table 2. Celestial North is up, celestial East is left in all
panels.

Horizons web interface1 for the Didymos system, as the tail contribution is essentially negligible on those dates.88

This involves the assumption that the ”naked” system has not experienced any brightness variation post- to pre-impact89

conditions, which is confirmed by other observations. Thus, photometric measurements by Pravec et al. (2023, private90

communication) reveal a difference of just –0.061 mag between pre- and post-impact absolute magnitudes, which91

has been detected at only 1.9-sigma level (formal errors), so it is only a marginal detection of the binary system’s92

brightening, not statistically significant. In line with this, Buratti et al. (2023, personal communication) do not93

report any significant brightness variation in the system post-impact either, the difference being of only –0.13 absolute94

magnitudes relative to pre-impact data.95

From the large observational data set, we selected for modeling those shown in Figure 1, whose obser-96

vational parameters are given in Table 2. The earliest images acquired only one day or two after the impact97

already show a complex morphology, where, in addition to other smaller-scale features, two conspicuous features di-98

rected towards north and southeast (the ejecta cone features in Figure 2, upper panel) became apparent, as well as99

a well-developed tail in the antisolar direction. In addition, a secondary tail appeared north of the main tail about100

6 days after the impact, forming a double tail feature barely seen in the ground-based images (see Figures 8101

and 9), but clearly seen in the HST images (see Figure 2, lower panel, and see also Li et al. 2023). The102

origin of the northern component of the double tail is still unclear, but it clearly follows the corresponding synchrone103

at T0+6±1 day (where T0 is the impact time) (Li et al. 2023).104

The HST images, already described in Li et al. (2023), were acquired using the 2.4-m diameter HST with the Wide105

Field Camera 3 (WFC3). Additional technical details of the instrumentation used are provided in Table106

1. We have selected for modeling a subset of the HST calibrated images as shown in Table 3. Images coded as (l) and107

(o) are depicted in Figure 2, showing the most conspicuous features observed in the images, providing a nomenclature108

reference.109

In order to refer all the aperture photometry data and images to a common photometric system, the solar spectrum110

in combination with the reflectance spectrum of the binary system should be taken into account. The output of our111

Monte Carlo codes is given in solar disk intensity units (i/i⊙), that we converted to r′ Sloan mag arcsec−2, m, to112

compare with the observations, according to the equation:113

m = 2.5 log10 Ω+m⊙ − 2.5 log10(i/i⊙) (1)114

1 https://ssd.jpl.nasa.gov/horizons/
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Figure 2. HST images obtained on 2022 28th September (code (l) in Table 3 (upper panel) and 2022 8th October (code (o)
in Table 3, indicating the most obvious features encountered in the images. Axes are labeled in pixels, where 1 pixel represents
≈2 km on the sky projected. Celestial North is up, celestial East is left in both panels.
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Table 2. Log of SPACEOBS observations.

Time Time since rh
a ∆b PsAngc PlAngd αe Code

(UT) impact (days) (au) (au) (deg) (deg) (deg)

2022-Sep-30 07:41 3.32 1.0378 0.072 292.45 48.67 58.24 (a)

2022-Oct-03 06:43 6.28 1.0315 0.071 288.23 48.19 62.56 (b)

2022-Oct-16 07:12 19.30 1.0145 0.081 280.87 34.34 75.20 (c)

2022-Nov-02 07:26 36.31 1.0202 0.113 283.72 16.63 72.70 (d)

2022-Nov-18 08:24 52.35 1.0533 0.147 284.81 6.80 60.31 (e)

2022-Dec-02 07:26 66.31 1.1007 0.176 282.22 1.05 45.82 (f)

2022-Dec-17 06:00 81.25 1.1657 0.212 273.76 -3.30 28.33 (g)

2022-Dec-22 08:10 86.34 1.1904 0.227 268.42 -4.38 22.32 (h)

2022-Dec-24 07:13 88.30 1.2001 0.233 265.75 -4.73 20.06 (i)

a Heliocentric distance
b Geocentric distance
c Position angle of the extended Sun-to-asteroid radius vector
d Angle between observer and asteroid orbital plane
e Phase angle

Table 3. Log of the HST observations.

Time Time since rh ∆ PsAng PlAng α 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 (j)

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 (l)

2022-Oct-01 16:12 4.67 1.035 0.072 290.42 48.63 60.25 (m)

2022-Oct-05 18:38 8.78 1.027 0.071 285.41 46.68 65.94 (n)

2022-Oct-08 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 (q)

where Ω is the solid angle subtended by the Sun at 1 au expressed in arcsec2 (Ω=2.893×106 arcsec2), and m⊙ is the115

magnitude of the Sun in the r′ Sloan filter, m⊙=–26.95 (Ivezić et al. 2001).116

If the reflected spectrum were purely solar, the aperture photometry data, given in the G-band system, could be117

converted to r′ by r′=G+0.066 mag (Oszkiewicz et al. 2017). On the other hand, the conversion of magnitudes in118

the HST F350LP filter to Johnson’s V has been given by Nolan et al. (2019) as V= F350LP–0.12 mag. Then, using119

the relation r′ = V − 0.49(B − V ) + 0.11 mag (Fukugita et al. 1996), valid for stars with (B − V ) ≤ +1.5 mag,120

and the solar color index (B − V )=0.629 mag (Willmer 2018) we get r′=F350LP–0.32 mag. However, the reflectance121

spectrum of the unaltered Didymos-Dimorphos system exhibits temporal variations in slope that can be attributed to122

a number of reasons, including compositional changes on Didymos surface (Ieva et al. 2022), preventing us to perform123

any precise photometric correction. In addition, the spectrum of the freshly ejected material after DART collision124

might be spectroscopically different as well. Then, we decided to maintain all the measurements in their original units.125

In any case, based on the given color index conversion assuming a solar-like spectrum, we do not expect variations126

higher than ≈0.3 mag among the different bands (Gaia G and F350LP) and the r′ Sloan magnitudes. .127

3. DUST TAIL MODELING128

Our purpose is to perform an interpretation of the available observed images by Monte Carlo techniques, i.e., by129

direct calculation of the orbits of the individual particles ejected at the time of impact, and the computation of their130

positions in space at the time of the observation.131

To calculate the orbits of the ejected dust particles, we used two different approaches. The first132

one, which we call simple Monte Carlo modeling, assumes that the particles are initially placed out133
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of the Hill sphere of the system, where the gravity of the binary components can be neglected, and134

then the dust grains are influenced by solar gravity and radiation pressure forces only. In consequence,135

the particle orbits are purely Keplerian around the Sun, and their orbits can be easily integrated.136

This approach is adequate to describe the escaping ejecta, and is suited to analyze the large-scale,137

low-resolution, ground-based SPACEOBS observations. The second approach, which we call detailed138

Monte Carlo model, is used to describe the dynamics in the innermost region close to the binary139

system, and is based on the integration of the equations of motion of the particles taking fully into140

account the gravitational fields of the two bodies. Owing to the superb spatial resolution of the HST141

images, this approach is better suited to analyze the details of the features that appear in those images,142

but has the obvious drawback of the large CPU time needed to run the model in comparison with the143

simple Monte Carlo model.144

After setting the particle scattering properties, particularly the geometric albedo, the results of the145

models (i.e., the evolution of the tail brightness with time) depend on three basic parameters: the146

ejection velocities, the size distribution, and the total dust mass ejected after the DART impact. The147

combination of those parameters affect the tail brightness in an intricate manner. Thus, small dust148

particles are highly affected by radiation pressure, and quickly populate the far tail regions, while larger149

particles need a much longer time to leave the near-nucleus region, depending on ejection speed. In150

addition, in the detailed model calculations, those particles might be trapped for a long time orbiting151

close to the binary system and leaking out from it very slowly, mainly if the ejection speeds are close152

to the escape velocity of Dimorphos. High ejection speeds spread out the particles quickly, so that153

the tail brightness will tend to decrease. The size distribution, which is commonly set to a power-law154

function, defines the range of sizes that dominate the total mass. Thus, for power exponents lower155

than –4 most of the mass would be concentrated in the smallest particles, while for exponents higher156

than –3 most of the mass would reside on the larger ones.157

The fitting procedure is based on selecting upper and lower limits to the parameter inputs, and158

experiment with them until a reasonable agreement with all the observations is achieved. Due to159

the many parameters involved, we cannot assure that the best-fitting parameters constitute the only160

solution to the problem, however. The main weakness of the modeling resides in the difficulty of161

constraining the total mass ejected, on one hand because of the presence in the particle population of162

meter-sized and larger boulders, that contribute mostly to the mass, but not to the brightness, when163

compared with the much more abundant small particle population, and, on the other hand, to the very164

high-speed ejecta released immediately after impact, which leaves the field of wiew of the cameras in165

a very short time interval. We will back to these problems in the next Section.166

3.1. Simple Monte Carlo modeling167

The interpretation of the ground-based dust tail brightness in terms of the simple dynamical-radiative models is168

made using our Monte Carlo model as described in e.g. Moreno et al. (2022a) and references therein. In such approach,169

as stated above, the particles are assumed to be affected by the solar gravity and solar radiation pressure only, ignoring170

the gravity perturbations of the two components of the binary system. Then, this model is valid from the Hill sphere171

of the system outwards, i.e., it is useful to characterize the material that has gravitationally escaped from172

the binary system, but cannot be used to describe the complex dynamics in the vicinity of the asteroid173

pair. In fact, we will see with the detailed Monte Carlo model that a significant fraction of the ejected174

mass is lost in collisions with either Didymos or Dimorphos, thus reducing the dust mass ejected to175

interplanetary space.176

In the simulations, a large amount (≳ 107) of particles are released with a certain velocity distribution and particle177

size distribution. The total ejected mass must be also specified. For this application of the code, all the particles178

are assumed to be ejected instantly, except for a secondary ejection event occurring a few days after the impact,179

to explain the development of an additional tail component forming a small angle with the main tail, and north of180

it, to be described at the end of this section. The particles are considered spherical, independent scatterers, and181

they do not experience neither collisions among them nor disruption or fragmentation phenomena. Their dynamics is182

governed by the so-called β parameter (not to be confused with the momentum transfer efficiency due to the DART183

impact, usually denoted also by β), defined as the ratio of solar radiation pressure force to solar gravity force, as184



7

β = Frad/Fgrav = CprQpr/(2ρpr). In that equation, r is the particle radius and ρp its density (assumed at 3500 kg185

m−3), Cpr = 1.19 × 10−3 kg m−2 is the radiation pressure constant, Qpr is the scattering efficiency for radiation186

pressure, which becomes Qpr ≈1 for moderately absorbing particles with r ≳1 µm (see, e.g. Moreno et al. 2012,187

their Figure 5). The assumed density of ρp=3500 kg m−3 corresponds to the density of ordinary chondrite meteorites188

associated to the S-type spectrum exhibited by the Didymos-Dimorphos system (Dunn et al. 2013). All particles189

are assumed at having the same density. The Keplerian trajectories of the particles can be determined from their β190

parameter and the ejection velocity vector. At the end of the integration time, their positions on the sky plane at any191

time after ejection are recorded. The brightness contribution of each particle in a given pixel of the synthetic image,192

m, expressed in mag arcsec−2, is given by:193

pRπr
2 =

2.24× 1022πr2h∆
2100.4(m⊙−m)

G(α)
(2)194

where rh is the asteroid heliocentric distance in au, ∆ is the geocentric distance of the asteroid, and m⊙ is the195

apparent solar magnitude in the appropriate passband. The particle’s geometric albedo at zero phase angle is given196

by pR, and G(α) = 10−0.4αϕ is the phase correction, where α is the phase angle, and ϕ is the linear phase coefficient.197

Recent work by Lolachi et al. (2023), however, shows the calculated geometric albedo dependence with phase angle,198

revealing values between 0.07 and 0.15 for pR for a range of particle sizes, compositions, and different porosities199

from several sources, including laboratory data by Muñoz et al. (2020) and emitted particles from asteroid Bennu200

(Hergenrother et al. 2020), for phase angles smaller than about 60◦, so that we adopted pR=0.1 and G(α)=1. In201

any case, in the geometric optics approximation, which holds for the derived size distribution functions, the ejected202

mass is directly proportional to the geometric albedo, so that for higher albedoes the dust mass ejected would be203

lower accordingly. In the vicinity of the image optocenters, the contribution of the nucleus reflected light204

(i.e., the scattered light of the spherical body having an equivalent radius to the Didymos+Dimorphos205

system), is important, as it may be comparable, or higher than, the dust cloud brightness. In fact, for206

images taken a few weeks after impact, the contribution of the nucleus brightness to the total brightness207

is dominant. The equivalent radius of the system can be approximately computed as an average of208

the Didymos radius and the effective radius of Didymos+Dimorphos system which turns out to be209

Rn=395 m, i.e., only a bit higher than Didymos radius as it has a much larger surface than Dimorphos.210

Then, to compute the contribution of the nucleus we assume such spherical body with the same value of211

geometric albedo given above for the particles. Following the magnitude–phase relationship by Shevchenko (1997), for212

pR = 0.1, we get ϕ = 0.013 − 0.0104 ln pR=0.037 mag deg−1. This value is very close to that obtained by Buratti et213

al. (2023, personal communication) of ϕ=0.035±0.001 mag deg−1.214

The ejection of material is modeled mainly by two ejecta components, traveling at different speeds. This is justified215

below in order to reproduce both the antisolar tail (slow-speed component), and the conical features (high-speed216

component). This component, which contributed with 1/3 to the total ejected mass, is assumed to be217

characterized by a hollow conical shape whose axis is oriented to equatorial coordinates RA=130◦, DEC=17◦, which218

is within the range of the current determinations. The impactor direction was RA=128◦, DEC=18◦ (e.g.219

Hirabayashi et al. 2023). Detailed recent calculations of the ejecta geometry by Hirabayashi et al.220

(2023) predict an emission cone elongated along the north-south direction of Dimorphos with cone axis221

oriented to RA=140±4◦, DEC=17±7◦ (uncertainties are 1-σ values). However, the precise axis direction222

does not have a significant impact on the results as long as it does not deviate by more that 10◦ from the assumed223

direction. The cone aperture is set to 140◦, and the cone wall thickness is set to 10◦. The second ejecta component224

is described by a hemispherical ejection with the same axis as the conical emission, and contributing with 2/3 to the225

ejected mass.226

The remaining model parameters are the size distribution and the initial speeds. The size distribution function227

is initially set to a single differential power-law distribution function with power exponent κ, i.e., dn ∝ rκdr, where228

dn is the number of particles between r and r + dr. We assumed an initial value for κ as κ=–2.5, close to the value229

obtained by Li et al. (2023) on the earliest HST images. The size distribution was assumed to be the same for all the230

ejecta components.231

Concerning ejection velocities, conventional scaling laws for cratering ejecta generally refer to veloc-232

ity distributions as a function of launch position (e.g. Cintala et al. 1999; Housen et al. 1983; Housen &233

Holsapple 2011), and do not include the effects of different sizes of the particles populating the distribu-234
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tion. Only a few experimental or observational studies provide information on velocity distribution as235

a function of grain size, but, in all cases, because of technical limitations, they refer to sizes in the mm236

range and larger, up to boulder-sized debris (e.g. Okawa et al. 2022). After repeated experimentation237

with the code, it soon became apparent the need of a double component for the ejecta speeds, one asso-238

ciated to faster particles giving rise to the two features associated to the conical ejection (high-speed component),239

and another, slow-speed component, with ejection velocities close to Dimorphos escape velocity, to properly240

model the length and thickness of the antisolar tail (the hemispherical ejecta component). The faster ejecta was241

modeled following a power-law function of the particle size, as it has been set to model the ejection242

speeds for natural impacts on asteroids (596) Scheila (Ishiguro et al. 2011) and 354P/LINEAR (Kleyna243

et al. 2013; Kim et al. 2017). On the other hand, the velocities of the slow-speed component are mod-244

eled as v = 0.05(1 + χ) m s−1, being χ a random number in the (0, 1) interval. The randomization in the245

speed distribution is imposed in an attempt to mimic somehow its stochastic nature. The high-speed246

ejecta was modeled by v = 0.375χr−0.5 m s−1 (with r expressed in m). Ejecta speed estimates of ∼2 m247

s−1 for mm-sized particles have been reported by Roth et al. (2023) from ALMA observations of the248

DART impact. This is in line with our average higher speed ejecta estimates of ∼6 m s−1 for r=1 mm249

particles. As stated above, the reason for a double ejecta component is motivated by the appearance250

of the conical feature in combination with the antisolar tail: this tail cannot be modeled assuming251

the conical high-speed component as it would generate a tail far broader and diffuse than observed.252

The slow-speed component, which encompasses most of the ejected mass (2/3 of the total dust mass)253

could be associated to the large amount of material which is ejected at a slow velocity during the latter254

stages of crater formation, as determined from conventional scaling laws (e.g. Housen et al. 1983). In255

addition, there is another mechanism that might be contributing to this slow-ejecta component, which256

is the lofting of particles owing to the propagation of seismic waves after the impact (Tancredi et al.257

2022).258

In conjunction with the two components of the ejecta just described, a third dust ejecta emission event took259

place on October 2.5, 2022, leading to the secondary, northern branch, of the tail. This event is260

associated to the presence of the northern secondary tail, that follows the corresponding synchrone at261

the given epoch. This agrees with the timing obtained by Li et al. (2023) from HST images (T0+6±1262

days). The small tail thickness suggests low ejection velocities, and its faintness compared to the main263

tail, a much smaller ejected mass than the main tail slow-component of the ejecta. For simplicity, we264

adopt the same parameters of the slow ejecta component mentioned above (i.e., v = 0.05(1 + χ) m s−1),265

and isotropic ejection. We will link this dust emission event to impacts of debris particles on Didymos266

in the framework of the detailed Monte Carlo approach (see section 3.2). At this point, it is interesting267

to note that a slight increase in brightness has been observed around 6 to 9 days after impact, in268

both ground-based and HST photometric lightcurves (Kareta et al. 2023, submitted). This so-called269

”8th-day bump” could be associated to reimpacting material on Didymos, as we will also show later in270

Section 3.2.271

The dust masses ejected for each component that better fits the tail profiles were 2.2×107 (slow-speed), 7.4×106272

(high-speed), and 3.7×106 kg (late event), respectively, giving a total mass ejected of 3.3×107 kg. The mass of the273

secondary ejecta component is just a rough estimate: the signal-to-noise ratio of that secondary tail is too low to allow274

for a better constraint. This estimate is to be improved with the analysis of the much higher resolution HST275

images (section 3.2).276

The maximum particle size in the distribution was constrained by the analysis of the latest images. Thus, the277

initial radius rmax=1 cm assumed had to be increased to larger values. The reason was that for rmax=1 cm, the278

central condensation containing the nuclei would be detached from the tail at the latest observation dates because the279

radiation pressure would be moving away those r=1-cm particles after some months since impact. Then, a larger size280

limit of rmax=5 cm was set instead, providing a better fit to the near nucleus region. Regarding the minimum particle281

size, setting rmin=1 µm was found adequate to fit the outermost part of the tail in the earliest images. Also, as we282

will describe later in section 3, this lower limit is very well constrained by the earliest HST images, where the observed283

length of the tail is very consistent with that minimum size.284

With all of the above model inputs, the resulting photometric scans along the tails of the images in comparison with285

the observations, at the dates shown in Table 2, are displayed in Figure 3. Although the fits to the early images are286
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Table 4. Parameters of the best-fit models.

Ejecta Speed Ejected Ejection Total unbounda

component (m s−1) mass (kg) mode ejected mass (kg)

Simple Monte Carlo model

Slow 0.05(1+ξ) 2.8×106 Hemispherical

Fast 0.375χr−0.5 9.2×105 Conical 4.2×106

Late 0.05(1+ξ) 4.6×105 Isotropic

Detailed dynamical Monte Carlo model

Slow 0.09 4.3×106 Hemispherical

Fast 0.225χr−0.5 2.1×106 Conical 4.9×106

Late 0.09 3.0×106 Isotropic

a 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.

reasonably good, the model does not perform well for images acquired later than ≈10 days after impact. Varying the287

power index κ does not produce any improvement either. As the observed brightness in the near-nucleus region is288

clearly overestimated with this model, we imposed a broken power-law with a “knee” in the mm size range, to search289

for an improvement in the fits. We found that a broken power-law with κ=–2.5 for particles smaller than 3 mm in290

radius, and with a higher slope of κ=–3.7 for particles having radii larger than 3 mm produce much better fits at all291

epochs, as can be seen in Figure 4. The assumption of a different size distribution, with a higher slope on the largest292

particles, implies a recalculation of the ejected masses, that now become a factor of ≈8 smaller, i.e., 2.8×106 kg and293

9.2×105 kg for the slow and fast components, respectively, and of 4.6×105 kg for the secondary, late, ejecta, giving a294

total mass of 4.2×106 kg. It is important to realise that this dust mass constitutes a stringent lower limit to the total295

ejected mass from Dimorphos. On one hand, the high-speed (≈2 km s−1) material released right after the impact296

(see Shestakova et al. 2023) is out of the field of view on our images. On the other hand, the presence in the particle297

distribution of very large particles, such as boulders, might contribute significantly to the total ejected mass but very298

little to the brightness, becoming almost undetectable in the images. In that respect, it is convenient to mention299

the findings by Farnham et al. (2023), who have detected a boulder population after DART impact300

by analyzing LICIACube LUKE images. Those authors found a population of some 100 meter-sized301

boulders, so that, assuming a density of 3500 kg m−3, they would give a total mass of ≈1.5×106 kg.302

Those boulders are moving at speeds of 20-50 m s−1, so that they carry a momentum that might be303

comparable to that of DART spacecraft (Farnham et al. 2023). Let us assume that the actual boulder304

population was a factor of 100 higher, i.e., a total mass of 108 kg, and that this population is distributed305

following a power law of index –3.7 (as in our model), with ejection speeds of 20 m s−1. This would306

result in a unrealistic momentum balance, but we would like to remark that even in this case the307

boulder population would add a negligible increase in the integrated flux of only 0.06% relative to308

the corresponding model results at the dates shown in Table 2. Even if we reduce the speed of those309

boulders to the much smaller speeds used in the modeling (see Table 4), that will tend to concentrate310

the boulders much closer to the optocenter at all epochs, the contribution to the integrated flux would311

be of only 7% relative to the model results.312

The synthetic images generated are convolved with a Gaussian function of full-width at half-maximum consistent313

with the average seeing point-spread function. The modeled images are then compared to the observed images in314

Figures 5, 6, and 7, using the same grayscale. As shown, the modelled images capture well many of the features315

displayed in the observed images.316

The model image showing the double tail in comparison with the SPACEOBS observation is given in more detail in317

Figure 8. For purposes of comparison only, an additional image, taken at LULIN observatory 1m aperture telescope in318

Taiwan on October 12th, i.e., four days before the SPACEOBS image on October 16th, is also displaying the feature,319

with slightly higher signal-to-noise ratio than the SPACEOBS image in Figure 8, see Z.-Y. Lin et al. (2023, submitted)320

(Figure 9). By November 2nd, image (d) in Table 2, the secondary tail is not seen anymore, although it is still present321

in the simulations, forming a very small angle with the main tail, when the synthetic image is shown heavily stretched322

(see Figure 6). This is not an effect of tail vanishing, but a geometric effect of the two synchrones associated to the323
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Figure 3. Scans along the tails of the SPACEOBS images. The panels are labeled (a) to (i), corresponding to the dates shown
in Table 2 (Code column). The black lines correspond to the observations, the red line to the model. Horizontal axes are labeled
in km projected on the sky plane, and vertical axes are expressed in mag arcsec−2. These scans were obtained using a single
power-law size distribution with κ = −2.5. The total dust mass released is 3.2×107 kg.

Figure 4. Scans along the tails of the SPACEOBS images. The panels are labeled (a) to (i), corresponding to the dates shown
in Table 2 (Code column). The black lines correspond to the observations, the red line to the model. Horizontal axes are labeled
in km projected on the sky plane, and vertical axes are expressed in mag arcsec−2. These scans were obtained using a broken
power-law differential size distribution function with κ = −2.5 between 1 µm and 3 mm, and κ = −3.7 between 3 mm and 5
cm. The total dust mass sent to interplanetary space is 4.2×106 kg.

main and secondary events getting more and more overlapped as the Earth becomes closer to the asteroid orbital plane324

(see PlAng column in Table 2).325

A summary of the obtained dust parameters for this simple Monte Carlo model, describing the properties of each326

ejecta component (slow, fast, and late) is given in Table 4.327328
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Figure 5. Panels (a), (b), and (c) display the SPACEOBS images at the corresponding dates in Table 2, and panels (a1), (b1),
and (c1) 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 km projected on the sky plane. North is up, East to the left in all images.

For the earliest SPACEOBS images, it is useful to build an isophote field to make a detailed comparison with the329

model. Thus, Figure 10 displays a comparison of the observed and modeled isophotes in the innermost regions close330

to the maximum condensation. As it is seen, the model fits are quite satisfactory, mostly taken into account the large331

range in brightness displayed.332

Finally, we compare the photometric measurements by BOOTES with the photometry calculated from this model.333

Figure 11 compares the magnitudes calculated with the model, at 5-day intervals since impact, and those by BOOTES.334

The model agrees reasonably well with the measurements. The JPL-Horizons apparent “nuclear” magnitude data are335

also depicted for comparison at such epochs, which served also to check that the nuclear magnitudes computed with336

the model nucleus size, geometric albedo, and phase coefficient were correct. The JPL curve is obtained through the337

IAU H-G system magnitude model with absolute magnitude H=18.12 mag and G parameter of G=0.15. Our model338

predicts a small relative maximum near the 8th day after impact, also hinted by the measurements.339

3.2. Detailed dynamical Monte Carlo modeling340

The visual inspection of the HST images reveals a complex dynamics in the neighborhood of the binary system.341

Owing to the superb spatial resolution (≈2 km px−1) that offers the HST WFC3 during the observational time span342

(see Table 3), a variety of structural details are seen in the images, as has been inventoried by Li et al. (2023). The343

detailed dynamics of the particles close to the binary components can be described through the integration of the344

equation of motion of the individual particles subjected to the gravity fields of the two objects, as well as to the solar345

gravity and radiation pressure. We have already provided the input equations of the model (Moreno et al. 2022a) when346

performing photometric predictions of the DART impact ejecta. For completeness, we reproduce here the equation347

of motion of the ejected particles, where the reference frame has origin in the Didymos center of mass, and the two348
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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), (e1),
and (f1) the corresponding synthetic images generated with the simple Monte Carlo model. All images are stretched between
28 and 22 mag arcsec−2, except synthetic image (d1) that has been heavily stretched between 30 and 25 mag arcsec−2, barely
showing the secondary tail north of the main tail. Axes are labeled in km projected on the sky plane. North is up, East to the
left in all images.

binary components are assumed as spherically-shaped:349

d2rd
dt2

= W1
rd
r3d

+W2
rd − rs

∥rd − rs∥3

+W3

[
rs − rd

∥rs − rd∥3
− rs

r3s

]
+W4

[
rdsec
r3dsec

− rsec
r3sec

]
(3)350

where rd is the Didymos-to-dust grain vector, rs is the Didymos-to-Sun vector, rdsec is the vector from the dust grain351

to Dimorphos, and rsec is the Didymos-to-Dimorphos vector. We have used the fact that rs=rd + rds, where rds is352

the vector from the dust grain to the Sun. Figure 12 provides a schematic drawing of the vectors used. The other353

terms are W1 = −GMP , W3 = GM⊙, and W4 = GMsec, where G is the gravitational constant, MP is the mass of354

Didymos, Msec is the mass of Dimorphos, and M⊙ is the Sun mass. The remaining term, W2, is given by:355

W2 =
Qpr

c

Es

4π

πd2

4mp
(4)356

In Equation 4, c is the speed of light, Es=3.93×1026 W is the total power radiated by the Sun, d is the particle357

diameter (d=2r), and mp is the particle mass, mp = ρp(4/3)πr
3.358

As stated in Moreno et al. (2022a), the model has been validated against the MERCURY N-body software package359

for orbital dynamics (Chambers 1999). The initial conditions are assumed initially in a similar way as to the simple360

Monte Carlo (see section 3.1). However, in this more detailed model the larger particles might spend a significant time361

orbiting the neighborhood of the binary components until either collide with one of those bodies, or leave the system362

to interplanetary space (see also Rossi et al. 2022) Therefore the total mass ejected would actually be larger in this363
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Figure 7. Panels (g), (h), and (i) display the SPACEOBS images at the corresponding dates in Table 2, and panels (g1), (h1),
and (i1) 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 km projected on the sky plane. North is up, East to the left in all images.

Figure 8. Upper panel: SPACEOBS observation on October 16th, 2022 (image labeled as (c) in Table 2) of the ejecta showing
barely the double tail structure. Lower panel (c1) is the result of the simple Monte Carlo modeling. Axes are labeled in km
projected on the sky plane. North is up, East to the left.



14

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 (Z.-Y. Lin et al., 2023, submitted). 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 km projected on the sky plane.
North is up, East to the left.

model than was found in the simple model since a fraction of that mass is lost in collision processes. For the same364

reason, the velocities of the particles will also have a somewhat different distribution.365

We modeled a subset of all the acquired HST images described in Li et al. (2023). We used the same cone geometry366

as assumed for the ground-based image modeling, and the same size distribution parameters (the same broken power-367

law with the same limiting sizes). We begin by assuming similar values of the total masses ejected and the parameters368

associated to the velocity distribution. Then, we refine those parameters so as to give the best possible agreement369

between the model and the observations. As already stated, the fact that this model accounts for the orbital evolution370

in the neighborhood of the binary components implies necessarily a departure from the parameters obtained above371

from the relatively more simple model. As before, we considered a double speed ejecta component released immediately372

after the impact time, and a later secondary ejection event on October 2.5, 2022, the same date as in the simple Monte373

Carlo Model. In order to find a reasonable agreement with the evolution of the brightness and morphology of the374

observed features, the slow, hemispherical ejecta component, had a velocity simply given by v = vesc = 0.09 m s−1
375

(vesc is the Dimorphos escape velocity) while the faster ejecta has v=0.225χr−0.5 (where χ is a random number in the376

(0,1) interval). The two ejecta components contribute to the ejected mass in the same proportions as assumed in the377

Monte Carlo simple model. The ejecta speeds differ in factors of less than two relative to those found for the simple378

Monte Carlo model, which is quite reasonable taking into account the different approaches to the problem.379

Regarding the late emission, we assume the same parameters as in the simple Monte Carlo model approach, where380

this ejection event is characterized by isotropic emission, with particle speed v = vesc.381

The total ejected mass (without taking into account the late emission) from this model is 6.4×106 kg, which would382

be close to the 4.2×106 kg estimated using the simple Monte Carlo model considering that a significant fraction of the383

emitted mass in the detailed model is lost in collisions with either Didymos or Dimorphos.384385

Concerning those colliding particles, Figure 13 depicts the cumulative dust mass impinging on those surfaces, and386

Figure 14 displays the total linear momentum transferred to the surfaces of Didymos and Dimorphos per unit time.387
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Figure 10. Isophote fields in the innermost regions for the earliest images (a), (b), (c) ,and (d) (see 2). The observations are
represented by black contours, and the model by red contours. The isophote levels are 17, 19, 21, and 23 mag arsec−2 for images
(a) and (b), and 17, 19, and 21 mag arsec−2 for images (c) and (d). Axes are labeled in km projected on the sky plane. North
is up, East to the left in all images.

From Figure 13 we see that for both surfaces, the total masses converge after some 20 days after impact to values close388

to 1.5×106 kg. The momentum delivered to Dimorphos (Figure 14) is higher than that on Didymos during the first389

few hours after impact, but the opposite occurs after ≈2 days, where the momentum on Didymos becomes dominant,390

reaching a maximum ≈5 days after impact. This behavior is confirmed by what is found by Rossi et al. (2022), where391

cm-sized particles were integrated. The momentum delivered to Didymos becomes dominant several days after the392

impact up to a time span of tens of days, thanks to particles that evolve within the binary system after being ejected393

from the impact crater. The re-impact velocities against Didymos is also higher with respect to the ones against394

Dimorphos, reaching up to 80 cm/s in the cases analyzed in Rossi et al. (2022). We speculate that this momentum395

transfer could be the cause of, or at least contribute to, the generation of the secondary tail, as it peaks near the right396

time, but this argument would need further modeling about the effects of low-speed impacts on the surfaces of such397

bodies, which is beyond the scope of this work. In this regard, it should be noted that the secondary tail could also398

be associated to the dynamical evolution of particles that evolved for a while in the system and were then escaping399

after a few orbits, as revealed by the detailed dynamical analysis performed by Ferrari et al. (2023, in preparation).400

The total ejected mass agrees very well with that estimated with the simple Monte Carlo model, as the total emission401

of 6.4×106 kg of particles would actually be reduced to 3.4×106 kg to unbound dust, because ≈3×106 kg are lost in402

collisions with the binary components (see Figure 13), leaving close to the 4.2×106 kg of the simple Monte Carlo.403

For purposes of comparison, the synthetic images generated are convolved with the HST point-spread function for404

the appropriate filter and camera used. The HST observations along with the model images are then shown in Figures405

15, 16, and 17. In Figure 15, the modeled images are heavily stretched to display the antisolar tail extent, which406

otherwise would be unseen owing to their thinness. The central portion of image (l) and its model (l1), along with407

the isophote fields are depicted in Figure 18. The outermost modeled isophotes associated to the conical emission are408

in line with the observations, although the antisolar tail becomes too narrow in comparison with what it is observed.409

On the other hand, the length of the tail constraints the minimum particle radius to ≈1µm, as assumed in the simple410

Monte Carlo model: a larger minimum size would result in a too short tail, and a smaller minimum size would display411

an incipient tail already on image (j). The secondary tail, which competes in brightness with the main tail, clearly412

appears in the images (o) and (p) (see Figures 16, and 17). This feature had to be modeled by an ejecting dust mass413

of the order of half of the main event, i.e., ≈3×106 kg. However an important fraction of that mass is re-impacting414
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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.
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Sun
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Figure 12. Schematic drawing of the vectors shown in Equation 3.

again Didymos and/or Dimorphos, so that only about half of that late mass is released to the interplanetary medium,415

i.e., 1.5×106 kg. This mass is about twice of that estimated with the simple Monte Carlo, but since these HST images416

are far better in resolution than those obtained with SPACEOBS, we prefer to rely on this value. Considering all the417

ejected masses, the total contribution to the mass in unbound orbits becomes 4.9×106 kg, which agrees fairly well418

with the value estimated from the simple Monte Carlo model (4.2×106 kg). A summary of the dust properties from419

the detailed model is given in Table 4.420
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Figure 13. Cumulative impacting dust mass on Didymos and Dimorphos during the 20 days following impact.

The photometric measurements on the HST images using a 0.2′′aperture (Li et al. 2023) are displayed in Figure 19,421

together with BOOTES photometry. These two lightcurves are consistent, showing a constant difference422

of 0.5±0.1 magnitude, owing to the different apertures used.. The model results for the subset of HST images423

shown in Table 3 are found to be in line with the measurements for both data sets.424

Although many of the observed features are captured in the model, some of them remain unexplained. Thus, in the425

early images, the observed tail is broader than the modeled ones, as we have already illustrated in Figure 18. The tail426

thickness is mostly influenced by the ejection speeds, so that setting a larger ejection speed we would427

get a thicker tail. However, model runs show that while this would work for the earlier images, this428

would lead to much broader and diffuse tails than observed for the later images of Figures 16 and 17. On429

the other hand, while the southern ejecta courtain shows a temporal evolution similar to that retrieved430

with the model, the northern branch of the ejecta (diffuse ejecta in 2) shows a different evolution,431

showing a North-East orientation, while the model predicts a North-West orientation instead, following432

the direction of the radiation pressure force. In addition, there also some features in the sunward433

direction that the model does not reproduce, likely due to the fact that the ejecta cone is asymmetric434

(Hirabayashi et al. 2023). The origin of such discrepancies is unclear, and many physical parameters435

are likely contributing. Thus, the model uses spherical particles moving in the gravitational fields of436

assumed spherical bodies, which is not the case. The dynamics of non-spherical particles in asteroidal437

or cometary environments is certainly more complex (Ivanovski et al. 2017; Moreno et al. 2022b;438

Ivanovski et al. 2023), as well as the gravitational fields of non-spherical bodies. On the other hand,439

the model assumes that the ejected particles have constant mass and size, excluding any disruption440
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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 DART impact.

and/or fragmentation processes during their motion. In addition, the ejection pattern is much more441

complex than described by a simple conical geometry, showing an intrincate structure with non-radial442

filaments (Cheng et al. 2023; Dotto et al. 2023). Future models should incorporate those effects to443

see how they affect the resulting dust structures in an attempt to understand the physical processes444

involved.445

4. COMPARISON WITH ACTIVE ASTEROIDS446

Active asteroids constitute a recently discovered class of objects in the Solar System which, having447

typical asteroidal orbits, exhibit comet-like appearance (e.g. Jewitt & Hsieh 2022). The DART mission448

has resulted in the artificial activation of one of such objects and therefore it is interesting to briefly449

compare the DART results with those observed in naturally activated asteroids. A more extended450

comparison of the DART results with the natural active asteroids will be the subject of a forthcoming451

paper (Tancredi et al., in preparation). Following the discovery of 133P/Elst-Pizarro in 1996 (Hsieh452

et al. 2004), some 40 active asteroids have been detected so far (Jewitt & Hsieh 2022). Amongst the453

physical mechanisms that can trigger activation, are ice sublimation, rotational destabilization, and the454

result of an impact, or a combination of those. The sample of impacted objects is statistically not signif-455

icant, as out of that active asteroids population, only four objects have been identified to be most likely456

activated by an impact with another body, namely 354P/LINEAR (e.g. Hainaut et al. 2012; Agarwal457
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Figure 15. Panels (j), (k), and (l) display HST images at the corresponding dates in Table 3, and panels (j1), (k1), and (l1) the
corresponding synthetic images generated with the detailed Monte Carlo model described in 3.2. The HST images are stretched
between 22 and 17 mag arcsec−2 and the modeled ones between 25 and 20 mag arcsec−2 to show the antisolar tail that would
not be seen otherwise because of their thinness. Axes are labeled in km projected on the sky plane. North is up, East to the
left in all images.



20

Figure 16. Panels (m), (n), and (o) display HST images at the corresponding dates in Table 3, and panels (m1), (n1), and (o1)
the corresponding synthetic images generated with the detailed Monte Carlo model described in 3.2. All images are stretched
between 22 and 17 mag arcsec−2. Axes are labeled in km projected on the sky plane. North is up, East to the left in all images.

et al. 2013), (493) Griseldis (Tholen et al. 2015; Jewitt & Hsieh 2022), P/2016 G1 (PANSTARRS)458

(Moreno et al. 2016, 2017, 2019; Hainaut et al. 2019), and the large asteroid (596) Scheila (Ishiguro459

et al. 2011; Moreno et al. 2011). In the case of the DART impact, most of the physical parameters460

are known in advance: the masses of the impactor and the impacted bodies, the relative velocity, the461

geometry of the impact, and the impact time. For the natural impacts, none of those parameters are462

known, not even the collision speed: the relative speed between impactor and impacted body in the463

DART collision is ≈6 km s−1, which is similar to the mean collision speed in the main asteroid belt464

(∼5 km s−1), but as pointed out by O’Brien & Sykes (2011), asteroids in fact experience a significant465

fraction of impacts at velocities much smaller or larger than the ”canonical” value. In addition, those466

naturally impacted objects are normally found already active during dedicated sky surveys programs467

such as Pan-STARRS , LINEAR, or Catalina Sky Survey, and the impact occurred at an unspecified468

earlier time. In consequence, the evolution of the dust structures cannot be systematically followed as469

in the DART collision event, where dedicated ground-based and space telescope campaigns have been470

planned well in advance. Therefore, retrieving information on the dust parameters from scarce data,471

normally a few images and/or spectra during a short time window, becomes difficult. The determina-472

tion of the impact time is made through Finson-Probstein or Monte Carlo modeling of the observed473

tails, but it is always difficult to assess owing to the complex morphology of the observed dust patterns,474

and the large amount of dust physical parameters involved. In a way similar to the findings in DART475

impact, the resulting particle ejection speeds of the observed ejecta are found to be very small, of the476
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Figure 17. Panels (p), and (q), display HST images at the corresponding dates in Table 3, and panels (p1), (q1), and (l1)
the corresponding synthetic images generated with the detailed Monte Carlo model described in 3.2. All images are stretched
between 22 and 17 mag arcsec−2. Axes are labeled in km projected on the sky plane. North is up, East to the left in all images.

Figure 18. Panel (l) displays the central portion of image (l) (see Table 3) and panel (l1), displays the corresponding modeled
image. The rightmost panel depicts the isophote fields with contours on 20, 19, and 18 mag arsec−2 (black contours correspond
to the observation, and red contours to the model). All panels are labeled in km projected on the sky, and are oriented North
up, East to the left.

order of the escape velocities of the impacted bodies, confirming the scaling laws predictions that most477

of the mass is ejected at low speeds (e.g. Housen et al. 1983).478

In contrast, one of the most remarkable difference between those impacted asteroids and Dimorphos479

is the duration of the observed tails. The fading of the tail on those natural active asteroids commonly480

occurs in a time span of several weeks, while the DART tail is still observable after more than 9481

months since impact. Possibly the binary nature of the impacted object is playing a role in that long482

survivability of the tail in keeping relatively large particles orbiting the neighborhood of the binary483

components for a long time before being ejected to the interplanetary medium.484

5. CONCLUSIONS485
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Figure 19. Lightcurves from HST images with 0.2′′aperture (Li et al. 2023) (black solid circles) compared with BOOTES
photometry (red solid circles) and the model results (open circles connected by black and red solid lines for HST and BOOTES,
respectively).

The observed dust ejecta after the collision of the DART spacecraft with Dimorphos, the satellite of the (65803)486

Didymos system, has been modeled by Monte Carlo dust tail codes. The observations, taken from the Earth and from487

the HST, which has the advantage of exploring the ejecta behaviour at two different spatial resolutions and spatial488

scales, are analyzed by simple and detailed Monte Carlo modeling. From the ground-based data, and using our simple489

Monte Carlo model, we conclude that the differential size distribution of the particles could be represented by a broken490

power-law function with index κ=–2.5 for particles between 1 µm and 3 mm, and with index κ=–3.7 for particles of491

radii between 3 mm and 5 cm. The ejecta pattern might be explained, on one hand by particles being ejected along492

the wall of a hollow cone with axis pointing to RA=130◦, DEC=17◦, with relatively large speeds, and on the other493

hand, by particles emitted hemispherically at Dimorphos escape speed, oriented in the same way as the emitting cone.494

With this configuration, and ejected mass of approximately 6×106 kg, most of the observed features can be reproduced495

both morphologically and photometrically, at all the epochs included in the present analysis, keeping in mind that496

this estimate is always a lower limit, as the presence of large boulders in the distribution, having large mass, but497

contributing negligibly to the brightness, cannot be excluded. The detailed Monte Carlo model takes into account the498

rigorous motion of the particles in the neighborhood of the binary system. With this model, various details observed499

in the ejecta on the HST images have been reproduced, although there remains some that so far cannot be captured500

with such a model. In any case, the model parameters used to explain the ground-based images can also explain501

the detailed structures seen in the HST images. In particular the northern and southeastern streams associated to502

the hollow cone emission, the early evolution of the ejecta, the length of the anti-sunward tail, and the double tail503

pattern. The northern component of the double tail could be associated to reimpacting material on Didymos, as504
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the momentum carried by the impacting particles peaks at nearly the same epoch as that needed to generate the505

secondary tail. However, further modeling is clearly needed to test this conclusion. There are also many structures506

seen in the HST images, such us the northern diffuse pattern, unreproducible with the model, that needs further507

modeling including additional processes, such as particle collisions, fragmentation, and disruption phenomena.508
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Muñoz, O., Moreno, F., Gómez-Mart́ın, J. C., et al. 2020,604

ApJS, 247, 19, doi: 10.3847/1538-4365/ab6851605

Nolan, M. C., Howell, E. S., Scheeres, D. J., et al. 2019,606

Geophys. Res. Lett., 46, 1956,607

doi: 10.1029/2018GL080658608

O’Brien, D. P., & Sykes, M. V. 2011, SSRv, 163, 41,609

doi: 10.1007/s11214-011-9808-6610

Okawa, H., Arakawa, M., Yasui, M., et al. 2022, Icarus, 387,611

115212, doi: 10.1016/j.icarus.2022.115212612

Opitom, C., Murphy, B., Snodgrass, C., et al. 2023, A&A,613

671, L11, doi: 10.1051/0004-6361/202345960614

Oszkiewicz, D., Skiff, B., Warner, B., et al. 2017, in615

European Planetary Science Congress, EPSC2017–743616

Rossi, A., Marzari, F., Brucato, J. R., et al. 2022, PSJ, 3,617

118, doi: 10.3847/PSJ/ac686c618

Roth, N. X., Milam, S. N., Remijan, A. J., et al. 2023,619

arXiv e-prints, arXiv:2306.05908,620

doi: 10.48550/arXiv.2306.05908621

Shestakova, L., Serebryanskiy, A., & Aimanova, G. 2023,622

Icarus, 401, 115595, doi: 10.1016/j.icarus.2023.115595623

Shevchenko, V. G. 1997, Solar System Research, 31, 219624

Tancredi, G., Liu, P.-Y., Campo-Bagatin, A., Moreno, F.,625

& Domı́nguez, B. 2022, MNRAS,626

doi: 10.1093/mnras/stac3258627

Tholen, D. J., Sheppard, S. S., & Trujillo, C. A. 2015, in628

AAS/Division for Planetary Sciences Meeting Abstracts,629

Vol. 47, AAS/Division for Planetary Sciences Meeting630

Abstracts #47, 414.03631

Weiler, M. 2018, A&A, 617, A138,632

doi: 10.1051/0004-6361/201833462633

Willmer, C. N. A. 2018, ApJS, 236, 47,634

doi: 10.3847/1538-4365/aabfdf635

http://doi.org/10.48550/arXiv.2203.01397
http://doi.org/10.3847/1538-3881/aa69bb
http://doi.org/10.1051/0004-6361/201118428
http://doi.org/10.1038/s41586-023-05811-4
http://doi.org/10.3847/PSJ/aca968
http://doi.org/10.1093/mnras/stac1849
http://doi.org/10.3847/2041-8205/826/2/L22
http://doi.org/10.3847/2041-8213/ab22a3
http://doi.org/10.3847/1538-3881/aa9893
http://doi.org/10.1088/0004-637X/752/2/136
http://doi.org/10.1088/0004-637X/738/2/130
http://doi.org/10.1093/mnras/stab3769
http://doi.org/10.3847/1538-4365/ab6851
http://doi.org/10.1029/2018GL080658
http://doi.org/10.1007/s11214-011-9808-6
http://doi.org/10.1016/j.icarus.2022.115212
http://doi.org/10.1051/0004-6361/202345960
http://doi.org/10.3847/PSJ/ac686c
http://doi.org/10.48550/arXiv.2306.05908
http://doi.org/10.1016/j.icarus.2023.115595
http://doi.org/10.1093/mnras/stac3258
http://doi.org/10.1051/0004-6361/201833462
http://doi.org/10.3847/1538-4365/aabfdf

	Introduction
	Observations
	Dust tail modeling
	Simple Monte Carlo modeling
	Detailed dynamical Monte Carlo modeling

	Comparison with active asteroids
	Conclusions
	Acknowledgments

