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Abstract

We present a 3D reconstruction of the ejecta plume generated by the DART impact on Dimorphos based on LUKE
images acquired by LICIACube. Using adaptive histogram equalization and geometric coregistration from multiple
vantage points, we identified and tracked extended ejecta features and reconstructed their 3D spatial distribution with a
voxel-based method. The reconstructed ejecta field shows strong anisotropy. An azimuth-matched comparison with the
published elliptical cone highlights coherent, direction-dependent departures from a simple conic surface, despite broad
agreement on the global cone orientation. This quantifies nonaxisymmetric structures that cone models cannot capture.
We derived lower limits to ejecta velocities ranging from 20 to 50m s−1, consistent with numerical simulations of
hypervelocity impacts into weak, porous targets. Compared to laboratory experiments, these values correspond to few-
meter launch depths, suggesting a significant role of near-surface boulders in the ejecta distribution. Complementing this
ejecta filament analysis, we studied 105 isolated comoving diffuse ejecta features, tracked up to 7 km from the impact
site. These features followed highly tangential (85�–92� from the impact direction) trajectories relative to Dimorphos’s
surface. Their velocity distribution peaks around 50m s−1, indicating that crater excavation persisted throughout the
imaging sequence. Our results challenge and refine previous cone-based ejecta distribution models, offering new insights
into the complex nature of impact-induced ejecta and improving constraints relevant for planetary defense strategies.
Given these new insights, we urge the designers of future planetary defense missions to take into consideration
anisotropic ejecta models for more realistic estimates of the imparted momentum via a kinetic impactor technique.

The Planetary Science Journal, 7:4 (16pp), 2026 January https://doi.org/10.3847/PSJ/ae2c64
© 2026. The Author(s). Published by the American Astronomical Society.

aaaaaaa

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-5758-1286
https://orcid.org/0000-0003-1193-8945
https://orcid.org/0000-0002-8068-7695
https://orcid.org/0000-0001-9311-2869
https://orcid.org/0000-0001-5263-5348
https://orcid.org/0000-0001-8694-9038
https://orcid.org/0000-0003-1412-0946
https://orcid.org/0000-0001-8209-0449
https://orcid.org/0000-0002-4545-3850
https://orcid.org/0000-0003-2603-165X
https://orcid.org/0000-0002-4738-5521
https://orcid.org/0000-0001-9840-2216
https://orcid.org/0000-0002-4917-287X
https://orcid.org/0000-0001-5375-4250
https://orcid.org/0000-0001-9021-1140
https://orcid.org/0000-0002-1320-2985
https://orcid.org/0000-0002-6405-5655
https://orcid.org/0000-0003-2155-3854
https://orcid.org/0000-0001-8776-7922
https://orcid.org/0000-0002-4952-9007
https://orcid.org/0000-0002-5733-2554
https://orcid.org/0000-0001-5764-7639
https://orcid.org/0000-0001-7413-3058
https://orcid.org/0000-0002-3144-1277
https://orcid.org/0000-0001-6755-8736
https://orcid.org/0000-0002-3239-1697
https://orcid.org/0000-0002-7478-0148
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0002-5524-645X
https://orcid.org/0000-0002-4943-8623
https://orcid.org/0000-0001-9259-7673
https://orcid.org/0000-0002-4151-9656
mailto:prasanna.deshapriya@inaf.it
https://doi.org/10.3847/PSJ/ae2c64
https://crossmark.crossref.org/dialog/?doi=10.3847/PSJ/ae2c64&domain=pdf&date_stamp=2026-01-12
https://creativecommons.org/licenses/by/4.0/


Unified Astronomy Thesaurus concepts: Impact phenomena (779); Asteroids (72); Near-Earth objects (1092);
Planetary science (1255); Ejecta (453); Space probes (1545)
Materials only available in the online version of record: animations

1. Introduction

The NASA Double Asteroid Redirection Test (DART) mission
conducted a kinetic impact on Dimorphos, the secondary asteroid
of the binary asteroid system (65803) Didymos, at 23:14 UTC on
2022 September 26 as part of a planetary defense test (A. F. Cheng
et al. 2018). DART represented the first hypervelocity impact
experiment on an asteroid at size and velocity scales significant for
planetary defense, aiming to validate kinetic impact as a method of
asteroid deflection. The impact resulted in a momentum transfer
that shortened Dimorphos’s orbital period by 33.0 ± 1.0 (3σ)
minutes (C. A. Thomas et al. 2023), successfully meeting
the DART mission’s primary objective (A. S. Rivkin et al.
2021; N. L. Chabot et al. 2024). The momentum transferred to
Dimorphos as a result of the DART impact can be quantified by
the momentum enhancement factor, β, which was estimated to
range between 2.2 and 4.9, depending on Dimorphos’s mass.
This range corresponds to bulk densities between 1500 and
3300 kgm−3, corresponding to an S-type asteroid. These β values
indicate that the momentum transferred due to the recoil force
from ejecta material was significantly greater than the momentum
imparted by the DART spacecraft alone in a perfectly inelastic
collision. In the latter case, β would have been 1, and the orbital
period reduction would have been approximately 7minutes
(A. S. Rivkin et al. 2021). This outcome aligns with preimpact
simulations performed under various potential impact conditions
and asteroid physical properties (S. D. Raducan & M. Jutzi 2022;
A. M. Stickle et al. 2022). In the event of an impactor generating
an ejecta curtain, the determination of β becomes dependent on the
characterization of the ejecta distribution in inertial space, which is
usually modeled as a cone. Using the image data returned by the
Italian CubeSat ASI LICIACube (E. Dotto et al. 2021) that
witnessed the impact event and flew by the Didymos system
shortly following the impact, J. D. P. Deshapriya et al. (2023) have
modeled the ejecta curtain and found that the best-matching cone
for the observations is a cone with an elliptical base, characterized
by two perpendicular half-angles of 69 3

1= + and 51 11
1= + ,

with its axis pointing along the direction of R.A., decl. (J2000)
147 10

1+ , +16 6
4+ . J.-Y. Li et al. (2023), E. Dotto et al. (2024), and

M. Hirabayashi et al. (2025) also obtained similar consistent results
for a cone-based ejecta distribution.
Several recent studies have investigated DART ejecta from

complementary observational and modeling perspectives, provid-
ing valuable context for our analysis. L. Kolokolova et al. (2025)
analyzed a set of complementary, near-simultaneous polarimetric,
spectroscopic, and imaging observations of the dust tail obtained
about 8 days after the DART impact. By combining these data
with dynamical modeling, they concluded that the observed ejecta
were made of aggregates spanning a broad size range, from
roughly 10μm up to 200–5000μm. A. F. Cheng et al. (2024)
studied LICIACube observations acquired during the flyby and
compared them with models of the plume’s optical depth,
morphology, and temporal evolution. These models, based on
point-source scaling laws (K. R. Housen & K. A. Holsapple
2011), were fitted to numerical simulations of the DART impact
into a rubble-pile Dimorphos with varying material strengths.
They show that cohesive strengths of approximately 5 and 50 Pa
provide the best agreement with both the observed ejecta plume

opacity and the inferred momentum transfer. Similar weak
cohesive strengths have also been derived by R. Lolachi et al.
(2025) using model and laboratory scattering analog particles that
represent ejecta. F. Moreno et al. (2023) extensively monitored
the dust tail using ground-based and Hubble Space Telescope
observations over several months following the DART impact.
Combining these data with Monte Carlo simulations of the
observed dust, they derived particle sizes in the range of 1μm–
5 cm. They also found that the ejecta was composed of two tails.
Through dynamical modeling, F. Ferrari et al. (2025) explained
that the observed extensive ejecta streams and the two tails can
naturally occur due to the dynamical interaction of the ejecta with
the binary system and solar radiation pressure. Their findings
suggest that Dimorphos is a very weak, rubble-pile asteroid with
an ejecta mass estimated to be in the range of 1.1–5.5 × 107 kg,
which is consistent with lower-limit ejecta mass estimates
published by R. Lolachi et al. (2025) assuming an optically thin
ejecta plume.
Although the ejecta curtain can be approximated by a cone, the

real physical structure is more complex than a cone, as evident
from LUKE image data returned by LICIACube. As seen from
the top panel of Figure 1 with face-on, side-on, and oblique views
of the ejecta obtained during the flyby, it is clear that the ejecta
curtain is a debris field that is characterized by extended features
originating from and around the impact location on Dimorphos.
The bottom panel of Figure 1 illustrates the context of the flyby.
The spatial distribution of these features in 3D space is required to
(a) better understand how the momentum was distributed among
escaping ejecta; (b) constrain the ejection velocities of particles
that are part of these structures; (c) better estimate the mass of the
ejecta, following radiative transfer calculations coupled with
observed optical depths of features; and (d) improve the
dynamical model fidelity of the Didymos system orbit propaga-
tion and estimate the heliocentric momentum enhancement factor
β⊙ (R. Makadia et al. 2022, 2024). In order to lay the foundation
for such analyses and offer more insights, we attempted in this
work to reconstruct the distribution of the escaping ejecta features
using LUKE data.

2. Methods and Results

LICIACube’s LUKE camera captured images of the
impact’s aftermath from both face-on and side-on/oblique
perspectives as it flew by the Didymos system. Our method
assumes that the morphological structure of the ejecta curtain
is preserved during the acquisition of images used in this
study, even though the particles that constitute ejecta are in
motion during this time frame. This corresponds to about 45 s
of the entire flyby imaging sequence. This is less than 8% of
the crater formation timescale of more than 600 s suggested by
M. Hirabayashi et al. (2022). As such, we assume that the
ejecta features preserve their face-on projected geometrical
structure during the imaging interval.
As shown in Figure 1, the acquired images reveal numerous

intricate features within the ejecta field. Due to the rapidly
changing vantage points during the flyby, it became necessary to
accurately identify extended features in varying viewing geome-
tries. To facilitate this, we applied a twofold method.
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2.1. Image Enhancement

In order to bring out faint details of the ejecta features, we
compared three image-enhancing techniques: contrast stretch-
ing, histogram equalization (R. Hummel 1977), and adaptive
histogram equalization (K. Zuiderveld 1994). They are available
in the python scikit-image library (S. van der Walt et al. 2014).

Contrast stretching is achieved by rescaling the image to include
all intensities that fall within the 2nd and 98th percentiles of the
original in this python implementation. Histogram equalization
is a contrast enhancement technique that redistributes image
intensities so that the image intensity histogram becomes more
uniform, thereby improving the visibility of details in both dark

Figure 1. Top panel: several images from the Didymos–Dimorphos flyby sequence acquired by LICIACube’s LUKE camera are presented here. The image
acquisition times are listed in UTC, along with their corresponding exposure times and viewing geometries: (1) 2022-09-26T23:16:53.007 – 0.006 s with face-on
view, (2) 2022-09-26T23:17:18.004 – 0.004 s with side-on view, (3) 2022-09-26T23:17:22.002 – 0.002 s with oblique view, (4) 2022-09-26T23:17:33.000 – 0.004 s
with oblique view. The closest approach occurred at 2022-09-26T23:17:11.000 at a distance of 58 ± 2 km from Dimorphos (E. Dotto et al. 2024). As a reference for
spatial scale, Didymos and Dimorphos have average volume-equivalent diameters of ∼761 and ∼151 m, respectively (R. T. Daly et al. 2023, 2024). The ejecta field
observed in these images is centered around Dimorphos, the smaller of the two bodies. Bottom panel: context of LICIACube’s flyby through the Didymos system,
shown from the perspective of an inertial observer at the northern celestial pole (J2000). Numbered spheres (1–4) mark the locations of LICIACube when the
corresponding images in the top panel were acquired. The cyan sphere indicates the point of closest approach along the CubeSat trajectory. The inset provides a
zoomed-in view of the Didymos–Dimorphos system at the time of flyby, with Dimorphos’s preimpact orbit (clockwise in this geometry) around Didymos shown for
reference. The green, red, yellow, and blue arrows indicate, respectively, the incoming direction of the DART spacecraft, the ejecta cone axis derived by
J. D. P. Deshapriya et al. (2023), the direction to the Sun, and the direction to the Earth.
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and bright regions. We also tested its contrast-limited adaptive
(CLAHE) variant, which performs the equalization locally within
image tiles, allowing faint ejecta structures to be enhanced
without overamplifying background noise. It turned out that
adaptive histogram equalization works best for our application. In
Figure 2, we apply each of the above techniques to a LUKE
image and show the different degrees of enhancement achieved
by each of them. As is evident in the figure, the adaptive
histogram equalization technique offers the best identification and
enhancement of extended ejecta features by making faint patterns
more visible. It preserves spatial detail and can reveal subtle
radial or asymmetric structures that are characteristic of this
ejecta distribution.

2.2. Coregistration of Images and Identification of Features

After applying the image enhancement technique, we first
cropped them into 400 × 400 pixel frames, centered on
Dimorphos. These were compiled into short video sequences,
enabling us to track the motion and evolution of features across
consecutive frames. It is worth noting that LUKE operated with
a cadence of several seconds, capturing three images per
acquisition using low-, medium-, and long-exposure settings. To
minimize pixel saturation and enhance the identification of fine
structures, particularly near the surface of Dimorphos, close to
the photocenter, we primarily selected low- and medium-
exposure images for our analysis whenever possible. This
procedure allowed us to identify 14 distinct features across the
flyby imaging sequence that correspond to different observation
geometries (see Table 1 for the combination of images used for
each feature). The identified features are illustrated in Figure 3
with their delimitations.

2.3. Projection and Geometric Reconstruction of Ejecta
Features

Upon successful identification of features, we used the 3D
animation software Blender (version 3.5) and python scripting
inside Blender to project the LUKE image of interest onto the
image plane that intersects the center of Dimorphos, scaling
the image dimensions to match LUKE’s field of view at its
distance from Dimorphos. In other words, the scaled projection

of the image at Dimorphos and the LUKE image plane at
LICIACube together form a pyramidal frustum for a given
image acquisition.
We manually traced delimitations around each identified

feature in select images obtained from face-on, side-on, and
oblique geometries. The aforementioned video sequences were
fundamental for robust and consistent tracking, as they helped
us follow the same feature across multiple images and separate
genuine ejecta structures from artifacts caused by stray light or
variable illumination from Didymos. Such tracking would
have been very difficult to achieve with a purely automated
approach. Although this manual intervention carries an
element of subjectivity, it was a necessary step to ensure
reliable identification of ejecta features. For reproducibility,
we will make the 2D shape files of all traced features available
as supplementary material.
We performed this analysis in the noninertial LICIA–LUKE

coordinate system, centered on Dimorphos. By definition,
LUKE’s boresight aligns with the +Z-axis, while the vertical
and horizontal axes of any LUKE 2D image correspond to the
+X- and +Y-axes, respectively, in this coordinate system. The
resulting vertices defining each feature lie on the projection of
the LUKE image at Dimorphos and are thus assigned X- and Y-
coordinates, with a Z-coordinate of zero in the LICIA–LUKE
noninertial coordinate system corresponding to the UTC time of
the image acquisition. Since the features are 2D in each image,
at least two distinct observing geometries are required to retrieve
information about the third dimension of a feature, depending on
its orientation. These steps are illustrated in Figure 4.
To quantify the 3D space surrounding Dimorphos, we

generated cubic voxels measuring 50 m side–1, each spaced
50 m apart. The choice of 50 m was made taking into
consideration the varying pixel scale of LUKE during the
observing sequence. The pixel scales in the images included in
this analysis range between ∼6 and ∼13 m pixel–1. We
therefore adopted a voxel size of 50 m, which is coarser than
the native LUKE resolution but sufficient to capture the
extended ejecta features while keeping the 3D reconstruction
computationally feasible. These voxels were defined using the
body-centered, rotating IAU-DIMORPHOS coordinate system
at the specific epoch of UTC 2022-09-26T23:16:59.001. This

Table 1
Image Acquisition Times (in UTC) of the First Images in Each Pair Used to Retrieve the Shapes of the 14 Identified Ejecta Features

Feature ID Time Stamp Image 1 Exposure Time Figure 3 Panels
(s)

1 2022-09-26T23:16:59.001 0.001 (B) and (D)
2 2022-09-26T23:16:53.007 0.006 (A) and (D)
3 2022-09-26T23:16:53.007 0.006 (A) and (D)
4 2022-09-26T23:16:53.007 0.006 (A) and (D)
5 2022-09-26T23:17:18.004 0.004 (C) and (D)
6 2022-09-26T23:16:53.007 0.006 (A) and (D)
7 2022-09-26T23:16:53.007 0.006 (A) and (D)
8 2022-09-26T23:16:53.007 0.006 (A) and (D)
9 2022-09-26T23:16:53.007 0.006 (A) and (D)
10 2022-09-26T23:16:53.007 0.006 (A) and (D)
11 2022-09-26T23:16:59.001 0.001 (B) and (D)
12 2022-09-26T23:16:59.001 0.001 (B) and (D)
13 2022-09-26T23:16:53.007 0.001 (A) and (D)
14 2022-09-26T23:16:53.007 0.001 (A) and (D)

Note. The second image in every pair is the same: it was acquired at 2022-09-26T23:17:36.004 UTC with an exposure time of 0.004 s as shown in panel (D) of
Figure 3. Features are referenced to their corresponding panels in the last column to guide the reader.
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specific epoch was chosen in order to minimize the positional
uncertainty introduced by the rotating IAU-DIMORPHOS
coordinate system. Since this epoch corresponds to the middle
of the imaging sequence, the uncertainty induced in both
earlier and later epochs of the imaging sequence becomes
minimal. Because of the rotation of the IAU-DIMORPHOS
coordinate system, the voxels located within the equatorial
plane of Dimorphos are prone to the highest positional
uncertainty, while the voxels close to the poles have the
lowest positional uncertainty.

The voxel grid extends uniformly in all directions within a
larger cube measuring 4 km side–1 centered on Dimorphos. We
selected a 2 km cutoff limit (i.e., a 4 km cube) for two main
reasons: first, we assumed that all inner ejecta would be
contained within this volume, and second, expanding the
volume further would have significantly increased computa-
tional costs.
We began by identifying feature 1 in the image acquired at

UTC 2022-09-26T23:16:59.001. As previously described, we
traced the feature and defined a delimitation on the image

Figure 2. Application of contrast stretching, histogram equalization, and adaptive histogram equalization techniques to a LUKE image (acquired at UTC 2022-09-
26T23:17:33.000). Panel (A) displays the full-frame LUKE image. Panel (B) presents a cropped and zoomed-in region highlighting the ejecta field along with
Dimorphos and Didymos. Panel (C) shows a further zoomed-in crop focusing on Dimorphos and the surrounding inner ejecta field. Each panel has the same crop and
zoom. Each column corresponds to a different enhancement method: the original image, contrast stretching, global histogram equalization, and adaptive histogram
equalization. The two segments corresponding to contrast stretching and global histogram equalization in panel (C) appear empty because they are saturated/washed
out following the enhancement itself. The bottom row presents the pixel intensity distributions associated with each method. Black lines represent histograms of
pixel values, while red lines denote the corresponding cumulative distribution functions.
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Figure 3. The 14 identified distinct ejecta features illustrated in several LUKE images acquired at face-on, side-on, and oblique observing geometries. Panels (A) and
(B) show images taken before closest approach at UTC 2022-09-26T23:16:53.007 and 2022-09-26T23:16:59.001, respectively, while panels (C) and (D) display
images acquired after closest approach at UTC 2022-09-26T23:17:18.004 and 2022-09-26T23:17:36.004, respectively. For features 9 and 13 in panel (D), the
illustrated areas represent their potential locations; however, accurate identification is impeded by bright scattering from the limb of Didymos in this observing
geometry. Consequently, an additional image (not shown here) was used to better constrain these two features. Note that the shape model of Didymos appears
smaller than in the corresponding image in panels (A) and (B) because the scaled image rendered on the scaled image plane has no transparency and thus obscures all
objects or portions of objects behind it as viewed from the respective camera positions. In panel (D), the scaled image plane is aligned with Dimorphos and
perpendicular to the boresight such that it cuts through the Didymos shape model.

Figure 4. (a) A Blender simulation of the LUKE observation of UTC 2022-09-26T23:16:59.001, with the corresponding LUKE image scaled and projected at the
image plane at Dimorphos as per step 1. Delimitation of feature 1 can be seen in orange. (b) Isolated voxels along the line of sight as seen from LUKE upon
application of step 2. (c) and (d) The same scene as in (b) but from different perspectives. (e) A Blender simulation of the LUKE observation of UTC 2022-09-
26T23:17:36.004 with feature 1 identified in orange. (f) Isolated voxels within both lines of sight. (g) and (h) Perspective views of the same scene as in (f). The
orientation of the LUKE coordinate system at the corresponding time instance is given in the top right of each subpanel to guide the reader.
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plane passing through Dimorphos. Next, we imported all the
voxel cubes, registered in the IAU-DIMORPHOS frame at the
same epoch (UTC 2022-09-26T23:16:59.001), into the
LICIA–LUKE frame at UTC 2022-09-26T23:16:59.001. This
allowed us to identify the voxels that lie within the projected
delimitation of feature 1, effectively extracting a column
profile of voxels aligned with the line of sight of the feature as
seen by LUKE at that epoch.
These selected voxels were then saved and later imported

for comparison with a different observation geometry of the
same feature. Specifically, feature 1 was again identified at
UTC 2022-09-26T23:17:36.004 (Figure 4), and a new
delimitation was traced on the corresponding image plane.
The previously saved voxels were transformed into the
LICIA–LUKE frame at this new epoch, and a filtering step
was performed to retain only those voxels falling within the
line of sight of the updated delimitation. Through this method,
we isolated voxels that are common to both viewing
geometries. By leveraging the angular differences between
the two lines of sight, we reconstructed the 3D structure of the
ejecta feature. This process was repeated for all 14 identified
features, allowing us to iteratively build a 3D representation of
the ejecta morphology.
Figures 5 and 6 show a comparison between the real data

from LUKE and simulations using our 14-feature ejecta
structure for both inbound and outbound phases of the

LICIACube flyby. In each figure, we have used 12 LUKE
images for comparison. During the inbound phase of the flyby,
the observing geometry does not change a lot, but during the
outbound phase of the flyby, it changes more, offering
different vantage points. It should be mentioned that
Dimorphos was out of the field of view just before, during,
and just after the closest approach, hence the choice of the used
images. As is evident from these illustrations, we are able to
reproduce most of the extended features observed in real data.
The cubes used in the simulations cast mutual shadows, and
this is why some dark silhouettes are observed in the
simulations. However, this does not interfere with our goal
of constraining the region in space where ejecta are present. Of
course, small particles and dust generated by the real impact
event scatter sunlight, and no mutual shadows are produced,
unlike our case of much larger cubes of 50 m side–1, because
of low optical depth (R. Lolachi et al. 2025).
As noted earlier, we estimated the positional uncertainty of

each voxel for every feature by accounting for the rotation of
Dimorphos between the earliest and latest LUKE images used
in our analysis. As seen in Figure 7, the maximum positional
uncertainty is under 14 m. Each feature is differently affected
by the rotation depending on their orientation with respect to
the orbital plane of Dimorphos.
The anisotropic distribution of the derived ejecta features

underscores the complexity of the ejection process. Unlike

Figure 5. LUKE images and their corresponding ejecta simulations during the inbound phase of the LICIACube flyby of the Didymos system. Each image and
simulation pair is centered on Dimorphos and spans 400 × 400 LUKE pixels. When Dimorphos is near an edge of the image frame, black pixels (in real data) and
white pixels (in simulations) indicate the space that is outside LUKE’s field of view. The animation shows the sequence from UTC 2022 September 9 from
23:15:41.022 until 23:16:59.001. The real-time duration of the animation 1.2 s and has been looped four times, and the full duration is therefore 4.8 s.
(An animation of this figure is available in the online article.)
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Figure 6. LUKE images and their corresponding ejecta simulations during the outbound phase of the LICIACube flyby of the Didymos system. Each image and
simulation pair is centered on Dimorphos and spans 400 × 400 LUKE pixels. When Dimorphos is near an edge of the image frame, black pixels (in real data) and
white pixels (in simulations) indicate the space that is outside LUKE’s field of view. The animation shows the sequence from UTC 2022 September 9 from
23:17:18.004 until 23:17:36.024. The real-time duration of the animation 1.2 s and has been looped four times, and the full duration is therefore 4.8 s.
(An animation of this figure is available in the online article.)

Figure 7. Each color corresponds to a distinct feature defining the ejecta distribution. The plot shows the distribution of voxels belonging to each feature as a
function of their distance from the center of Dimorphos (x-axis), while the positional uncertainty of the voxels is shown on the y-axis.
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earlier models that assume symmetric cone-like geometries,
our reconstruction reveals directional variations that reflect the
underlying heterogeneities of the impact site and excavation
dynamics.

2.4. Estimating Ejecta Velocities

We aimed to quantify the extents of various features
observed in LUKE data. To achieve this, we selected the
images with the longest exposure time within each LUKE
triplet. This choice was made to enhance the visibility of the
most distant regions of the ejecta distribution, which are
typically less bright in shorter-exposure images. Although the
selected images contain saturated pixels near Dimorphos,
preventing the identification of ejecta contours in that region,
they remain optimal for detecting the extremities of extended
features.
Following the previously described methodology, we

estimated the extent of five features. However, we introduced
a modification in the selection of the initial sample of particles
defining the spatial region where the features are present.
Instead of using a cube centered at Dimorphos, as in the initial
approach, we defined a rectangular parallelepiped aligned with
the LUKE coordinate system, with its edges determined by the
projected extensions of each feature. Specifically, the face of

the parallelepiped facing the LUKE camera is parallel to the
XY-plane of the LUKE coordinate system, which is centered at
Dimorphos. The structure extends 10 km toward the LUKE
camera (in the –Z-direction of the LUKE coordinate system)
from the center of Dimorphos, where the origin of the LUKE
coordinate system is located at a given time. The parallele-
piped is populated by cubic particles that are separated by
100 m from one another along each perpendicular direction.
Since LUKE images are centered on Dimorphos, the

quadrant used to define the parallelepiped varies depending
on the ejecta feature under consideration. Figure 8 illustrates
an example of the spatial region selected for a feature
projected into the –XY quadrant of the LUKE coordinate
system at the time of image acquisition.
The acquisition times of the image pairs used for the

retrieval of each feature are provided in Table 2. Due to the
challenge of delineating contours around diffuse and poorly
defined structures, the number of features for which our
method could be applied was ultimately reduced to five.
For each feature, we determined the location of its most

distant voxel from Dimorphos in the LUKE reference frame
(x-, y-, and z-coordinates), centered at Dimorphos at a given
image acquisition time, and converted it to the inertial J2000
frame, yielding a position vector. Because the second image of
each pair constrains the maximum radial extent of a feature,

Figure 8. (a) A perspective view, (b) the X–Z plane view, and (c) the X–Y plane view of the sample particles forming a rectangular parallelepiped, where the X-, Y-,
and Z-axes are presented in red, green, and blue, respectively. In this sample, there are 90,000 particles, represented by cubes of 50 m a side, that are located 100 m
away from one another along and parallel to the axes. The parallelepiped has the dimensions of 3 km × 3 km × 10 km. The origin of the coordinate system is
centered at Dimorphos, and the corresponding LUKE image is scaled to the dimensions of the field of view at the X–Y plane at the distance of Dimorphos from
LICIACube. Didymos is also noticeable in these different views.

Table 2
Image Acquisition Times (UTC) of Pairs of Images Used to Estimate Ejecta Velocities in Five Features

Feature ID Time Stamp Image 1 Exposure Time Time Stamp Image 2 Exposure Time Time Elapsed Velocity
(s) (s) (s) (m s−1)

1 2022-09-26T23:16:50.006 0.005 2022-09-26T23:17:36.024 0.02 192 22.94 ± 0.04
2 2022-09-26T23:16:41.101 0.09 2022-09-26T23:17:36.024 0.02 192 27.47 ± 0.14
6 2022-09-26T23:16:23.051 0.045 2022-09-26T23:17:36.024 0.02 192 31.95 ± 0.17
10 2022-09-26T23:16:29.022 0.02 2022-09-26T23:17:36.024 0.02 192 43.83 ± 0.18
11 2022-09-26T23:16:29.022 0.02 2022-09-26T23:17:30.024 0.02 186 47.67 ± 0.12

Note. Time elapsed between the DART impact and the acquisition of image 2 is also given.
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we assume that the particles defining its outer boundary just
arrived at those locations at the time of the acquisition of the
second image or that they had already arrived there earlier.
Although particles can be accelerated immediately following
the impact, it is not possible to measure such accelerations in
available data due to the fact that LUKE only began acquiring
images about 30 s afterward. Preliminary numerical simula-
tions (S. Ivanovski et al. 2025, in preparation) suggest that
particles underwent accelerations on the order of a few
10 m s−2 during the first 15 s following the impact. Given these
considerations, we assume constant velocity for the particles
observed in our data, and this allows us to establish a lower
limit on the velocity of the escaping ejecta. In order to estimate
the velocities using position vectors, we calculated the time
elapsed between the DART impact (2022-09-26T23:14:24.183
UTC) and the acquisition of the second image in the pair used
for this analysis. The resulting velocities are also reported in
Table 2 along with their uncertainties. To calculate the
uncertainties, we used the uncertainty of the position vector
of the most distant voxel and used 2 ms (M. Zannoni 2025,
private communication) as the 3σ uncertainty of the LUKE
UTC timing on board LICIACube. As can be seen, the
velocities range between 20 and 50 m s−1.

2.5. Analysis of Isolated Comoving Ejecta Features

As a complement to and verification of the 3D analysis of
ejecta distribution, we performed a triangulation of 105 objects
that we call isolated comoving ejecta features. They are
optically discernible within the ejecta distribution. Addition-
ally, we make the distinction that these features are different
from the high-speed boulders reported by T. L. Farnham et al.
(2025), who find 104 boulders. These isolated comoving ejecta
features were visually tracked across at least three LUKE
frames using a combination of short- and long-exposure
images depending on feature visibility. Representative

examples of the tracked features are shown in Figure 9, where
each feature is enclosed within a 2D rectangular box.
However, only the center of each box was used to derive
their 3D positions.
The triangulation methodology employed is conceptually

similar to the classical technique used in radio astronomy,
where radial positions are inferred by cross-referencing signals
from multiple ground-based stations. In the context of
spacecraft imaging, this involves transforming 2D Cartesian
coordinates (x , y ) into 3D world coordinates (X, Y, Z). Given
that a single 2D image constrains only the angular position,
each feature corresponds to an infinite line along the line of
sight (with the radial distance, z , as the primary unknown). By
combining multiple observations from different vantage
points, we identified the 3D position as the point of minimal
distance between corresponding lines.
For this study, the NAIF/SPICE toolkit was used to

transform the LICIA–LUKE camera frame into the IAU-
DIDYMOS reference frame. The accuracy of the 3D
positioning is therefore primarily dependent on the relative
precision of the LICIACube and Didymos trajectory solutions
(we used the metakernel compliant with the d430 solution
available under the name 20230328_LCC_SOC_NAIF.tm,
which was the latest metakernel available at the time of the
beginning of this work).
The dominant sources of uncertainty in our triangulation are

not associated with spacecraft trajectory knowledge but rather
with manual feature boxing and the inherent Bayer pattern of
the LUKE instrument (A. Zinzi et al. 2024). To account for
this, we simulated 20 random lines per feature, introducing
Gaussian noise with a standard deviation of 3 pixels in both the
x - and y -directions. The resulting 3D uncertainty was
characterized by an ellipsoid, whose center was taken as the
best estimate of the feature’s position. In general, the
positional uncertainty seldom exceeded a spherical volume
of 20 m in radius.

Figure 9. Selected comoving features in the ejecta plume that have been tracked across at least three frames. Panels (1A), (1B), (1C), and (1D) show a pre-closest-
approach image, acquired on 2022-09-26T23:17:01.152, with an exposure time of 0.05 s at a distance of approximately 86 km (6.7 m pixel–1) from Dimorphos. The
original image without labels is given in the inset in panel (1D). Panels (2A) and (2B) show a post-closest-approach image, acquired on 2022-09-26T23:17:22.052,
also with an exposure time of 0.05 s, at a distance of approximately 87 km (6.8 m pixel–1) from Dimorphos. The original image without labels is given in the inset in
panel (2B). The chessboard-like pattern visible in the zoomed-out panels (2A) and (2B) is an artifact of the Bayer filter used in LUKE. Contrast has been enhanced
using histogram equalization.
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A cross-validation with distinguishable surface features on
the Didymos shape model (R. T. Daly et al. 2024) indicated an
average offset of approximately 50 m. This larger-than-
expected discrepancy likely reflects the combined effects of
body rotation, intrinsic uncertainties in the shape model, and
the LICIACube trajectory solution. Nevertheless, a 50 m
uncertainty remains negligible when compared to the overall
extent of the ejecta distribution, which reaches distances up to
about 7 km from the Dimorphos impact site.

3. Discussion

3.1. Properties of the Isolated Comoving Ejecta Features

The observed isolated comoving ejecta features can be seen
alongside original LUKE images and the 3D shape reconstruc-
tion of the ejecta plume, respectively, in Figures 10 and 11. In
Figure 10, they are overlaid on the original LUKE images,
illustrating that the 3D triangulation extends significantly

farther, capturing fainter features beyond the availability of
information of a single image. Figure 11 presents both isolated
comoving ejecta features and 14 ejecta features plotted in the
Cartesian J2000 XYZ-coordinate frame, centered on Dimorphos.
Notably, some features extend into the +X-direction, well
behind Didymos, suggesting that portions of the ejected material
followed trajectories highly tangential to Dimorphos’s surface.
The closest comoving ejecta feature to Didymos is located

about 250m from its surface. Although the extended position
vectors (with origins at the impact site) of these features do not
directly intersect Didymos, this proximity supports the hypoth-
esis that some undetected ejecta fragments could have impacted
Didymos within 30 s postimpact, a time frame not covered by
LUKE observations (E. Mazzotta Epifani et al. 2023).
The velocities and ejection angles of the identified isolated

comoving ejecta features were estimated relative to the nominal
DART impact time and the spacecraft’s inbound trajectory
vector (see Figure 12). The resulting distribution reveals a

Figure 10. The cloud of isolated comoving ejecta features is visualized against three LUKE images from different vantage points. Images are scaled to the
corresponding dimensions of their fields of view at the distance of Dimorphos from LICIACube. The spheres used to represent the clumps are 50 m in radius. Each
visual shows a subset of the LUKE field of view, expanded slightly beyond its original limits to illustrate the broader spatial context of the isolated comoving ejecta
features.

Figure 11. The cloud of isolated comoving ejecta features is visualized with the derived ejecta distribution in the inertial J2000 frame. Panels (a), (b), and (c) offer an
orthographic projection in the XY-, YZ-, and XZ-plane, respectively, whereas panel (d) offers a perspective view in J2000.
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continuous release of ejecta spanning a broad velocity range,
with values reaching up to approximately 50 m s−1. This spread
in velocity suggests a progressive decline in ejection energy
over time, as material detected closer to Dimorphos’s surface
exhibits systematically lower velocities. Such a trend implies
that the crater excavation process was still ongoing during the
time frame of the LICIACube observations and may have
extended beyond the interval covered by the data analyzed in
this study, consistent with estimates by M. Hirabayashi et al.
(2022) that place crater growth duration at up to 13 minutes
postimpact. This interpretation is further supported by the
LUKE imaging data, where no clear detachment of the ejecta
curtain from Dimorphos’s surface is observed throughout the
flyby sequence. The ejecta angle (see Figure 12) was defined as
the angle between the vector connecting each feature to the
impact point and the vector between the impact point and
DART’s position 1 s prior to the impact. The measured ejecta
angles cluster between 85° and 92°, indicating a predominantly
tangential ejection relative to Dimorphos’s surface. This implies
that these ejecta trajectories were launched at shallow angles
with respect to the local surface. According to C. J. Cline et al.
(2023), shallow ejection angles can be due to the boulder-rich
morphology at the impact site (R. T. Daly et al. 2023). These
authors report on laboratory impact experiments into granular
targets containing cohesive blocks, and they show that
increasing block size near the impact point produces trajectories
that are shallower with respect to the local surface, consistent
with our observed ejecta angular distribution.
The azimuth was calculated relative to a reference plane

defined by the incoming DART trajectory vector and the
instantaneous vector connecting the center of Didymos to the
center of Dimorphos at the moment of impact (“instantaneous
binary axis”). The comoving features were projected onto the
plane formed by the instant binary axis (X-axis) and the cross
product (Y-axis) of this vector with the DART incoming vector.
The azimuth angle was then measured with respect to the X-axis.
Figure 12 presents this distribution in a polar plot, where the
radial distance corresponds to the distance of each feature from
the impact point. No strong preferential azimuthal pattern is

apparent in this distribution. Most features are detected within
4 km of the impact point, which corresponds to the portion of
the ejecta plume captured during LICIACube’s closest
approach, as well as the approximate average radiance detection
limit of the LUKE instrument (P. H. Hasselmann et al. 2024;
R. Lolachi et al. 2025). However, several brighter isolated
comoving ejecta features are observed extending out to distances
of up to ∼7 km, which align with the elongation of filamentary
streams and the two spreading arms of the ejecta curtain
(E. Dotto et al. 2024).
Our isolated features (105) are diffuse and extended in nature,

contrasting with the compact boulders tracked in the analysis
done by T. L. Farnham et al. (2025). This distinction suggests that
the two populations represent different components of the ejecta:
we capture the distribution of finer, possibly loosely aggregated
material, whereas T. L. Farnham et al. (2025) focus on boulders
that are coherent and isolated fragments. It is noteworthy that
these features are also distinct from the relatively slower (at
projected speeds of ∼0.3m s−1, which is just above the escape
velocity of the binary system) population of comoving boulders
identified by D. Jewitt et al. (2023) in Hubble Space Telescope
observations, which were likely ejected later than the features
analyzed in this study. Recent numerical simulations (K. Langner
et al. 2024; F. Moreno et al. 2024) show that a fraction of such
slow fragments can remain gravitationally bound to the binary
system for durations of up to several years and may be detectable
when the Hera spacecraft arrives in late 2026.
Our diffuse ejecta features exhibit a continuous spread of

velocities up to 50 m s−1, consistent with ejection from an
ongoing excavation phase, while T. L. Farnham et al. (2025)
report distinct boulder populations with velocities matching our
upper range. However, their boulder population shows direc-
tional clustering (with about 70% of the boulders located in one
cluster), which reflects discrete, impulsive ejection events of
solid fragments. On the other hand, our diffuse ejecta features
show no significant azimuthal preference (Figure 12), suggest-
ing a more isotropic distribution of finer, loosely bound material,
likely reflecting the integrated effects of crater excavation
dynamics rather than discrete boulder ejection events.

Figure 12. The left and middle plots show the velocity and ejecta angle of isolated comoving ejecta features, respectively, as a function of distance from the impact
site. The polar plot on the right displays the distribution of distances between isolated comoving ejecta features and the impact site in terms of azimuthal angle. The
average velocity uncertainty is 4 m s−1, derived from an average distance error of 50 m to Dimorphos.
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3.2. Comparison with the Published Cone Model of Ejecta
Distribution

To quantify how the distribution of ejecta relates to the
cone previously derived from LUKE images, we computed for
each feature the signed angular misalignment to the cone wall
at the same azimuth (positive = exterior to the cone wall,
negative = interior). This azimuth-matched test, together with the

azimuthal occupancy of voxels and feature weighting of voxels,
is summarized in Figure 13 and discussed below. The polar plots
in the top panel are constructed with respect to the cone model of
J. D. P. Deshapriya et al. (2023), shown as if viewed along the
cone axis. The azimuthal reference direction of 0� is defined by
the X-axis of the local cone coordinate system, rotated by 12�

about the cone axis, according to their solution.

Figure 13. Quantitative comparison between the analytic cone model and the observed ejecta features. Top left: signed angular deviations of each identified feature
relative to the analytic cone model as a function of azimuthal angle. Positive deviations indicate that a feature lies outside the cone, whereas negative deviations
indicate that it lies inside the cone. Each deviation is computed from the direction of a representative vector obtained by fitting a line through the voxel distribution
associated with that feature. The radial axis spans from −20� at the center to 20� at the outermost circle with 10� increments. The red transparent band shows the
azimuth-dependent uncertainty envelope of the elliptical cone solution from J. D. P. Deshapriya et al. (2023). In the radial axis, 0� corresponds to the cone wall. The
feature number is given inside the data point. Top right: normalized azimuthal distribution of individual ejecta voxels, expressed as the percentage of the total per 10�

bin, highlighting preferentially populated azimuthal sectors. Bottom: feature-by-feature analysis showing furthest voxel distance from Dimorphos (blue points, left
axis) and voxel population (orange bars, right axis). The upper x-axis indicates each feature’s angular deviation from the cone model (positive = outside,
negative = inside). Together, these diagnostics quantify the spatial distribution, population, and geometric alignment of the ejecta features.
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We first fitted a vector to the voxels of each feature, and this
gave us a directional quantity to represent each feature for
quantitative analysis. The resulting 14 vectors were compared
with the vector along the cone wall sharing the same azimuth as
the representative fitted vector. The signed angular difference
between these two vectors is then reported (positive = outside
the cone, negative = inside) in the top left panel of Figure 13.
The majority of features lie within ±10� from the cone wall,
while some exhibit deviations up to 20�, indicating coherent,
azimuth-locked deviations rather than random scatter. The top
right panel gives the azimuthal occupancy (fraction of voxels
per 10° bin) of individual voxels. This was computed by
projecting each voxel into the plane perpendicular to the cone
axis and computing the azimuth angle of the projection from the
reference direction mentioned above. Azimuthal occupancy is
uneven, with preferential sectors that coincide with bright
filaments in LUKE images, reinforcing the fact that departures
from the cone are directionally structured. The bottom panel
couples each feature’s extension with its voxel population
(the upper x-axis shows the data from the top left panel for
comparison). Features with larger radial extents tend to be
among the most populated, suggesting that a nonnegligible
fraction of the optically dominant ejecta resides close to the cone
wall (features 9, 10, and 14). Taken together, these diagnostics
quantify where the ejecta populate the cone and by how much
individual features depart from it.
In addition, we visually compared the derived ejecta features

with the cone model. As shown in Figure 14, a qualitative
comparison reveals that the observed ejecta features appear to
wrap around the modeled cone structure. This comparison not
only provides independent validation of the cone geometry
proposed by J. D. P. Deshapriya et al. (2023) but also strengthens
the findings of the present study through a consistent morpho-
logical match while highlighting nonaxisymmetric, filamentary
departures that the cone cannot capture.

3.3. Comparison with Numerical Models of Ejecta Velocities
and Target Properties

The derived velocities of about 20–50 m s−1 for the
outermost ejecta are consistent with those measured by
E. Dotto et al. (2024) by tracking different ejecta features in
consecutive images returned by LUKE. They report projected
ejecta velocities with magnitudes ranging from several tens of
m s−1 up to about 500 m s−1. One of our derived lower-limit

velocities, 47 m s−1, also aligns with numerical simulations of
DART-like hypervelocity impacts into a variety of different
target materials, including weak, porous targets (M. Jutzi &
P. Michel 2014; R. Luther et al. 2022; S. D. Raducan et al.
2022, 2024; M. E. DeCoster et al. 2024; A. M. Stickle et al.
2025). Mass–velocity distributions of simulated ejecta show
that the distinction between different values of cohesion in the
range of ∼1.4–100 kPa cannot be done based on our derived
velocities only, as shown in Figure 7 from R. Luther et al.
(2022). Although our speeds alone provide limited diagnostics,
they could potentially become useful when ejecta mass
estimates (R. Lolachi et al. 2025) will be derived for each
individual ejecta feature from radiative transfer modeling
attempts.
Impact models indicate that ejecta at our observed speeds

originate from ejection positions within a few meters from the
impact site (e.g., Figure 6 in C. B. Senel et al. 2025), and
boulders located at those positions would likely have
contributed to increase the resulting β. The asymmetric ejecta
curtain morphology we reconstruct, with filamentary structures
and voids, can be naturally linked to heterogeneities in surface
and subsurface structure, as shown by laboratory experiments
and numerical hydrodynamic simulations of J. Ormö et al.
(2022). Our findings are consistent with DART/DRACO
images of the impact site, which revealed a boulder-rich
surface. In line with the interpretations of J. Ormö et al. (2022)
and analogous to rubble-pile asteroids such as Itokawa, Ryugu,
and Bennu, one can anticipate that Hera may observe a radial
distribution of exhumed boulders at the Dimorphos impact site
in late 2026. Even in the case of partial reaccumulation after
crater collapse, freshly exposed material may still be
distinguishable by Hera’s HyperScout-H instrument through
spectrophotometric analysis. The presence of such material,
even in trace amounts, could help better understand space-
weathering processes on near-Earth rubble-pile asteroids.
Also, the large curtain angle for the observed ejecta in this
study could relate to the presence of surface boulders, similar
to effects seen in impact experiments (C. J. Cline et al. 2023).
These experiments and our retrieved ejecta distribution reveal

spatial and directional features that highlight the limitations of
some models that attempt to reproduce less realistic axisym-
metric ejecta curtains. As such, our results could inform such
modeling efforts in refining model parameters in order to better
match the observations. Incorporating these observational
constraints into future modeling efforts could lead to a more

Figure 14. The derived ejecta features are visualized with the J. D. P. Deshapriya et al. (2023) model of the ejecta cone in the inertial J2000 frame. Panels (a), (b),
and (c) offer an orthographic projection in the XY-, YZ-, and XZ -plane, respectively, whereas panel (d) offers a perspective view in J2000. Projections of the cone are
marked in orange.
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realistic representation of the physical properties of Dimor-
phos’s surface material, including its porosity and cohesive
strength.

3.4. Implications for Planetary Defense

Our detailed 3D reconstruction of the ejecta plume reveals
that the spatial distribution of the material expelled by the
DART impact is anisotropic, exhibiting substantial deviations
from the idealized symmetric cone typically assumed in
planetary defense simulations. While simplified cone models
have historically served as useful first-order approximations to
characterize ejecta behavior and infer momentum transfer
parameters (A. F. Cheng et al. 2023; J. D. P. Deshapriya
et al. 2023; E. Dotto et al. 2024; M. Hirabayashi et al. 2025),
they are fundamentally limited in capturing the complexity
revealed by LUKE data. Our results indicate that ejecta were not
uniformly distributed but instead followed highly directional
trajectories, probably influenced by local variations in Dimor-
phos’s surface/interior properties, boulder size distribution at
the impact site, impact angle, material heterogeneities, and
surface curvature (M. Hirabayashi et al. 2025). These results,
when considered alongside the substantial momentum contribu-
tions from boulders quantified by T. L. Farnham et al. (2025),
underline the necessity of including both particulate and solid
ejecta components when investigating kinetic impact scenarios.
Such anisotropic distributions have important implications

for the accurate estimation of β. Under the assumption of a
symmetric cone, estimates may be biased and may deviate
from the true momentum imparted. In current deflection
analyses, β is often treated as a scalar or at best vectorized
along the assumed cone axis. Our results indicate that this
practice is overly simplistic. Because the ejecta are not
axisymmetrically distributed around the assumed cone axis,
the true net ejecta momentum vector may deviate from that
direction. The incorporation of realistic, observation-driven
ejecta morphologies into simulation frameworks is therefore
essential to avoid systematic biases and to achieve reliable
predictions of deflection outcomes. Therefore, at the very least,
we stress the need to represent β as a vector determined by the
anisotropic ejecta distribution, rather than simply aligning it
with an assumed conic axis, when modeling kinetic impactor
outcomes. As planetary defense strategies move toward
operational readiness with prospective kinetic impactor
missions (N. L. Chabot et al. 2024; M. Hirabayashi et al.
2025), the necessity for accurate modeling of impact ejecta
grows increasingly important.
Another key implication is that a fraction of the ejecta is

launched on trajectories nearly perpendicular to the impact
direction, as evidenced by momentum-carrying boulders
(T. L. Farnham et al. 2025) and our reconstructed isolated
comoving features. Such ejecta contribute little to the
momentum enhancement along the intended deflection axis,
effectively reducing the efficiency of the impact. This under-
scores the importance of careful impact-site characterization
(ideally through a prior reconnaissance mission) to select target
locations where off-axis ejecta production is minimized, thereby
maximizing the useful momentum transfer.

4. Conclusions

We have derived the 3D structure of the ejecta plume generated
by the DART impact on Dimorphos using LUKE images from the

LICIACube flyby. Through voxel-based reconstruction of ejecta
filaments and 3D triangulation of 105 isolated comoving features,
we recover a strongly anisotropic ejecta morphology. We track
isolated and diffuse comoving features extending up to 7 km from
the impact point with predominantly tangential ejection angles
(85�–92�) with velocities up to 50m s−1. Analyzing their velocity
distribution, we conclude that crater excavation was still ongoing at
the time of the LICIACube flyby. The derived lower-limit
velocities for ejecta features present in the plume (20–50m s−1)
are consistent with numerical models of hypervelocity impacts into
weak, porous targets. These velocities imply few-meter launch
depths and point to the important role of near-surface boulders
in contributing to the ejecta momentum. Our ejecta model’s
filamentary and nonaxisymmetric nature with voids is consistent
with laboratory experiments simulating high-speed impacts into
weak targets populated by boulders. Precise values of the physical
properties will be derived upon the arrival of ESA’s Hera mission
in the Didymos system later in 2026 (P. Michel et al. 2018, 2022),
and Hera may find exhumed boulders and hints of space
weathering at/near the impact site.
An azimuth-matched comparison to the published elliptical

cone demonstrates coherent, direction-dependent departures
from a simple conic surface, despite an overall morphological
agreement of the elliptical conic geometry. As such, we stress
that ejecta momentum is not axisymmetrically distributed
about a single axis and that β should be modeled as a variable
vector whose direction depends on the anisotropic ejecta
distribution rather than assumed to align with a cone axis.
These results offer the first spatially resolved 3D ejecta

shape derived from LUKE imaging and provide valuable
quantitative constraints beyond those accessible through cone-
based approximations. The anisotropy and filamentary struc-
ture revealed here highlight the importance of incorporating
realistic, directionally complex ejecta distributions into num-
erical models. As planetary defense strategies advance,
accurate representation of observational impact ejecta dis-
tributions will be essential for interpreting momentum transfer
and crater formation or local reshaping depending on the
specific scenario. Our results thus offer novel insights for
validating and refining future impact simulations.
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