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Abstract

We modeled the geometry and the three-dimensional orientation of the ejecta cone triggered by the impact of the
DART spacecraft on the asteroid Dimorphos. We used eight LUKE images of the impact acquired by the CubeSat
LICIACube that flew by the Didymos system shortly after the impact. These images, which show the ejecta cone in
both face-on and side-on profiles, enabled us to reconstruct the ejecta cone in inertial space. We started our model
as a simple cone with a circular base and developed it to a rotated cone with an elliptical base that best fit the data.
The cone axis points to R.A., decl. (in J2000): 147715, +167¢2. The cone is characterized by two perpendicular
half-angles of 7 = 69712, v = 517]¢_ and a rotation of w= 12° around its axis. The apex of the cone is located
near the center of Dimorphos within 15 m. The intersection of the cone and the surface of Dimorphos (surface
enclosed by the cone) would correspond to a crater with a maximum radius of about 65 m. The characterization of
the cone axis is directly related to the computation of the momentum enhancement factor () of the impact, and it
hence proves the crucial need of studying impacts in the context of planetary defence scenarios. The results of this
work could potentially be used to constrain whether the impact took place in a strength-dominated or a gravity-
dominated regime. This work shows the important scientific return of the LICIACube CubeSat in the context of
planetary defence.

Unified Astronomy Thesaurus concepts: Asteroids (72)

1. Introduction asteroid deflection. The ensuing momentum transfer reduced

The NASA Double Asteroid Redirection Test (DART) the orbital period of Dimorphos by 33.'0?: 1.0 (30) minutes
. S I (Thomas et al. 2023), successfully achieving the goal of the
mission performed a kinetic impact on asteroid Dimorphos, the .. S
. . . . . DART mission. The determination of the momentum trans-
satellite of the binary asteroid (65803) Didymos, at 23:14 UTC ) . .
ferred to Dimorphos by the DART impact can be characterized
on 2022 September 26 as a planetary defence test (Cheng et al. . .
DI . by the momentum enhancement factor, 3, which was estimated
2018). DART was the first hypervelocity impact experiment on .
. . . to be in the range between 2.2 and 4.9 (Cheng et al. 2023),
an asteroid at size and velocity scales relevant to planetary

. . S depending on the mass of Dimorphos (if the Dimorphos bulk
defence, intended t lidate kinet t f . . -
elence, mntended fo validate Xinetic tmpact as a means o density were in the range of 1500 to 3300 kgm ). These

values imply that the amount of momentum transferred due to
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of the work, journal citation and DOIL. impacting DART spacecraft alone in a perfectly inelastic
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collision. In this latter case, 3 would have been one (Cheng
et al. 2018), and the reduction of the orbital period would have
been about 7 minutes (Rivkin et al. 2021). This agrees with the
impact simulation scenarios performed prior to the DART
impact with different combinations of potential impact
conditions and asteroid physical properties (Raducan &
Jutzi 2022; Stickle et al. 2022). If the impactor were to
generate an ejecta curtain, the determination of (3 becomes
dependent on the characterization of the ejecta plume, which is
usually modeled as a cone. In the context of the DART
mission, it was therefore necessary to determine the direction of
the net ejecta momentum in inertial space. This is where the
data returned by the Italian Space Agency’s 6U CubeSat
LICIACube become important because it flew by the Didymos
system and acquired images both prior to and after the DART
impact from varying vantage points (Dotto et al. 2021).
LICIACube was initially housed inside the DART spacecraft
and was released 15 days prior to the impact. After performing
two orbital manoeuvres, the satellite was able to witness the
impact and its aftermath at varying spatial resolutions and
phase angles, thanks to its two imaging cameras LEIA and
LUKE. The aftermath of the impact was also observed using
Hubble Space Telescope data by Li et al. (2023) complimen-
tary to LICIACube data, and this enabled the characterization
of the evolving ejecta. Recently, Hirabayashi et al. (2023)
applied Hubble Space Telescope (HST) and LUKE images to
determine the cone geometry by introducing the assumption
that the cone geometry is elliptical. They found that the cone is
indeed elliptical. In this work, we use a different approach and
start to model the cone with a simple cone with a circular base
and show why it does not fit the data, and we explain the need
to use a cone with an elliptical base including rotation to fit the
data better. We show that the geometric problem of the ejecta
cone can be solved with LICIACube LUKE images alone, and
as discussed below, our solutions are consistent with those
reported in Hirabayashi et al. (2023).

2. Methods and Results
2.1. A Cone with a Circular Base

We first assume that the ejecta plume can be approximated
by a cone with a circular base. Under this assumption, we use
the relation of a cone and its projection onto a plane, as
illustrated in Figure 1 and parameterized in Equation (1),
because we worked with LUKE data, for which the images
were acquired in the LUKE image plane. With respect to
Figure 1, « is the half aperture angle of the original cone, § is
the half aperture angle of the projected cone, and 6 is the angle
between the cone axis and the image plane,

tan(q)
\/0052(9) — tan?(o)sin®(0) .

tan(6) = (1)

We have a sequence of five LUKE images, where the ejecta
cone can be seen in a side-on profile (Figure 2), allowing us to
measure 20 when the cone edges are defined. These measure-
ments are reported in Table 1 with their uncertainties, which are
associated with the definition of the cone edges themselves.
The context of the flyby and the instances where the images
have been acquired are visualized in Figure 3. We rearrange
Equation (1) to obtain Equation (2), which isolates «, which is
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Figure 1. A cone with a circular base and its projection onto a plane.

one of the variables for which we have to solve,

tan(6)cos(6)

tan(a) = .
¢ J1 + tan?(8)sin?(6)

@)

Currently, o and 6 remain unknown. However, we do have
indirect information about 6 because we can recover the image
plane for each LUKE observation in inertial space using the
SPICE kernels (Acton 1996; Acton et al. 2018) of LICIACube.
Therefore, we are able to recover the coefficients that define the
plane, allowing us to formulate a,x + b,y + ¢,z + d,, =0 as the
plane for each observation in an inertial coordinate system of
the x, y, and z axes. The subscript n of the coefficient defines
the observation ID. Next, we define the axis of the ejecta cone
as px + gy + rz in inertial space and assume it to be a unit
vector. The p, g, and r coefficients need to be solved for. The
formulations of the equation of the plane and the aforemen-
tioned unit vector equation allow us to replace 6 in Equation (2)
by the coefficients defined above. By rearranging Equation (2),
we formulate a nonlinear equation for each of the observations,
as can be seen from Equation (3) through Equation (7), where
abc;; corresponds to the ith observation, and j refers to the
coefficient of the x, y, or z component of the corresponding
equation of the plane. We are therefore left with four
unknowns, p, ¢, r, and tan(«), for which we need to solve,

£ = —tan’()

_ (abeig(p) + abe(q) + abey(r))?
(abcky + abcl + abcd)

+tan2(6)1(1 a+ tanz(a))] =0

3)

£ = —tan*(a)

_ (abeyy(p) 4 abea(g) + abey(r))?
(abcy + abck + abed,)

+tan2(5)2(1 a+ tanz(a))] =0

“4)
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(1) (2)
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(3) (4)

(5) (6)

(7)

Figure 2. A sequence of LUKE images where the ejecta cone can be seen in a face-on profile (ID 1), in a side-on profile (IDs 2 to 6), and transiting from a side-on
profile to a view from behind (IDs 7 and 8). The images have been cropped to highlight the ejecta cone. The red lines in IDs 2 to 6 guide the eye through the edges of
the projected cone. The edges serve for the measurement of the aperture angle of the projected cone 26. These angular measurements and some information about the
images are given in Table 1. Except for ID 1, Dimorphos can be seen in other images with a shadow cast by the optically thick part of the ejecta cone. The very bright

object in the corner of some of the images is Didymos, which is inside the crop.

f; = —tan*(a)

_ (abex(p) + abesi(q) + abexn(r)?
(abc3y 4 abck + abck)

+tan2(6)3(1 a+ tanz(a))) =0

)]
fi = —tan’()

_ (abeyy(p) + abeyi(q) + abeg ()
(abcdy + abc? + abck)

+tan2(6)4(1 1+ tanz(a))) =0

(6)

fs = —tan’(a)

) _ (abesp(p) + abcsi(q) + abesy(1))? ) _
+tan (6)5(1 (abc520 n achZ, n abc522) (1 4+ tan (a))) 0
(N
o= +¢+rr—1=0. ®)

However, we have five equations for the five observations
and the unit vector equation, which means six equations in
total. Because we need to solve for four unknowns, there are 15
unique ways in which we can form a system of four
simultaneous nonlinear equations. We systematically proceed
to solve each system of nonlinear equations numerically, using
the Python library scipy (optimize.roots), which takes an initial
guess for the coefficients p, ¢, r, and the half aperture angle «
(Chen & Stadtherr 1981). This routine returns a solution and a
flag whether the solution converges or not, and we only
proceed with the solutions that do converge. It should be
highlighted that this method does not give a unique solution
because there are multiple ways of forming the system of

nonlinear equations that are to be solved. Therefore, for each
obtained converged axis solution, we rotate the solved axis
such that its projection lies within a degree from the bisector of
the projected cone aperture angle in the LUKE images (this
bisector is also assumed as the axis of the ejecta cone). The
rotated solutions visualized in the LUKE frame are then
compared against real LUKE images for consistency and are
rejected if they do not match. For this comparison, we use the
LUKE observations (IDs 1 to 6). Inclusion of the image ID 1 is
crucial in this step, as it brings independent verification of the
solutions due to its very different vantage point compared to
IDs 2 to 6, which go as inputs to the solving routine. The best-
fit solution returned by this solving routine is a cone with an
aperture angle of 122°, with its axis pointing to right ascension
and declination (R.A., decl.): 136°,+5° in the J2000 reference
frame (Acton 1996; Acton et al. 2018). This solution is
obtained by solving the system of equations formed by
Equations (4), (6), (7), and (8). Figure 4 illustrates the
simulations of the ejecta cone with this solution for the same
timestamps as for observation IDs 1-6 as seen from the LUKE
frame.

The comparison of the real LUKE images (Figure 2) and
the simulated solutions (Figure 4) indicates that although the
simulated cone axis seems to be pointing in the correct
direction, the aperture angle of the solution does not
reproduce all analyzed LUKE observations accurately. For
this reason, we begin to model the cone as a cone with an
elliptical base.
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(a)

Figure 3. Context of the images from the LICIACube flyby of the Didymos system that are part of this analysis. The diagonal line is the trajectory of the LICIACube
CubeSat as it flew by the Didymos system, and the exaggerated dots along this trajectory mark the instances of images 1 to 8, referred to in the Figure 2 and Table 1.
Dimorphos is placed at the center of the J2000 coordinate system and is scaled up by a factor of 100 to improve its visibility. Panels (a), (b), and (c) show three
orthogonal views of the flyby context in the XY, YZ, and XZ planes in J2000. The closest approach of LICIACube to Dimorphos took place at a distance of
about 58 km, and this instance is given as a reference. The blue, red, and green axes correspond to the XY, and Z axes, respectively, in J2000.

Table 1
Ancillary Information About LUKE Images That Were Used for the Analysis of the Ejecta Cone (Figure 2)

Image ID Timestamp Exposure Time Time Since Impact Measured Projected Cone Aperture Angle
(UTC) (ms) (s) 26 C£2°%

1 2022-09-26T23:17:03.004 4 159 e

2 2022-09-26T23:17:18.000 0.5 174 140

3 2022-09-26T23:17:19.100 0.3 175 145

4 2022-09-26T23:17:20.000 0.2 176 147

5 2022-09-26T23:17:21.000 0.7 177 160

6 2022-09-26T23:17:22.000 0.3 178 170

7 2022-09-26T23:17:24.000 0.7 180 180

8 2022-09-26T23:17:33.000 0.5 189

Note. Timestamp indicates the image acquisition time.

2.2. A Cone with an Elliptical Base

We use a model of the cone with an elliptical base, as
illustrated in Figure 5. By systematically varying the values
of the half-angles 7 and v and by using a small enough
angular step, we can sample all the cones with an elliptical
base that could exist. Each cone is described by 32 vertices
populated along the base of the cone, and by one vertex
located at its apex. The base of the cone is an ellipse
whenever 7= 7. We then orient the cones along our solved
axis and simulate how they would appear in the LUKE frame
at different times of observations. Given the prior knowledge
about the geometrical nature of ejecta cone, we restrict the
possible angular space of both 7 and  to be between 10° and
88°. We thus sample all possible cones in this angular space
with a step of 1°.

Then, we attempt to compute the projected aperture angle
(26) of a given cone with an elliptical base projected onto the
LUKE plane. To achieve this, we project each vertex onto the
LUKE frame and compute the angular separation of each
vertex from the axis of the cone projected onto the LUKE
frame. While doing this, we track whether the projection of the
vertex lies above or below the projected cone axis by using
their cross product. Hence, we can find the two most extreme
vertices that define the edges of the angle 26. The sum of their
angular separation from the projected cone axis gives the value
of 26. We are then able to compare the simulated values of 26
against the values of 26 that were measured on real LUKE
images and are reported in Table 1 (IDs 2 to 6). Therefore, for
each simulation of a cone described by a given permutation of
n and ~, we can give a score that tells how good or poor it fits
the LUKE observations. The score is defined as the absolute



THE PLANETARY SCIENCE JOURNAL, 4:231 (12pp), 2023 December

Deshapriya et al.

Figure 4. Simulations of the ejecta cone using a cone with a circular base corresponding to LUKE observation IDs 1-6. The cone has an aperture angle of 122°, and its
axis points to R.A., decl.: 136°,+5° in J2000. Several vectors are shown for reference: Red is the cone axis, gray is the incoming direction of the DART spacecraft,
green is the north celestial pole, purple is the north pole of Didymos, and yellow is the direction of the Sun. Illumination effects and shadowing are not considered in

this figure.

(a) (b)

(c)

Figure 5. (a) Model of a cone with an elliptical base, described by two orthogonal half-angles 7 and ~, defined in the BAC plane and BAD plane, respectively. The
cone axis points in the BA direction. (b) An example case of such a cone with 1 = 60° and y = 30°, described by 33 vertices. The local Cartesian coordinate system is
also defined, with the origin being at the apex. (c) The same cone with its cross section highlighted. Note that the cone axis points in the negative Z direction of the

local cone coordinate system.

difference between the simulated 26 and the measured 2. For a
given cone, we compute a score for each LUKE observation in
this way, corresponding to IDs 2 to 7 and the sum of the scores
recorded. After we iterate over the restricted space of 7 and ~,
we have a total score for each cone. The minimum total scores
would then correspond to the best candidate cones that describe
the LUKE observations.

To make these iterations more efficient, we applied another
constraint to the orientation of the projected cone such that if a

given cone does not fit an observation ID within a given
uncertainty, it will not be iterated for the subsequent
observations IDs, and hence will be discarded by assigning a
very high score. This constraint was placed by comparing the
angular separation between the lowest vertex of a simulated
and projected cone and the vertical axis of the LUKE frame.
The uncertainty was assigned to be +4° owing to the
difficulties associated with defining the ejecta cone edges in
LUKE images. The projections must therefore lie +4° from the
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Figure 6. Each panel corresponds to a LUKE observation where the ejecta cone is observed projected in a side-on profile or a similar geometry. The corresponding
timestamps are given in the panel titles. The first panel explores all cones with an elliptical base in the selected restricted 7 and y space, and their scores are given in the
scatter plot. The following panels show how the scores evolve for a given cone, as constraints are placed by different LUKE observations. The panels should be
followed from left to right and top to bottom. Thus, the last panel isolates the viable solutions of 7 and -y that best describe the LUKE observations. The contrasting
very high scores correspond to 7 and ¥ combinations that are discontinued from the iterations as they do not fall within the imposed cone edge orientation constraints.
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Figure 7. The scores shown in different panels of Figure 6 are averaged here and are represented in a narrower scale than in Figure 6 in order to highlight the viable

solutions of 7 and ~.

lowest edge of the projected cone in real LUKE images. This
iterative process is illustrated in Figure 6, and the outcome of
this constraint placement is given in Figure 7.

As can be seen in Figure 7, the minimum average score is
4925, and it corresponds to = 64°, v=39°. However, due to
the aforementioned uncertainties, we allow a tolerance when
accepting viable solutions for 7 and . Therefore, we accept 7
and v combinations that are within 2° of the above minimum
average score. The possible 1 and  combinations are therefore
(64°,39°), (64°,40°), (65°,37°), (65°,38°), (65°,39°), (65°,40°),
(66°,38°), (66°,39°), and (67°,38°).

0.0
Score

These results show that a cone with an elliptical base
describes the LUKE observations best. The cone is rather
elongated, given both orthogonal half-angles. Using the 3D
visualization software Blender, which can be used for the
simulation of solar system objects (Penttild et al. 2022), we
simulated the solution including solar illumination. These
simulations are shown in Figure 8. It can be seen from this
figure that the simulations closely reproduce the LUKE
observations for IDs 2 through 7. However, the simulations
for IDs 1 and 8 seem to be somewhat different from the
corresponding real LUKE images. We also note that the
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vl
Y
(Y
Y

Figure 8. Simulations of LUKE observation IDs 1-8 using the axis solution of R.A., decl.: 136°,+5° using a cone with an elliptical base defined by n = 64°, v = 39°.
The top panel corresponds to IDs 1 through 4, and the bottom panel corresponds to IDs 5 through 8.

120 125 130 135 140 145 150
RA(%)

Figure 9. The sampling of the cone axes in the 15° radius uncertainty region around R.A., decl.: 136°,4-5°. For each axis, we have computed the best solution that fits
LUKE observation IDs 2-7. Each axis therefore has a combination of R.A., decl., 1, , and w that defines their best score in fitting the data. The lower the score, the
better the reproduction of LUKE observations. Axes with best scores lower than 6° are represented as circles, whereas axes with best scores greater than 6° are
represented as crosses. The filled circles correspond to axes with solutions that are compatible with the observation ID 1, while empty circles correspond to solutions
that do not agree with the observation ID 1. The solutions corresponding to the filled circles are listed in Table Al.

simulations do not reproduce the shadow of the optically real LUKE images. Although IDs 1 and 8 serve as visual
thick part of the ejecta cone cast onto the surface of tiebreakers for the solutions we obtain, we are unable to
Dimorphos, which is evident as a dark arc on Dimorphos in quantify the information of the ejecta cone in these two
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Figure 10. Simulations of LUKE observation IDs 1-8 using the axis solution of R.A., decl.: 147°,4+16° using a cone with an elliptical base defined by 1= 69°,
~v=51°, and w = 12°. The top panel corresponds to IDs 1 through 4, and the bottom panel corresponds to IDs 5 through 8.

images (because ID 1 shows a face-on view of the cone, and
ID 8 corresponds to a geometry close to from directly behind
the cone) to further constrain the solutions. Therefore, to
better reproduce the real LUKE images, we next attempt to
model the observations including rotation to the cone with an
elliptical base around the cone axis.

2.3. A Rotated Cone with An Elliptical Base

We introduce a rotation to the local X- and Y-axes for the
cones with an elliptical base around their Z-axis, so that
different geometries that were not captured in our previous
methods are included in this model. At the same time, we
consider an uncertainty of 15° in all directions for our current
solution of the cone axis. We note that as for the current
nonrotated axis solution of R.A., decl.: 136°,4+-5°, the X- and Y-
axes of the apex-centered cone coordinate system point to R.A.,
decl.: 33°,469° and R.A., decl.: 228°,+20° respectively.
Then, we angularly sample the region in space defined by a
radius of 15° centered around the current axis solution.
Following our sampling, this step leads to 324 axis vectors.
For a given axis vector in this region, we seek to find cones
with an elliptical base that best fit LUKE observation IDs 2-7.
Each cone is systematically rotated around its axis at each
iteration with five-degree increments until each cone completes
a 360° rotation. This process gives us a list of cone axes with
best scores corresponding to rotated cones (Figure 9). Here-
after, w is used to refer to the angle of rotation of the X- and Y-
axes around the Z-axis of the cones. As can be seen from
Figure 9, a plethora of axes is combined with suitable rotated
cones that match observation IDs 2-7. In order to filter the
results, we first impose a threshold score of 6°, and this results
in 302 cone axes that contain better (lower) scores than 6° for
their solutions composed of cones with an elliptical base with
rotations. Second, we imposed a constraint using the unique
geometry of the observation ID 1, where the ejecta cone is
observed in a face-on profile. To achieve this, we simulated this
observation for all the current solutions and screened out
solutions that did not match. This led to 34 solutions that now
are compatible with observation IDs 1-7, and each solution is

described by a unique combination of R.A., decl., n, v, and w,
as listed in Table Al. Each of these solutions can therefore
reproduce LUKE observation IDs 1-7 at different accuracies.

To find the best possible solution, we proceeded by
qualitatively analyzing the simulations of observation IDs 1-8
for each solution. By comparing the simulations with real data,
it is possible to note that some solutions reproduce the dark arc
on Dimorphos at different accuracies, which are present due to
the shadows cast by the optically thick parts of the ejecta cone.
This led us to the solution ID 24, defined by R.A., decl.: 147°,
+16°, n=69°, y=51°, and w=25° as the best solution.
However, we found that a w = 12° would make this solution a
better match for observation ID 8, while not affecting the other
observation IDs significantly. This solution is illustrated in
Figure 10.

Following this analysis, we place uncertainties depending on
the distributions of R.A., decl., n, and ~ on the final 34
solutions. The axis solution therefore becomes R.A., decl.:
147115, +167¢°. The geometry of the cone with an elliptical
base is described by 7 = 69712, v = 517{¢.. It does not make
sense to place a general uncertainty for w as the required
rotation to fit the data is highly sensitive to the combinations of
various variables that compose the solution itself. This can
further be noted from the distributions of w listed in Table. Al.
We further note that the cone axis makes an angle of 18°6 with
the incoming direction of the DART spacecraft and an angle of
6°3 with the normal vector at the impact site. We remark that
these findings are consistent with those reported for the ejecta
cone by Hirabayashi et al. (2023) within the given
uncertainties.

2.4. The Location of the Cone Apex

The derivation of the location of the cone apex is
independent from the solution of the ejecta cone. To achieve
this, we make use of the side-on views of the ejecta cone
observed in image IDs 2 to 6. The edges that are highlighted in
Figure 2 allow us to define the projected apex of the cone in the
LUKE image plane. Hence, for each considered image, we can
find the boresight of the pixel that goes through the projected
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0O - Centre of Dimorphos

X — Location fo the cone apex

7y, T — position vectors of LICIACube at times t,, t,, when the ejecta
cone is observed at P, and P, respectively

51, 52 - pixel boresights of LUKE pointing at the apex of the cone

LICIACube path

P,

Figure 11. Geometry of LICIACube observations that were used to derive the location of the cone apex.

apex of the cone. We assume that the boresight of the
corresponding pixel goes through the apex of the cone. If we
consider two observations, we can define a plane in three-
dimensional inertial space, using the locations of LICIACube at
the two observations and the location of the apex (Figure 11).
Thus, knowing the location of the LICIACube at the given two
instances and the boresight vectors of the projected apices, we
can develop parametric vector equations to solve for the
location of the apex. Then, we transform this location to the
body-fixed coordinate system of Dimorphos (IAU-DIMOR-
PHOS). In our solution, we used IDs 2 and 6 (combination with
the largest baseline) to solve for the apex, and other
observations were used to place the uncertainties. Based on
this, we report the location of the cone apex to be — 11718, 938,
—4"1%m in the Dimorphos coordinate system. The apex is thus
located at about 15m from the center of Dimorphos. The
solution of the cone apex is also consistent with the apex
location derived (using a different assumption and method) by
Hirabayashi et al. (2023) within the uncertainties.

3. Discussion

We modeled the ejecta plume triggered by the DART impact
on Dimorphos starting with a simple cone model with a circular
base, and we developed it into a more complicated rotated cone
with an elliptical base. It is noteworthy that our axis solution of
R.A., decl.:147715,, +167¢° is slightly different from the cone
axis solution of Dotto et al. (2023), who report an axis solution
of R.A., decl.: 137752, +19F19°. This discrepancy is due to the
nature of the SPICE kernels that were used at different stages of
the LICIACube mission. The solution of Dotto et al. (2023)
was derived from a set of SPICE kernels available in 2022
December, whereas our solution corresponds to the latest
LICIACube SPICE kernels available at the writing of this work
(2023 September). The previous kernels had a twist-angle
uncertainty of about 15° at the time of closest approach with
the Didymos system, which were later corrected, leading to the
latest iteration of the kernels that we used in this work.

Some works that modeled the ejecta cone have assumed
(Cheng et al. 2023; Li et al. 2023) that the cone axis lies in the
bisector of the projected images of the ejecta cone in the
observed images. However, the axis of a cone with an elliptical
base does not necessarily lie in the bisector of its projection.

Although we started our modeling with a similar assumption in
Section 2.1, we allowed the cone axis to vary in an uncertainty
region in Section 2.3 with free rotation. We therefore
considered and explored potential solutions that are not
captured in the methods used by these works. This explains
the difference of the results in this work and the aforemen-
tioned works, although the results from different authors agree
among themselves within the given uncertainties. We refer to
the work by Hirabayashi et al. (2023), who use both
LICIACube and HST data to find solutions to the geometry
and the orientation of the ejecta cone using statistical
methods. We note that our results confirm theirs and are
consistent within the uncertainties for the half-angles, the
direction, and the apex of the ejecta cone. These independent
methods arriving at the same result provide validation and
enhance the confidence in the accuracy and reliability of the
findings.

In our methods, we also remark that we have assumed that
the ejecta plume remained fixed during its observations by
LUKE. However, there is a time span of about 30 seconds
between image ID 1 and ID 8 that went into this analysis.
During this time span, the physical features that compose the
ejecta plume were expanding at projected velocities up to
75ms ' (Dotto et al. 2023). The ejecta plume showed a
complex dynamical structure that cannot be trivially described
by a geometrical structure, even with a more elaborated
approximation of a cone with an elliptical base, which is what
we have attempted in this work. Nevertheless, as seen in
Figure 10, we reproduce LUKE observation IDs 1 through 8
with high accuracy, following an approach that combined both
quantitative and qualitative analyses. Notably, we reproduce
the dark arc present on Dimorphos in our Blender-based
simulations. We stress that it would require precise dust
dynamical and radiative-transfer modeling if one were to
reproduce LUKE observations with high fidelity. The fact that
we lack information about the physical properties of the
Dimorphos material, their size-frequency distributions, and so
on makes it furthermore a task that is hard to achieve.
Nevertheless, given that the LUKE images contain the flux of
the ejecta plume and that we have now established the three-
dimensional structure and the orientation of the ejecta plume,
this will allow us by means of radiative-transfer simulations (P.
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Figure 12. Three orthogonal views of the intersection of the ejecta cone and the surface of the Dimorphos, leading to the definition of the perimeter of the crater
created by the DART impact. The sphere with a radius of 10 m shows the location of the DART impact. The orange dot marks the center of Dimorphos.

Table 2

Summary of the Main Results in This Work
Quantity Symbol Value Unit Comments
Cone axis R.A. RA 14771, degrees in J2000
Cone axis decl. DEC +1612 degrees in J2000
Cone wide half-angle n 691} degrees
Cone narrow half-angle o 51t degrees
Cone XY axes rotation angle w 12 degrees
Angle between the cone axis and the DART incoming direction 18.6 degrees
Angle between the cone axis and the impact surface normal 6.3 degrees
Cone apex (X,y,z) — 1158, 9480, —a™8 m in IAU-DIMORPHOS
Crater equivalent radius 65 m

H. Hasselmann et al. 2023, in preparation) to place constraints
on the physical properties of the plume particles, assuming that
the two binary components share the same composition
(Margot et al. 2015). The physical properties can be further
constrained through dust dynamical simulations of different
shapes of ejected clumps of material observed in the ejecta
cone (S. Ivanovski et al. 2023, in preparation).

We note that the apex of the ejecta cone is located close to
the center of Dimorphos (within 15 m), in contrast to the
estimates and simulations of LICIACube observations imple-
mented prior to the impact event (Fahnestock et al. 2022;
Kolokolova et al. 2022). The fact that the apex is located much
closer to the center than the surface implies that the crater
generated by the impact may have been in a gravity-dominated
regime as opposed to a strength-dominated regime, which
could be preferred prior to the impact owing to an S-type
taxonomic composition linked with L/LL meteorites. This
observation is supported by the work of Raducan et al. (2023),
who point out the likelihood that Dimorphos underwent
reshaping following the impact because it was not within a
regime dominated by strength. It is interesting to note that the
impact crater produced on asteroid Ryugu by the Small Carry-
on Impactor (SCI) as part of the JAXA Hayabusa2 mission
(Watanabe et al. 2017) was in a gravity-dominated regime as
opposed to a strength-dominated regime, which was contrary to
the predictions (Arakawa et al. 2017, 2020). Indeed, the crater
created by the SCI corresponded to a diameter of 15m,
whereas the predictions had implied a diameter of a few meters
only. Furthermore, we confirm that a shadow is cast on
Dimorphos by the optically thick part of the ejecta cone, as
predicted by Cheng et al. (2022). Our simulations closely
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reproduce this shadow, with the apex of the cone being placed
close to the center of Dimorphos. Our simulations show that if
the apex were to be placed closer to the surface of Dimorphos,
the shadows would be much different from what was observed
by LUKE. We computed the intersection of the ejecta cone and
the surface of Dimorphos and projected the intersection to a
plane that is perpendicular to the cone axis. This projected
perimeter was about 407 m. While this estimation is purely
geometrical, if the projected cone-surface intersection is a
direct interpretation of the crater size, the measured cone
geometry suggests an equivalent crater radius of 65m
(Figure 12). We note that Hirabayashi et al. (2023) give the
average distance between the impact point and the surface-cone
intersection as 76 m. However, this difference is reasonable
because the impact point is not on the plane defined by the
perimeter, and hence, the determined radius in our work should
be shorter than the distance measured by Hirabayashi et al.
(2023). Therefore, this value may be used as an upper limit,
and we highlight that more sophisticated physical models
should be used for more realistic estimates (Raducan et al.
2023; Stickle et al. 2023). Nevertheless, this value exceeds the
estimated crater radii for different impact scenarios by studies
conducted prior to the impact event (radii in the range of
5-45m in Cheng et al. 2022 and in the range of 13-21m in
Fahnestock et al. 2022). The ground truth of this crater will be
revealed as its morphology will be mapped by the ESA Hera
mission, which will visit and rendezvous with the Didymos
system in 2026 December (Michel et al. 2018, 2022). The
observations by Hera will thus confirm whether the impact was
in a strength-dominated or a gravity-dominated regime.
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4. Conclusions

Following our modeling of the DART-induced ejecta plume
on Dimorphos, we conclude that the geometry of the ejecta
plume can be best approximated by a cone with an elliptical
base, despite some intricacies such as extended structures
composing both clumps of material and individual grains in
expansion, which are observed in LUKE data, but are not fully
captured in our model. Table 2 recapitulates the main results of
this work. The elliptical nature of the cone, characterized by a
combination of a wide half-angle (69°) and a narrow half-angle
(51°), can be due to several factors, such as the curvature of the
impact surface (Schultz et al. 1987; Hirabayashi et al. 2023; P.
Sanchez et al. 2023, in preparation), the geometry of the
impactor (the DART spacecraft, including its solar panels;
Raducan et al. 2022), and the presence or absence of boulders
on the impact location. The computed relatively large upper
limit of the radius of the resulting crater implies that the impact
may have been in a gravity-dominated regime rather than a
strength-dominated one. In situ observations of impacts like
this and that of SCI by Hayabusa2 could potentially reveal
more insights about the impact physics and ejecta scaling laws
and place constraints on the material properties of the asteroids
(Housen & Holsapple 2011). They could equally be important
in terms of planetary defence scenarios by means of kinetic
impactors to accurately estimate (3, depending on whether the
impact takes place in a strength-dominated or a gravity-
dominated regime.

The results of this work also highlight the prowess of
CubeSat solutions for bootstrapping planetary missions to
maximize the scientific return, as has been shown by
LICIACube.
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Appendix
Potential Axis Solutions Including Rotations

Table Al lists the potential solutions that correspond to the
best scores for the considered observations.
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Table Al
The 34Solutions That Best Describe LUKE Observation IDs 1-7 of the
Ejecta Cone

1D R.A. () Decl. (°) Best Score (°) n(°) v (®) w (%)
1 139 15 3.34 68 41 35
2 142 13 3.39 68 45 25
3 137 17 3.39 68 40 40
4 137 15 3.48 68 40 35
5 138 13 3.49 67 42 25
6 139 11 3.52 67 41 25
7 139 16 3.54 68 44 30
8 141 16 3.56 68 45 30
9 142 19 3.57 69 47 35
10 147 13 3.59 69 49 25
11 137 13 3.60 67 40 30
12 146 15 3.60 69 49 25
13 145 17 3.67 70 49 30
14 148 14 3.68 69 52 20
15 142 17 3.70 70 45 35
16 144 13 3.71 69 47 25
17 140 14 3.75 68 43 30
18 148 11 3.77 69 51 15
19 139 18 3.78 69 43 40
20 137 20 3.84 70 41 45
21 141 10 3.88 66 43 20
22 143 15 3.95 68 47 25
23 140 20 4.00 70 44 40
24 147 16 4.04 69 51 25
25 144 16 4.08 70 47 30
26 141 12 4.09 68 43 25
27 140 13 4.15 67 43 25
28 137 18 4.16 68 42 40
29 143 12 4.20 69 45 25
30 138 12 4.34 67 40 25
31 142 11 441 67 45 20
32 146 12 4.49 69 48 20
33 140 11 4.51 66 45 10
34 143 10 4.60 66 46 15

Note. The solutions are listed in descending order with respect to the best
score. Each solution is a combination of an axis defined by R.A., decl. in the
J2000 inertial frame, a cone with an elliptical base that is defined by 7 and ~,
and a rotation of w around the local Z-axis of the cone.
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