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Hypervelocity impacts play a significant role in the evolution of asteroids,
causingmaterial to be ejected andpartially reaccreted. However, the dynamics
and evolution of ejected material in a binary asteroid system have never been
observed directly. Observations of Double Asteroid Redirection Test (DART)
impact on asteroid Dimorphos have revealed features on a scale of thousands
of kilometers, including curvedejecta streams and a tail bifurcationoriginating
from the Didymos system. Here we show that these features result naturally
from the dynamical interaction of the ejecta with the binary system and solar
radiation pressure. These mechanisms may be used to constrain the orbit of a
secondary body, or to investigate the binary nature of an asteroid. Also, they
may reveal breakup or fission events in active asteroids, and help determine
the asteroid’s properties following an impact event. In the case of DART, our
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)×107kg.

On September 26, 2022, NASA’s Double Asteroid Redirection Test
(DART) spacecraft impacted successfully Dimorphos, the smaller
asteroid of binary system (65803) Didymos1,2. Ground and space-based
observations of the impact event permitted determining the net effect
of the impact on the orbital motion of Dimorphos3–8, and identifying
features on a scale of thousands of kilometers in the ejecta, such as an
anti-solar tail and curved streams originating from the Didymos
system9–14. Additional observations estimated the mass of the obser-
vable ejecta in the range (1.3–2.2)×107kg (ref. 15), and (0.9–5.2) × 107kg
(ref. 16), and identified a population of meter-sized boulders that
escaped from the system with overall mass of 5.2 × 106kg (ref. 17).

Estimates of ejecta mass from recent simulation works are in line with
observations, and provide values of e.g., 9.4 × 106kg by using remote
observation data18, or (1.7–4.3) × 107kg by matching the observed
orbital change of Dimorphos3 with the impact’s momentum
enhancement factor4,19, or 6.5 × 106–4.1 × 107 kg (ref. 20), using close-
up images of the system taken by LICIACube21–23. The mass estimates
above are likely lower-bounds, as they refer to sub-set of observable
and/or simulated ejecta.

Here we discuss the dynamical origin of the long-range features
observed, and estimate the mass, velocity and size range of ejecta
particles involved in their formation. We analyze observations of the

Received: 20 December 2023

Accepted: 21 January 2025

Check for updates

A full list of affiliations appears at the end of the paper. e-mail: fabio1.ferrari@polimi.it

Nature Communications |         (2025) 16:1601 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-7537-4996
http://orcid.org/0000-0001-7537-4996
http://orcid.org/0000-0001-7537-4996
http://orcid.org/0000-0001-7537-4996
http://orcid.org/0000-0001-7537-4996
http://orcid.org/0000-0003-3743-6302
http://orcid.org/0000-0003-3743-6302
http://orcid.org/0000-0003-3743-6302
http://orcid.org/0000-0003-3743-6302
http://orcid.org/0000-0003-3743-6302
http://orcid.org/0000-0001-8806-7952
http://orcid.org/0000-0001-8806-7952
http://orcid.org/0000-0001-8806-7952
http://orcid.org/0000-0001-8806-7952
http://orcid.org/0000-0001-8806-7952
http://orcid.org/0000-0003-0833-4729
http://orcid.org/0000-0003-0833-4729
http://orcid.org/0000-0003-0833-4729
http://orcid.org/0000-0003-0833-4729
http://orcid.org/0000-0003-0833-4729
http://orcid.org/0000-0002-1286-2594
http://orcid.org/0000-0002-1286-2594
http://orcid.org/0000-0002-1286-2594
http://orcid.org/0000-0002-1286-2594
http://orcid.org/0000-0002-1286-2594
http://orcid.org/0000-0003-1391-5851
http://orcid.org/0000-0003-1391-5851
http://orcid.org/0000-0003-1391-5851
http://orcid.org/0000-0003-1391-5851
http://orcid.org/0000-0003-1391-5851
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0002-7478-0148
http://orcid.org/0000-0003-3121-3845
http://orcid.org/0000-0003-3121-3845
http://orcid.org/0000-0003-3121-3845
http://orcid.org/0000-0003-3121-3845
http://orcid.org/0000-0003-3121-3845
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-1821-5689
http://orcid.org/0000-0002-5566-0618
http://orcid.org/0000-0002-5566-0618
http://orcid.org/0000-0002-5566-0618
http://orcid.org/0000-0002-5566-0618
http://orcid.org/0000-0002-5566-0618
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-0884-1993
http://orcid.org/0000-0002-4943-8623
http://orcid.org/0000-0002-4943-8623
http://orcid.org/0000-0002-4943-8623
http://orcid.org/0000-0002-4943-8623
http://orcid.org/0000-0002-4943-8623
http://orcid.org/0000-0002-9413-8785
http://orcid.org/0000-0002-9413-8785
http://orcid.org/0000-0002-9413-8785
http://orcid.org/0000-0002-9413-8785
http://orcid.org/0000-0002-9413-8785
http://orcid.org/0000-0002-5810-9442
http://orcid.org/0000-0002-5810-9442
http://orcid.org/0000-0002-5810-9442
http://orcid.org/0000-0002-5810-9442
http://orcid.org/0000-0002-5810-9442
http://orcid.org/0000-0001-5284-8060
http://orcid.org/0000-0001-5284-8060
http://orcid.org/0000-0001-5284-8060
http://orcid.org/0000-0001-5284-8060
http://orcid.org/0000-0001-5284-8060
http://orcid.org/0000-0002-3544-298X
http://orcid.org/0000-0002-3544-298X
http://orcid.org/0000-0002-3544-298X
http://orcid.org/0000-0002-3544-298X
http://orcid.org/0000-0002-3544-298X
http://orcid.org/0000-0003-0153-7291
http://orcid.org/0000-0003-0153-7291
http://orcid.org/0000-0003-0153-7291
http://orcid.org/0000-0003-0153-7291
http://orcid.org/0000-0003-0153-7291
http://orcid.org/0000-0003-4045-9046
http://orcid.org/0000-0003-4045-9046
http://orcid.org/0000-0003-4045-9046
http://orcid.org/0000-0003-4045-9046
http://orcid.org/0000-0003-4045-9046
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-8628-3176
http://orcid.org/0000-0001-5375-4250
http://orcid.org/0000-0001-5375-4250
http://orcid.org/0000-0001-5375-4250
http://orcid.org/0000-0001-5375-4250
http://orcid.org/0000-0001-5375-4250
http://orcid.org/0000-0002-0054-6850
http://orcid.org/0000-0002-0054-6850
http://orcid.org/0000-0002-0054-6850
http://orcid.org/0000-0002-0054-6850
http://orcid.org/0000-0002-0054-6850
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0002-9939-9976
http://orcid.org/0000-0001-9840-2216
http://orcid.org/0000-0001-9840-2216
http://orcid.org/0000-0001-9840-2216
http://orcid.org/0000-0001-9840-2216
http://orcid.org/0000-0001-9840-2216
http://orcid.org/0000-0002-4767-9861
http://orcid.org/0000-0002-4767-9861
http://orcid.org/0000-0002-4767-9861
http://orcid.org/0000-0002-4767-9861
http://orcid.org/0000-0002-4767-9861
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0001-7413-3058
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0002-3144-1277
http://orcid.org/0000-0001-9311-2869
http://orcid.org/0000-0001-9311-2869
http://orcid.org/0000-0001-9311-2869
http://orcid.org/0000-0001-9311-2869
http://orcid.org/0000-0001-9311-2869
http://orcid.org/0000-0003-0558-3842
http://orcid.org/0000-0003-0558-3842
http://orcid.org/0000-0003-0558-3842
http://orcid.org/0000-0003-0558-3842
http://orcid.org/0000-0003-0558-3842
http://orcid.org/0000-0002-9290-1679
http://orcid.org/0000-0002-9290-1679
http://orcid.org/0000-0002-9290-1679
http://orcid.org/0000-0002-9290-1679
http://orcid.org/0000-0002-9290-1679
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56551-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56551-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56551-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56551-0&domain=pdf
mailto:fabio1.ferrari@polimi.it
www.nature.com/naturecommunications


DART impact by the Hubble Space Telescope (HST)9 up to threeweeks
after the impact, and we study the dynamics of ejecta using numerical
simulations and synthetic image generation to reproduce the
observed features. We show that these features result naturally from
the dynamical interaction of the ejecta with the binary system and
solar radiation pressure (SRP).

Results
Simulations were performed to reproduce the dynamics of 5 million
ejecta particles in the 10−6–10−1 m radius range, under a wide range of
parameters and initial conditions (see “Methods”). We simulate the
data acquisition from the HST by generating synthetic images that
match acquisition time, geometry, and illumination conditions, and by
reproducing the photometric output of HST observations for direct
comparison (see “Methods”). Best-fit simulations are chosen by eval-
uating quantitatively the similarity between HST and synthetic images.
This process is based on semi-automatic identification of features and
a scoring mechanism applied to both HST and synthetic images (see
“Methods”).

Ejecta are initially arranged on the surface of a conewhose apex is
located at the DART impact location on Dimorphos’s surface1, and
centreline is directed opposite to the impact velocity vector of the
DART spacecraft. We assume that the ejecta cone axis andmomentum
vector are aligned with the DART incident direction. Note that recent
work on ejecta cone geometry showed this may not be the case,
exhibiting complex geometry24,25 aswell as some clusters not following
the cone4,9,17. However, such conditions appear to not impact the glo-
bal evolution of ejecta and their long-range features significatively. For
each simulation, we define a Velocity-Size Distribution (VSD, see
“Methods” Eq. 3) to initialize the velocity of ejecta particles according
to their radius. We assign particles in the cone a velocity between the
escape speed from the Didymos system, and amaximum speed, which
we set between 0.50 and 500m/s (ref. 21), depending on the simula-
tion set (see Supplementary Fig. 1).

We restrict our analysis to particles that do not re-accrete imme-
diately to Dimorphos after impact, i.e., particles that are initially faster
than the escape speed from Dimorphos (8.4 cm/s, refs. 19,26,27). The
evolution of ejected material is driven mainly by gravitational interac-
tions with Didymos and Dimorphos, by impacts and re-accretion on the
asteroids’ surfaces, and by the effect of Sun’s Radiation Pressure (SRP)
and tides9,28–30. The dynamics of particles are dominated by gravity near
the asteroid system, and by SRP farther away. Because SRP is less
effective for larger particles, this switch occurs at ~10 km from Didymos
system for cm-sized particles, and at about 2 km for mm-sized ones28.
Particles smaller than 10-4m in size are dominated by SRP immediately
after they are ejected from Dimorphos and do not interact significantly
with Didymos gravity field28. This was also observed by HST, which
showed the formation of a SRP driven tail a few hours after the impact9.

Our simulations show that all ejecta features observed can be
related to two main evolutionary paths: the evolution of the ejecta
cone, and the formation of the tail. Individual numerical values
reported in the followings refer to our best-fit solution (see “Meth-
ods”). This shows that ~1.7 × 107kg of ejecta are involved in the for-
mation and feeding process of the tail, with initial speeds up to a few
m/s. The curved ejecta streams, i.e., the linear features gradually cur-
ving with time over the first 4 days after the impact9, involve
~2.4 × 106kg of ejecta, with initial speeds up a few m/s. We find these
streams are the end arms of a spiral motion originating in the inner
system, as discussed below. Table 1 reports properties of ejecta in each
feature, at time T0+ 11.86 days, with reference to regions labeled in
Fig. 1. At that time, most of ejecta mass is contained within the inner
system, with all particles with radius below 2mm having already
escaped the system. When not impacting on either asteroid, these
ejecta fragments act as a reservoir to feed the tail, as they are pushed
towards the anti-solar direction progressively by SRP.

Cone-related features
The dynamical evolution of the ejecta cone is perhaps themost unique
aspect of DART’s impact on Dimorphos. The binary nature of Didymos
makes the evolution of the ejecta cone very different from that
observed in other natural impact-driven events, e.g., asteroid
Scheila31,32 or comet P/2010 A233–36. DART’s ejecta are produced ~1.2 km
away from the barycenter of Didymos system, and carry a translational
velocity of 0.169m/s due to the orbital motion of Dimorphos around
the primary37,38. This makes slow ejecta with speed lower than 2m/s to
interact gravitationally with Didymos, forming an outwards clockwise
spiraling structure about the barycenter of the system28 (see Supple-
mentary Video 1), which was also observed by HST9. Observations of
the spiral’s evolution constrain the mass of ejecta involved, as the
spiral appears to be visible in synthetic images only above the critical
mass of ~106kg. In addition, the timing of the spiral motion constrains
dynamical quantities of ejecta, such as their initial velocity and size
range. Ejecta slower than Didymos escape speed (24.8 cm/s from
Dimorphos’s impact location26,27) are launched into elliptic orbits
aboutDidymos. Faster ejecta escape the systemonhyperbolic arcs and
are visible in the early HST images (Fig. 2). The orbit of ejecta is per-
turbed due to close interactions or collisions with Didymos or
Dimorphos, SRP, and solar tides. We find the spiraling motion
observed by HST involves ejecta particles larger than 295μm, with a
differential size-frequency distribution (dSFD, see “Methods” Eq. 4) of
index −2.28, and velocities up to 2.00m/s. Both the radiometric (to
constrain mass and size distribution) and dynamic (to constrain velo-
city) analyses (see “Methods”), suggest that the properties of ejecta in
the southern armof the spiral differ slightly from those in the northern
arm.Wefind that the southernarm is about 20%moremassive than the
northern arm and contains slower and larger particles, as reported in
Table 1. This effect is due to the Sun-relative geometry, which heavily
affects the dynamics of smaller ejecta fragments. In fact, the southern
arm is directed nearly towards the Sun, while northern arm is
approximately orthogonal to it. This makes the southern arm less
developed in terms of area covered in the images, but denser, as the
fragments are slowed down up to a point where their velocity is
reversed in the anti-solar direction and redirected towards the Didy-
mos system. The net effect is that less mass escapes the binary system
from the southern direction. Conversely, the SRP acts orthogonally to
the northern arm, with the effect of spreading the ejecta over a larger
area, decreasing their surface density9. In addition, ejecta particles in
the northern arm fly by closer to Didymos and more particles interact
gravitationallywith it compared to those in the southernarm21,24,25. This
increases further the spreading effect of ejecta onto a larger area and
multiple directions around the system.

Figure 2 shows a direct comparison between synthetic images
from numerical simulations and HST observations. Simulations
reproduce the general morphology and dynamical evolution of fea-
tures observed by HST (apart from inhomogeneous individual
features39,40, see Supplementary Fig. 2) and allow us to identify their
dynamical origin. Figure 2a–d shows two curved streams (s1, s2) at
T0 + 1.14 days originating from the southern part of the image and then
spiraling out to feed the northern arm of the spiral. The spiral arcs
overlap with the faster material in the outgoing ejecta cone (c1-
2 southern; c3-4northern) and in the tail (t1-2), while the southern edge
of the tail (t3) origins from the spiral motion itself. Figure 2e–h shows
the linear features (l1, l2) related to the clearance of ejecta after the
spiral has evolved, and the edges of the tail (t1, t3), with its bifurcating
line (t2).

The dynamics of ejecta particles in the inner system reveal the
feedingmechanismof the spiral and the tail. The spiral originates from
the translational off-set produced by the initial location and velocity of
Dimorphos along its orbit. Figure 3 shows the trajectory of particles
that have not been ejected from the system after 11.86 days (larger
than 4mm), i.e., they are still within the Hill’s sphere of Didymos
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(68 km)26. Three main outgoing directions are identified, aligned with
the southern arm, northern arm, and tail, consistently with larger-scale
images (Fig. 2). Southern and northern arms outlets contain particles
larger than a few mm, while particles escaping through the tail direc-
tion are sensibly smaller. The elliptic orbits of cm-sized particles
appear to be clustered in argument of pericenter along two directions,
which are initially ~50deg apart. One of the clusters rotates in the out
of plane direction, and evolves towards a nearly Sun-Synchronous
Terminator Orbit41, while the other one rotates in the view plane to
align with the sunward direction. Both behaviors are consistent with
the perturbing action of SRP28,29. We observe that cm-radius particles
ejected in the sunward direction return to the HST field of view
8–12 days after the impact.

Tail-related features
As done for the cone-related features,weuse a photometric analysis to
constrain the mass of ejecta in the tail, and a dynamic analysis, based
on timing and evolution of the tail, to constrain the size range of the
ejecta.

We remark that themass ejected and fed to the tail increases with
time, as more ejecta particles escape the inner Didymos system. The
timing of the tail formation constrains the size of particles inside the

tail, as their dynamics are driven by their ballistic coefficient βSRP only,
which depends solely on their size (see “Methods”). The smaller frag-
ments are ejected rapidly from the systemdue to SRP to form the early
tail, while larger ones are bounded within the system for a longer
time26,42.

A secondary tail was observed between 5.7 and 18.5 days after the
impact9, rather appearing right north to the first tail within a position
angle of 4 deg, while the first tail gradually rotates. A few possible
explanations have been proposed to support the formation of the tail,
including a secondary impact onto Didymos or Dimorphos, or abrupt
disruption of a large boulder ejected after the impact9,10,18. Our simu-
lations suggest that the gravitational interactions between slow ejecta
and the Didymos binary system produce naturally bifurcations in the
main tail, without the need of additional impacts or disruption events.
This is also consistent with considerations on observations’ viewpoint
geometry42. While this finding does not reject other hypotheses, it
describes a possible natural formation mechanism for secondary tails
in a binary system. Close flybys of slow ejecta around Didymos pro-
duce individual streams of particles which are eventually injected in
the direction of the tail, each at different time and from different
directions. In our simulations, a sunward arm of the spiral appears at
the beginning of the tail, leading to the formation of a secondary tail,

Table 1 | Properties of ejecta features at T0 + 11.86 days (08-Oct-2022 19:57:00) for our best-fit solution (see “Methods”)

Feature Mass [kg] Initial velocity [min, max] m/s Radius range [min, slope] Region of Fig. 1b

Spiral—northern arm 2.4 × 105 [0.22, 2.00] [295μm, −1.56] Blue

Spiral—southern arm 2.9 × 105 [0.20, 1.76] [376 μm, −3.16] Dark green

Spiral—total 5.2 × 105 [0.20, 2.00] [295μm, −2.28]

Tail 1.1 × 105 [0.20, 2.55] [189 μm, −2.13] Light green

Didymos system 8.9 × 106 [0.18, 0.28] [2.23mm, −1.77] Yellow

Impacted on Didymos 3.3 × 106 [0.18, 0.90] [1.90μm, −2.09] -

Impacted on Dimorphos 4.4 × 106 [0.19, 0.32] [5.06μm, −1.99] -

Impacted—total 7.7 × 106 [0.18, 0.90] [1.90μm, −2.07]

Background 1.9 × 106 [0.19, 3.07] [143 μm, −2.33] Purple

Outside the FOV 6.6 × 103 [0.20, 19.22] [1.00μm, −2.41] -

Total 1.9 × 107 [0.18, 19.22] [1.00 μm, −2.70]

We account for the field of view, geometry, illumination conditions and photometric performance of HST images. We report here values of mass, initial velocity range, and radius distribution
associated to ejecta population labeled according to Fig. 1 (the last column reports the color of the corresponding region for reference): Spiral (particles in the features originated by the curved
streams, i.e., northern and southern edges of the cone), Tail, Didymos system (particles in the central area of the image, this does not account for particles impacted on either asteroid), Impacted,
Background (particles not linked to any feature), Outside the FOV (not in the image, already escaped out of the FOV). Bold lines between rows in are used to group features by families.

Fig. 1 | Identification of features. a HST image at T0+ 11.86 days (08 OCT 2022
19:57:00UTC)5. Didymos systemand ejecta features are visible in the central part of
the figure. The oblique lines (bottom-right/-left part of the image) are artifacts.
b Identification of the main ejecta features: northern (blue) and southern (dark

green) arms of the spiral, tail (light green) and Didymos system (yellow). For better
visualization of colored regions, a zoomed box is provided to the bottom-right part
of the figure. Each frame is 6480km wide, the inset at the bottom-right of (b) is
864 km wide.
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which is clearly visible after 2.13 days (Fig. 4). This mechanism pro-
duces a small curvature at the beginning of the tail, which was also
detected by HST9.We find this is a footprint of Didymos binarymotion
in the tail, as the curvature produces an oscillatory motion that pro-
pagates in the anti-Solar direction (see panel (h) of Fig. 5, where this
effect is exaggerated for clarity, or Supplementary Video 2).

Oscillations have a period commensurate to the binary period, as this
is the combination of the translational/orbital motion imparted by
Dimorphos around Didymos, and SRP. This feature involves the least
massive particles in the spiral: unlikemost of ejecta in the cone that are
ejected towards the southern or northern arms of the spiral, ejecta
particles in the curved tail are ejected directly in the anti-Solar

Fig. 2 | Time evolution of features. a–d Spiral feature at T0+ 1.14 days (29 SEP
2022 02:28:00 UTC) and (e–h) tail at T0+ 11.86 days (08 OCT 2022 19:57:00 UTC).
The panel reports duplicated pairs of images (left unannotated, right annotated):
(a, b, e, f) HST images5, (c, d, g, h) synthetic images from numerical simulation (ID

02, see Supplementary Table 1). Annotations report curved streams (s1-2), cone
edges (c1-4), tail edges and bifurcation line (t1-3), linear features (l1-2). Each frame is
864 km wide. See Supplementary Video 1 for full video sequence.

Fig. 3 | Close up view of the inner system (20 kmfield of view). a–d Spiralmotion
in the inner system and tail feedingmechanism involving particles that are still near
the Didymos system after 14 days. Simulated trajectories are shown, with no pho-
tometric adjustments applied. e–h Argument of perihelion of orbits of ejecta with
radius in the range 1–10 cm is clustered along twodirections ~50deg apart. Ejecta of

cm radius returning to the system (HST view) between 8 and 12 days after the
impact. See Supplementary Video 3 for full video sequence and Supplementary
Videos 4–6 for larger scale views (FOV of 100km, 1000 km, 5000km). Figures refer
to simulation ID 02 (see Supplementary Table 1).
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direction. The oscillations help constraining the mass of ejecta, pro-
viding a lower-end value, as the curvature is visible toHST only above a
criticalmass of ~5 × 106 kg. The timing and geometry of the bifurcation
depends on the VSD of the ejecta, but no general trends are observed
in the simulation set.

Mass and size-frequency distribution of the ejecta
Admissible ranges of ejecta mass and particle size distribution are
assessed by quantifying the error between the photometric flux ofHST
images and the simulated synthetic ones, for a range of values of
masses and dSFD coefficients (see “Methods” Eq. 4). Figure 6 reports
the flux error as a function of the mass and dSFD coefficient for two
selected sets of simulations, which represent our best-fit for the cone-
related and the tail-related features. The colorbar in Fig. 6 is restricted
tomaximumvalues reported in eachfigure. Theflux error in the yellow
region is equal or larger than these maximum values.

The properties of the cone-related features are well constrained
by HST observations as the photometric error has a clear localized set
of minima (Fig. 6b). We find they require a mass in the range 1–5 × 106

kg depending on the dSFD coefficient, which ranges between −3 and
−2.7. Beyond this range, the photometric error grows rapidly up to
several tens of W/(m2 μm) (yellow region), and no solutions are found

for mass values above 1.5 × 107kg as and dSFD coefficient lower than
−3.3, as well as for amass lower than 106 kg, for which the cone-related
features are not visible in the rendered images.

The properties of tail-related features are harder to constrain, as
the total mass of ejecta contributing to the tail includes ejecta that are
still close toDidymos after 14 days,whichare not visible inHST images,
and therefore unconstrained by observations. In our simulations, a
large fraction of themass remains in the system, suggesting thatmore
realistic estimates of the dSFD coefficient and the total ejecta mass
would require additional information/constraints about inner ejecta.
In fact, an increase in the total mass ejecta produces feasible solutions
with higher dSFD coefficient, and highermass orbitingwithin the inner
system. In this context, we can constrain lower bounds, as below an
ejecta mass of 107 kg the tail-related features are not visible in the
simulatedHST images as the photometric error is close to the absolute
value of the flux contained in the image.We also identify regions in the
mass-dSFD-coefficient plane where the photometric error increases
rapidly with ejecta radiometric flux up to several tens of W/(m2μm)
(yellow region in Fig. 6a)providing upper bounds to themass of ejecta.
For the best-fit case presented in this work, we selected an dSFD
coefficient of –2.4 (ref. 9), which leads to a mass of 2.5 × 107 kg,
including rapid re-accretions (~8.4 × 106 kg). The tail profile is also

Fig. 4 | Synthetic images showing the time evolution of spiral and tail features.
a Natural bifurcations in the tail and tail curvature appear evident starting from
T0+ 2.13 days (29 SEP 2022 02:28:00 UTC). b–e Evolution of the bifurcation in the

subsequent 4 days. Each frame is 864 kmwide. Figures refer to simulation set ID 02
(see Supplementary Table 1).

Fig. 5 | Examples of rejected simulations due to unmatched dynamical condi-
tions. e–h Show synthetic images associated to HST reference images in (a–d)
respectively. Each frame is 2160 kmwide.With reference to Supplementary Table 1,

e is associated with simulation set ID 16, f with simulation ID 07, g with simulation
set ID 03, andhwith simulation set ID 21. Themismatch between synthetic andHST
images is used to constrain the properties of the ejecta.
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consistent with higher values of mass in case the particle size dis-
tribution is flatter as the dSFD coefficient increases.

When considering the overall ejecta population, the overall mass is
found to be in the range 1.1–5.5 × 107kg, with a best-fit value of
1.9 × 107kg. We remark this is a lower-bound, due to the unknown
population of larger, unconstrained ejecta particles that remain boun-
ded to theDidymos system.We find this is consistent with studies based
on close-proximity LICIACube observations20,21. Figure 7 shows the dSFD
obtained by combining ejecta particles involved in the cone-related and
the tail related features, and its best fit resulting into a value of −2.7.

Implications
Dynamical mechanisms such as spiral feature, curved ejecta streams,
curved tail and tail bifurcation arise naturally from the interaction
between the gravitational environment of a binary system and SRP.
Although other mechanisms are consistent with the formation of such
features, we show that natural binary dynamics is a viable mechanism.
This implies that when detected, features might be used to investigate
the binary nature of an asteroid, or e.g., to constrain the orbit of a
secondary, bymeasuring the time between oscillations. This applies to
both active asteroids and to impact-driven events36. Accordingly, dis-
continuities in the evolution of active objects43–46 might be diagnostic
of dynamical processes undergoing within the asteroid, e.g., breakup,
fission, and formation of binaries, without the need for additional
ejecta-producing events33–35. For impact events, such features might
reveal the formation of a secondary out of bounded ejecta, for aster-
oids that do not previously have a secondary.

For the case of Didymos, the significant quantity of bound ejecta
having close encounters and collisions with Dimorphos could change
its orbit period slightly, due to a small change of its mass and inertia
properties38,47–49. This is consistent with the steady change of orbital
periodobserved in themonths after theDART impact5. The abundance
of ejecta reaccreted on the surface of Didymos and Dimorphos will be
observed by ESA’s Hera spacecraft, whichwill visit theDidymos system
in 202750. This will provide new data to constrain to the upper bound
value of the inner ejecta mass, which is the most relevant uncon-
strained parameter in our analysis.

The amount of ejecta mass created after the impact has implica-
tions on the impact process itself, and therefore on the properties of
Dimorphos. Our 1.9 × 107kg estimate is equivalent to ~0.4% of themass
of Dimorphos, assuming a bulk density of 2400 kg/m3, and can go up
to ~1–2% in case the amount of ejecta in the inner system is con-
siderably larger. We find that a large fraction of ejecta mass never
escapes Dimorphos and is quickly reaccreted. This is not accounted in
our total ejecta mass estimate, and accounts to ~8.4 × 106kg. These
numbers are consistent with a very weak, rubble-pile Dimorphos, with
very low cohesion between its constituents4,19.

Methods
Methodology overview
A schematic overview of the methodology is reported in Supplemen-
tary Fig. 3. More details on data and functional blocks reported in the
Figure, as well as the full simulation/processing pipeline are provided
in the next paragraphs. Numerical tools used to propagate the
dynamics of the ejecta and for the analysis of images are developed
internally at Politecnico di Milano.

The dynamics of ejecta particles are simulated under the grav-
itational influence of Didymos, Dimorphos and the Sun, and the SRPs.
More details are found in the Dynamical simulations subsection.
Overall, 30 simulation sets were run, each propagating trajectories of 5
million ejecta particles, using a high-fidelity model of their dynamics
and ephemerides of the Sun and asteroids6. The range of particle radii
was selected after some preliminary simulations, to ensure it contains
ejecta involved in the formation of the features reported below. This
was needed to avoid severe computational burdens, while still con-
sidering a representative subset of ejecta that can be compared with
observations. Due to the impossibility to simulate all particles
involved, we use an imagemultiplication procedure to compensate for
this issue51. The multiplicative compensation procedure, as detailed in

Fig. 6 | Photometric error versus mass and dSFD power-law coefficient. Simu-
lations forming a the tail-related feature and b the cone-related features. We
identify a mass in the range 1–5 × 107kg with dSFD coefficient of −2.4 to produce
tail-related features, and in the range 1–5 × 106kgwith dSFDcoefficients between−3
and −2.7 to produce the cone-related features. The colorbar is restricted to max-
imum values reported in each figure. The error in the yellow region is equal or
larger than thesemaximum values. Figures refer to simulation set IDs a 19 and b02
(see Supplementary Table 1). Source data are provided as a Source Data file.

Fig. 7 | Differential SFD.Computed combining all ejecta particles involved in cone-
related and tail-related features, and its best-fit value −2.7. Data refers to simulation
set IDs 19 and02 (see SupplementaryTable 1). Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-025-56551-0

Nature Communications |         (2025) 16:1601 6

www.nature.com/naturecommunications


its dedicated subsection, weights each simulated ejecta particle as a
cluster of particles according to the total mass and the dSFD coeffi-
cient. Themultiplicative compensation procedure output is a series of
image multipliers which modifies the radiative flux of each HST pixel
according to the particle size and the ejecta total mass. Indeed, we
consider these two parameters as the ejecta characteristics to be
determinedwith aparametric analysis reportedhereafter.More details
about themultiplicative compensation procedure are reported below.

From these inputs, we performed a preliminary investigation to
identify the most suitable set of simulations in terms of ejecta dynamical
parameters (i.e., the ejecta velocity-size distribution). This investigation
has been performed by rendering images with coarse values of ejecta
total mass (i.e., 106 kg and 107 kg) and one dSFD coefficient (i.e., −2.7) and
by comparing visually the cone-related and tail-related features between
real and synthetic images. The synthetic rendered images are generated
by emulating theobservational geometryof theHST andby assuming the
photometrical ejecta characteristics from the literature51–54. More details
about the rendering procedure are reported below. We performed a
preliminary selection of simulations focusing on the timing of features
and their appearance by visual inspection. We identified that the tail- and
the cone-related features are associated with different velocity ranges.
Examples of discarded simulations are reported in Fig. 5. We use the
selected dynamical parameters to simulate a dataset of synthetic images
by varying over a finer grid of total ejecta mass and dSFD coefficients,
generating a large dataset of synthetic images to be compared against
HST real images. We perform this comparison by computing the radio-
metric flux error. The radiometric flux error is defined as the sum of the
error between the flux in each pixel of the simulated image and the HST
image over all the considered pixels. As we are interested in only some
specific region of the HST images, we perform this sum only on some
areas defined by a coarse label identifying three main regions in the HST
image: the noise mask, the cone-related mask, and the tail-related mask.
More details about each mask are provided in the following paragraphs.
The cone-related and tail-related masks are used to compute the radio-
metric flux error for the associated features in a neighbor of the HST
feature location. The noise mask is used to estimate the mean level of
image noise. This provides a threshold to the radiometric flux, and values
below this threshold do not contribute to the photometric error. We
perform this step as the rendered images are noiseless and we need to
avoid overfitting of the rendered data with HST image noise. This pro-
cedure is used to computenumerical values reported Fig. 6, which in turn
is used to select the total ejecta mass and dSFD coefficient for both the
cone-related feature and the tail-related feature.

Finally, we render a final image merging the cone-related and tail-
related velocity distributions considering its respective the total ejecta
mass and its respective dSFD coefficient. These rendered images are
theones shown in Figs. 2 and4.Weuse thesefinal images to extract the
best-fit simulation data reported in Table 1 by using a set of high-
fidelity masks. The high-fidelity masks are computed by labeling HST
images to identify detailed areas where each feature is located. More
details about these masks and the labeling are reported below.

Label generation
The main goal of this step is to generate two sets of labels: the coarse
masks and the Hi-Fi masks. In the text we will refer to image labels or
image masks as synonyms. These two image masks are used for dif-
ferent applications. The formers are exploited to compute the radio-
metric flux error, while the latter are used to compute the ejecta
morphological characteristics reported in Table 1.

To gather the image labels, the set of 16 short-exposure images
acquired by HST after the impact is used to extract the masks. The
features are identified manually on the images using the “Image
Labeler” tool by Matlab. Once identified, the annotated labels act as a
mask, that can be applied logically to the projected simulation results
to quantify physical properties associated with them.

For the coarse labeling step, threemainmasks are identified in the
HST images:
1. The noise mask is the image region where no information about

the cone-related and tail-related features is present. Therefore,
this area is used to gather the mean image error to compute the
radiometric flux error

2. The tail-related mask which contains the information linked with
the tail

3. The cone-relatedmaskwhich contains the information linkedwith
the ejecta spiraling behavior

Examples of the coarse labels are shown in Fig. 8 along with the
real HST image. Note that the cone-related and the tail-related labels
include not only the area where the associated feature are present, but
also a regionof the imagewhere this feature is not present. This isdone
to penalize simulations where the ejecta in the simulated images are
more spread aroundwith respect to the realHST images. Indeed, when
this occurs, the radiometricflux error increases avoiding converging to
a wrong solution.

For the high-fidelity labeling step, five main masks are labeled
which are associated with five main features:
1. The central blob of pixels which is the brightest area in the image.

This image region is associated with the Didymos system
2. The spiral North front which is the portion of the cone-related

features ejected fromDimorphos in the direction of Didymos (i.e.,
the North as projected in the HST image)

3. The spiral South front which is the portion of the cone-related
features ejected from Dimorphos in the direction opposite of
Didymos (i.e., the South as projected in the HST image)

4. The tail which is composed of both the primary and secondary tail
(when present)

5. The background which is defined as the image region com-
plementary to all other labels.

Figure 9 shows examples of the high-fidelity labels along with the
prelabeled HST images. These labels are used to postprocess the final
rendered image to computemorphological characteristics as the ones
reported in Table 1.

Dynamical simulations
We assume that Didymos and Dimorphos do not feel the gravitational
effects of the ejecta, although a significant quantity of bound ejecta
could subtly affect the binary orbit period38, as mentioned above.
However, this is not relevant for the dynamical evolution of DART
ejecta features. To perform dynamical simulations, we use a quasi-
inertial reference framecentered at thebinary systembarycenter. Axes
are inertially fixed, with X and Y lying on the ecliptic plane at epoch
J2000, and Z completing the orthogonal triad. The use of prefix quasi
highlights how the system should be considered inertial for char-
acteristic times shorter than the Didymos heliocentric revolution
period30. The dynamics of particles are driven by the central gravity
field of Didymos and Dimorphos, the third-body effect of the Sun, and
the SRP. Celestial bodies positions are resolved precisely, as provided
by high-order integration in NASA’s DART mission kernels6. In our
simulations, particles are assumed to be homogeneous and of sphe-
rical shape. Their mutual gravitational interactions are neglected. The
dynamical propagator was developed at Politecnico di Milano and is
coded in MatLab.

The equations of motion for a point mass (i.e., a particle) in the
proximity of Didymos system read55

€r= � μD1
r� rD1

jjr� rD1jj3
� μD2

r� rD2
jjr� rD2jj3

� μS
rS

jjrSjj3
+ ð1� βÞ r� rS

jjr� rSjj3

 !

ð1Þ
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Where μD1 = 3:490× 10�8 km3s�2 , μD2 = 3:246× 10�10 km3s�2, and
μS = 1:327× 10

11 km3s�2 (refs. 5,38) are the gravitational parameters of
Didymos, Dimorphos, and the Sun, respectively; r, rD1, rD2, and rS are
the position vectors of the particle, Didymos, Dimorphos, and the Sun

with respect to the binary system barycenter, respectively. Lastly,
the ballistic coefficient β=P0D

2
AuC

*
r= cμS

� �
where56 P0 = 1367Wm�2

is the solar flux at 1 AU; DAU = 1:495× 108km is the Sun–Earth
distance; c=2:998× 108 ms�1 is the speed of light in vacuum;

Fig. 8 | Coarse identification and labeling of features. e–h, m–p, u–x Report noise masks in light blue, cone-related masks in yellow, and tail-related masks in green.
Associated HST images are reported in (a–d, i–l, q–t). Each frame is 8640 km wide.
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C*
r =CrA=m=3Cr= 4Rρð Þ with Cr the reflectivity coefficient, A the

equivalent surface area,m the mass, R the radius, and ρ the density of
the particle, set to 3.5 g/cm3 to match the grain density of L and LL
chondrites57, which are the bestmeteoric analogs for Didymos58,59. The
equations of motion are integrated with a multistep, variable-step,

variable-order,Adams–Bashforth–Moulton, predictor-corrector solver
of orders 1st–13th60. The dynamics are propagated with relative and
absolute tolerances both set to 10�9.

We propagate several sets of initial conditions. Each set contains
Np = 10

6 particles for each of the NR = 5 size distribution ranges

Fig. 9 | High-fidelity identification and labeling of features. e–h, m–p, u–x Reports the identification of the main ejecta features: northern (blue) and southern (dark
green) arms of the spiral, tail (light green) and Didymos system (yellow). Associated HST images are reported in (a–d, i–l, q–t). Each frame is 4752 km wide.

Article https://doi.org/10.1038/s41467-025-56551-0

Nature Communications |         (2025) 16:1601 9

www.nature.com/naturecommunications


Ri, Ri + 1

� �
with Ri = 10

�6+ i meter for i=0, . . . , 4. A certain fraction of
the particles are assumed to be isotropic ejecta, while the remaining
fraction are arranged in a cone. Several isotropic/cone partition levels
have been tested. However, isotropic particles were finally removed as
their contribution was not in agreement with HST observations.

Each particle initial condition is constructed as follows:
i. sampling the particle radius R from U Ri, Ri + 1

� �
, where U a,bð Þ is

the uniform distribution bounded in a,b
� �

;
ii. assigning the DART spacecraft impact location as the initial

position r0;
iii. computing the magnitude of the initial velocity v0 = jjv0jj at the

impact epoch t0 for a particle belonging to:
a. the isotropic contribution as a random velocity sampled from

U vesc, 2vesc
� �

, wherevesc is theDidymos escape speed from the
impact point;

b. the cone as the sum of the Didymos escape speed from the
impact point vesc and a term dependent on the particle radius
vradius:

v= vesc + ϱvradius ð2Þ

where ϱ is amultiplicative coefficient sampled from the uniform
distributionU 0, 1ð Þ and vradius is sampled from the velocity-size
distribution (VSD) given by:

πv rð Þ= κr�γ ð3Þ

where κ and γ are the coefficient and exponent, respectively, of
velocity-size distribution, and r is the particle radius in meters.

iv. calculating the initial velocity direction v̂0 = v0=v0 for particles
belonging to:
a. the isotropic contribution as v̂0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

p
cosϕ,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

ph
sinϕ, z�> with z and ϕ sampled from distributionsU 0, 1ð Þ and
U 0, 2πð Þ, respectively, such that it belongs to the hemisphere
facing the ejecta release direction and having the pole aligned
with the DART spacecraft velocity at the impact epoch t0;

b. the cone as v̂0 = ½
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

p
cosϕ,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

p
sinϕ, z�> with z and ϕ

sampled from distributions U cosθ1, cosθ2

� �
and U 0, 2πð Þ,

respectively, such that it is bounded between two coaxial
cones with half-angles θ1 = 60 deg and θ2 = 70 deg, and axis
aligned with the DART spacecraft velocity at the impact
epoch t0;

v. converting the initial position r0 and velocity v0 from the frame
centered at Dimorphos to the framecentered at the binary system
barycenter.

Supplementary Table 1 summarizes the velocity scaling power
law κ, γð Þ pairs selected to sample the random contribution vrand of
the particle initial velocity, while a plot of the VSD is reported in
Supplementary Fig. 1. The maximum velocity (corresponding to
the minimum radius R= 10�6 m) of the distribution is reported
as well.

Multiplicative compensation procedure
As previously mentioned, it is not possible to simulate the number of
ejecta particles involved in the simulation, given their large number.
We exploited and extended a preexisting methodology developed to
simulate a smaller number of particles51. This implies the calculation of
somemultiplicative compensation factors that are used toweight each
simulated ejecta particle as a pack of particles according to the total
mass and the dSFD coefficient. The main steps of the used metho-
dology are expounded hereunder.

We define πNðrÞ as the ejecta dSFD between aminimum radius rm
and amaximumradius rM andnormalized in such away that its integral

is equal to 1. Its expression is:

πN rð Þ= ð1� aÞ
rð1�aÞ
M � rð1�aÞ

m

r�a ð4Þ

where r is the particle radius and a is the dSFD coefficient. Note that
the SFD is the integral of the dSFD.

LetM be the ejecta totalmass andN the total number of particles.
The total mass can be computed as:

M = ρN
Z rM

rm

V rð ÞπN rð Þdr =ρN
Z rM

rm

4
3
πr3πN rð Þdr

=ρN
4
3
π
ð4� aÞ
ð1� aÞ

rð1�aÞ
M � rð1�aÞ

m

rð4�aÞ
M � rð4�aÞ

m

ð5Þ

where V rð Þ is the particle volume as a function of r and ρ is the particle
density assumed constant. By assuming the total ejecta mass and the
dSFD coefficient, it is possible to derive the total number of particles
between rm and rM :

N =
M
ρ

3
4π

ð1� aÞ
ð4� aÞ

rð4�aÞ
M � rð4�aÞ

m

rð1�aÞ
M � rð1�aÞ

m

ð6Þ

Note that the SFD coefficient a0 is related with the dSFD coeffi-
cient a by a0 =a� 1. At this stage it is necessary to compute the mul-
tiplicative compensation factors which depends on the particle radius.
Indeed, particlesmust beweighted according to the selecteddSFDas a
single particle represent a pack of particle which are distributed
according to πNðrÞ. To ease the calculations, we divide the interval
½rm, rM � in subintervals. Let rli and rui

be the lower and upper bound of
the ith bin. The fraction of particles within the i th bin is labeled ni and
it is computed as:

ni =
Z rui

rli

πN rð Þdr =
rð1�aÞ
ui

� rð1�aÞ
li

rð1�aÞ
M � rð1�aÞ

m

ð7Þ

Let Nsimi
be the number of effective particles simulated within the

ith bin. It is straightforward to compute the multiplicative compensa-
tion factor ki each ejecta particle has so tomatch the desired fraction of
particle in that bin with a given total ejecta mass and dSFD coefficient:

ki =
N ni

Nsimi

ð8Þ

Note that this multiplicative compensation factor is constant
within the same bin, implying that particles with different radii are
weighted in the same manner. Moreover, we used the mean particle
radius within the considered bin to render ejecta particles avoid small
faint particle which are weighted as larger bright particles. To average
the behavior of the particle within the same bin, we decided to add a
second computational step to infer the multiplicative compensation
factor ki.Weuse the fractionof particleswithin the ith binni todefine a
piecewise constant function �πNðrÞ representing the dSFD defined
between rm and rM and normalized in such a way that its integral its
equal to 1. This function is constant within the bin defined by rli and rui

and it contains ni percentage of the total particle. It can be expressed
as follows:

�πN rð Þ=
Xnbins

i = 1

ni

rui
� rli

Iðrli ≤ r ≤ rui
Þ ð9Þ

where Ið�Þ is the indicator function, defined as 1 in the input interval; 0
otherwise.
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The total ejecta mass is:

M =ρ�N
π
3

Xnbins

i = 1

ni r2ui
+ r2li

� �
ðrui

+ rli Þ ð10Þ

where �N is the total number of particles associated with the distribu-
tion �πNðrÞ. Therefore, �N is computed as:

�N =
M
ρ

3
π

1Pnbins
i = 1 ni ðr2ui

+ r2li Þ ðrui
+ rli Þ

ð11Þ

The multiplicative compensation factor �ki associated with the
distribution �πNðrÞ are computed as:

�ki =
�N ni

Nsimi

ð12Þ

These are the multiplicative compensation factors we use to
weight each particle in the simulations according to the bin where it
belongs to.

Synthetic image generation
To perform synthetic image generation, we simulate the HST with a
pinhole camera model61 with focal length of 57.6m, an iFoV (instan-
taneous Field of View) of 0.194μrad in both directions and resolution
of 2001 pixels in bothdirections51. Thefirst stepwe apply is to compute
which particles fall within the HST field of view to reduce the calcula-
tion in projecting them in the image plane. Then we project all the
filtered particle on the imageplane to identifywhich pixel is associated
with the considered particle. Per each particle we compute the ejecta
particle visual magnitude at HST observational geometry mparticle:

mparticle =m1, 0 + 5 log10 dP,C dP, S

� �
+GðαÞ ð13Þ

where m1, 0 is the particle magnitude at 1 AU from Sun and observer
with zero phase angle,dP,C is the distancebetween the particle and the
camera in AU, dP, S is the distance between the particle and the Sun in
AU, and GðαÞ is a phase function correcting for phase angle α. We use
the following phase function52:

G αð Þ=0:013α ð14Þ

where α is expressed in degree. Moreover, we compute themagnitude
of the particle at 1 AU with zero phase angle as51,53:

m1, 0 = 5 log10
1329

2 10�6 rparticle
ffiffiffi
a

p
 !

ð15Þ

where rparticle is the particle radius expressed in mm and a is the par-
ticle albedo assumed 0.15. Note thatwe divide the considered range of
particle radius in several bins to ease the computation of the multi-
plicative compensation factor �ki. As all particles are weighted equally
in the same bin, we use the mean particle radius of the bin to avoid
giving more importance to larger particle in the same bin.

We compute the radiometric flux E by using Vega reference
parameters:

Eparticle = EVega10
ðmVega�mparticle

2:5 Þ ð16Þ

where mVega = 0.03 is the Vega magnitude, EVega = 3.631 × 10−8 W/
(m2 nm) is Vega reference irradiance in the visible. At this stagewe sum
all radiometric flux contributions in the same pixel coming from the
particles in the same bin and we multiply these values for the multi-
plicative compensation factor �ki. Moreover, we sum up all the con-
tributions coming from different bins to obtain the image for all the

simulated ejecta. Finally, to consider the HST WFC3 F350LP filter and
obtain images in the same units of HST data, we perform the following
calculations:

Ifinal =
I

iFoV2

EFilter

EVega
ð17Þ

where I is the rendered image, Ifinal is thefinal image coherentwithHST
data, and EFilter = 2.7554 × 10−8 W/(m2 nm) is the F350LP filter
zero point.

Data availability
Source data are provided with this paper. All raw HST data associated
with this Article are archived and are publicly available at the Mikulski
Archive for Space Telescopes (https://mast.stsci.edu/search/ui/#/hst/
results?proposal_id=16674) hosted by the Space Telescope Science
Institute. The numerical simulation data, synthetic images, masks, and
labels generated in this study have been deposited in the Zenodo
database and are publicly available at https://doi.org/10.5281/zenodo.
14630436. Source data are provided with this paper.

Code availability
The codeused toperformthe analysis reported in thiswork is available
from the corresponding author upon request.
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