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Abstract

We present deep Hubble Space Telescope images taken to examine the ejecta from the DART spacecraft impact

into asteroid Dimorphos. The images reveal an extensive population of comoving boulders, the largest of which is
7 m in diametefgeometric albedo 0.15 assuhddeasurements of 37 boulders show a mean sky-plane velocity

dispersion of 0.3& 0.03m S, only slightly larger than the 0.24 n?sgravitational escape velocity from the

Didymos-Dimorphos binary system. The total boulder mass, 5x 10°kg (density 2200 kg m® assume}

corresponds to about 0.1% of the mass of Dimorphos, and the boulders collectively carry>at6uf 8f the

kinetic energy delivered by the DART spacecraft impact. The sky-plane distribution of the boulders is asymmetric,

consistent with impact into an inhomogeneous, likely rubble-pile, body. Surface boulder counts on Didymos show

that the observed boulder swarm could be ejected from as little as 2% of the surface of Diifiorgxasnple, a

circular crater at the impact point about 50 m in dian)etére large, slow-moving boulders are potential targets to

be investigated in situ by the upcoming ESA HERA mission.

Uni ed Astronomy Thesaurus conceptsteroidy(72); Impact phenomen@79; Near-Earth objectd 092; Solar
system astronomgl1529

1. Introduction 2. Observations

Near-Earth asteroid 65803 Didymos and its diminutive We used the 2.4 m diameter HST to observe the Dimorphos
companion Dimorphos form a compact binary system the basiadebris trail allocated under programs GO 17@88rbity, GO
parameters of which are known from radar observafidaiiu 17293(16 orbitg, and GO 1729715 orbity. All images were
et al. 2020 and from a series of mutual occultation events taken using the WFC3 camera, which houses two 204696
(Pravec et al2022). The two components are about 800 and Pixel charge coupled devicéSCDg separated by a’2 wide
160 m in diameter, respectively, and separated by orly gap. To reduce the readout time, we utilized only one of the
km, with an orbit period of 11.9 hr. Didymos rotates rapidly WO C.CDésl’. providing an 80« 160  eld of view at
with a periodP = 2.26 hr, while the smaller body is presumed 004 pixel’”image scale. We used the F350 LIRer in order
to be in synchronous rotation with the orbit. The density of to maximize the throughput. Thidter has an effective central

: o = 3 ; ) wavelength .= 6230 Awhen observing a Sun-liké52V)
Didymos is = 2200+ 400kg 7 (Naidu et al.2020; the source, and a full width at half maximum = 4758 A.

density of Dimorphos is presumed to be the same. T_aken Images from HST suffer from large numbers of cosmic rays,

together, the known physical properties suggest that DImor-,o el a5 from eld contamination by background stars and

phos formed by the accumulation of debris released fromgalaxies that are rapidly swept through thedd of view by

Didymos as a result of past rotational instability. Other parallax, which reached peak rate220 hrst (1.5 pixel §1)

parameters of the DidymeSimorphos system are conveni- qyring the observations. Field stars and galaxies were trailed by

ently tabulated by Rivkin et a(202]). up to 11 (300 pixel3 in each image. The images were dithered
Dimorphos was impacted by the NASA DART spacecraft on in order to provide protection from defective CCD pixels, and

UT 2022 September 26, resulting in the ejection of debris andwe made no attempt to control the spacecraft orientation angle

the formation of a long, comet-like tail swept in the antisolar so that the direction to astronomical north relative to the edge

direction by solar radiation pressyf@raykowski et al2023 of the CCD is variable. As a result, the position and orientation

Li et al. 2023. The impact is scienttally interesting both as a  of the Dimorphos trail on the CCD array both change from

way to study the mechanical response of a rubble pile to animage to image. The geometrical circumstances of observation

energetic collision and as a well-characterized analog of certairare given in Tabld.

active asteroids in which mass loss has been shown to result

from impact(Jewitt et al.201Q Kim et al. 2017. Here, we 3. Results

present deep post-impact observations of DidyRosorphos 3.1. Images

with the Hubble Space TelescotST) revealing a previously

undetected population of large boulders and discuss their nature We st rejected images in which the target was lost or
and origin. trailed owing to guide star problems with the HST. We then

shifted the images to a common center and rotated them to
Original content from this work may be used under the terms bring north to. the top. B.Oth. the cosmic rays and trailed
of the Creative Commons Attribution 4.0 licendeny further _baCkground O_bJeCt ConFammatlon were su_ppressed by comput-
distribution of this work must maintain attribution to the au§and the title ing the medians of image subsets. Figureshows the
of the work, journal citation and DOI. December 19 image composite constructed from all 24 images.
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UT 2022 December 19

UT 2022 December 19

Figure 1. Upper: widefield composite image of the Dimorphos trail. The diagonal line to the right marks the edge of theeld@D view. Lower: same with
individual comoving sources circled and numbered. Scale bars show a@9@0 km. Image has north to the top, east to the left.

Table 1

Observing Geometry
UT Date and Time DOY P e AY a® 0 of 0,0 s Scalé vV B
2022 Sep 26 23:1dmpac) 270 3324 1.046 0.076 53.2 297.9 228.1 47.6 2.2 3.85
2022 Dec 19 15:020:25 353 60.3 1.178 0.219 254 271.4 282.8 3.9 6.4 1.98
2023 Feb 4 13:3¢Feb 5 18:38 400401 93.3 1.433 0.496 21.0 110.1 274.2 6.1 14.4 +0.10
2023 Apr 10 10:52Apr 11 22:12 466467 123.0 1.771 1.282 33.7 104.2 280.6 21 37.1 +2.93
Notes.

2 Day of year; 1= UT 2022 January 1.

b True anomaly, in degrees.

¢ Heliocentric distance, in astronomical units.

9 Geocentric distance, in astronomical units.

¢ Phase angle, in degrees.

f position angle of projected antisolar direction, in degrees.

9 position angle of negative heliocentric velocity vector, in degrees.

hAngIe from orbital plane, in degrees.

" Image scale, kilometers per pixel.

I Difference between apparent and absolute magnitudes, from Equafionmagnitude.



THE ASTROPHYSICAL JOURNAL LETTERS, 952:L12(10pp, 2023 July 20 Jewitt et al.

Table 2 maintained positionfixed with respect to Dimorphos even as
Boulder Positions on UT 2022 December 19 the pointing and orientation of the WFGeld change. Once
NG AR AD NG NG I noticed in image composites, the brighter objects are evident
even in individual images from the 24 image sequence on
L 15.6 6.1 16.7 111.3 December 19. Moreover, their point-spread functighSF$
2 15.3 4.0 15.8 104.8 - X )
3 10.4 14 105 97.9 are consistent with the.O. 08 PSF of WFC3. ansequently,
4 91 43 101 1153  We interpret the comoving sources as a population of boulders
5 8.6 11 8.7 82.8 ejected from DidymoedDimorphos by the spacecraft impact.
6 7.2 13.8 15.5 1525 Thirty-seven boulders are circled and numbered in the lower
7 5.1 31 6.0 58.6 panel of Figurel. The sky-plane positions of the boulders are
8 4.3 8.1 9.2 152.0 given in Table2. The objects affected by scattered lighfield
9™ 3.0 1.0 32 109.1 objects are marke@) in the table and excluded from analysis
10 2.3 5.3 5.8 23.7  here. The fainter comoving objects arefidiflt to see at the
E ) 11'82 471.2 jg 182'3 scale of Figurd; a magnfied portion of this image is shown in
13 26 73 77 199.4 Figure 2 where, in addition, the image has been spatially
14 34 34 48 3147 filtered to suppress diffuse light. Tﬁheerlng Was_done by self- .
15 5.8 3.6 6.8 3014  Subtracting an image convolved with a Gaussian kernel having
16 6.3 3.8 7.3 238.8 a full width at half maximum 9.4 pixelg0”38). The
17 6.6 11.2 13.0 210.8 suppression of the debris trail reveals objects embedded in
18 6.9 3.0 7.6 293.7 and near the diffuse trail, labeled T1 through T5 in Figlre
19 9.6 17.7 20.1 2084  while the reality of fainter objects in the trail is under
20 10.6 4.3 11.4 2478 investigation. These more fidult to measure trail objects are
;g 8 EZ % E; gjg not further studied here. o _
3 119 04 152 3083 _The bould_ers_, are broad!y dlstnbu_ted around Didymos
o4 12.0 16 128 201.2 Dlmorphps, similar to tho_se in natural impact remnayrﬂ(RO
25 122 3.6 12.7 2866 A2 (Jewitt et al.201Q0 Kim et al. 20179 and unlike those
26 (%) 12.4 11 125 275.0 narrowly aligned in the rotationally unstable active asteroid
27 12.6 5.0 13.6 248.4 331P/Gibbs (Jewitt et al.2021, Hui & Jewitt 2022. The
28 13.6 7.6 15.5 240.9 angular distribution of the boulders relative to Didymos
29 14.9 3.2 15.2 257.7 Dimorphos is clearly anisotropic. Figuseshows a histogram
30 15.6 58 16.6 249.7  of the position angles of the boulders relative to the Didymos
81 15.9 51 16.7 2878 Dimorphos binary, where a broad peak along position angle
32 168 195 258 220.8 27C is evident. Some 70% of the boulders are located to the
33 18.3 3.0 18.6 260.6 :
34 18.4 0.6 185 o700  West of D|mprphos, and 80% are located south of the
35 27.8 5.2 28.2 2594  Projected orbit. o
36 (%) 302 4.2 305 278.0 By comparison, the composite image from UT 2023
37 37.6 5.0 38.0 262.4 February 4 shows only the brightest boulders owing to the
less favorable viewing geometry. The 2023 February compo-
Notes. site is compared with that from 2022 December in Figure
# Boulder numbesee Figurd). Objects for which the position or photometry ~ where both images have been rotated to bring the trail direction
are affected byield objects or scattered light are marked to the horizontal, and the image from 2023 February has been

b R.A. offset from photocenter, arcsecqpositive= eas}.
° Decl. offset from photocenter, arcsecapdsitive= north.
d Angular distance from photocenter, arcsecond.

¢ Position angle relative to photocenter, degree.

scaled by the ratio of the geocentric distances, taken from
Tablel. The 1000 km scale bar in the lower panel applies to
both images. The three brightest are circled together and
tentatively linked to their likely counterparts in the 2022

D b l.
The multiple spikes on thésaturatey image of Didymos ecember pane

Dimorphos are the telescope diffraction spikes and CCD charge
transfer trails of individual images rotated to bring fileéd of

view into alignment. The most prominent feature of the image
is the debris trai(see Graykowski et aR023 Li et al. 2023, The following analysis is based mainly on the data from UT
which extends between the projected antisolar and projecte®022 December 19. The photometry of the brightest boulders is
orbit directions, and which is caused by the action of solar summarized in Tabl®@. We used circular apertures 5 pixels
radiation pressure on centimeter particles. The 2022 Decembg0”2) in radius with background subtraction from the median
19 composite also shows a set of point sources comoving withsignal in a contiguous annulus having outer radius 15 pixels
Dimorphos. The point sources cannot be CCD defects becausé”6). Substantially larger apertures give larger uncertainties
they share the motion of Didymdsimorphos in images that due to the sky background, while smaller apertures are
are dithered and also rotated by different angles. To test theunsatisfactory as they exclude a sfgaint fraction of the light
possibility that the comoving objects might be residual noise in wings of the PSF, which has a full width at half maximum
clumps in the sky background, we divided the 24 images into 2 pixels. The table shows that the brightest boulders have
two groups of 12 and from them computed separate imageapparent magnituddé 26.5 in the 2022 December data.
composites. When compared, different subsets of the data The difference between the absolute magnitudes, H, and the
consistently revealed the comoving objects, all of which apparent magnitudesy, is a function of the observing

3.2. Photometry

3
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UT 2022 December 19

Figure 2. Upper: magrfied and nucleus-centered view of Figlighown spatiallyiltered to suppress diffuse emission, and revealing comoving sources embedded in
the dust trail. The dashed box has dimensions>4D000 km. Lower: the portion of the upper image within the dashed box shownfradgmith objects in the trail
labeled. Scale bars are given in the upper right of each panel. Images have north to the top, east to the left.

L e o L B s s s s s s sy | averaged phase function of S-type asteroids from Shevchenko
i - | et al. (2019 and list the resulting values &f H for each
epoch of observation in Table The table shows that, relative
8 - — to the data from 2022 December 19, the expected fading of
point sources is 2.08 mag by 2023 February 4, rising to 4.91
= | ] i mag by 2023 April 10. This progressive geometric fading was
S 6 - — too strong to be countered by increasing the number of orbits
& used on each date, and this accounts for the decrease in the
8 T number of detected boulders with time from the impact. The
E4L - April 10 data(Tablel), in particular, were obtained later than
“ planned as a result of practical fiifilties with HST
i 1 scheduling. They suffer so strongly from the rapidly rising
. _ geocentric distance that no boulders are reliably detected, and
we do not show these data here.
" /—'7 —}> 1 The effective diameters of the boulders are related to their
P T T T A Y absolute magnitudes by
0 60 120 180 240 300 360
iti 6
| | Position Angil.e [degree] Dy = 1.33 x 10 10-02H o)
Figure 3. Histogram of boulder position angles on UT 2022 December 19 p‘}/z
measured with respect to Didym@morphos showing that the distribution is
anisotropic.

where p,=0.15 is the adopted albedo of the Didymos
Dimorphos systentNaidu et al.2020, which we assume to be
the same as the albedo of the boulders. Hayés the diameter
V-H=25 loglo(rI?IAz) + (). ) of a circle having the same cross section as a given boulder,

Wherer, andA are the heliocentric and geocentric distances régardless of its shape. The uncertainties on the derived
in astronomical units, respecti\/e|y7 ama) is a correction diameters of the brlghtest boulders are systematlc, and depend
from observation phase angleto oo = 0°. The phase function  on the assumed albedo and the phase function correction. For
of the DidymosDimorphos binary is not known. We used the example, an error in the phase function correctioft®? mag

geometry(Tablel) and given by

4
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Figure 4. Comparison of composite images from UT 2022 December 19 and 2023 February 4. The images have been rotated to bring the dust trail into horizont
alignment, scaled for the different geocentric distat@es Tablel), and the displays are heavily stretched to show faint structures, causing bright pixels to appear
clipped. The three brightest boulders are circled in both panels, while others are not marked for clarity. A 1000 km scale bar is shown.

Table 3 14 LIS S [ v L I N L O I O B

Photometry of the Brightest Boulders L T _
Number V HP D,* P AVe a/b’ 12 B .
31 26.41 28.39 7.2 0.83 1.0 25 F -
7 2655 2853 68 L 0 1 _0E s B
11 26.69 28.67 6.3 L 0 1 M L c ]
29 26.99 28.97 5.5 L 0.4 1.4 5 8 —
27 27.06 29.04 5.3 L 0.3 1.3 g B 1 ]
2 27.06 29.04 54 T 6 [ 7
19 27.19 29.17 5.0 Z: C ]
3 27.30 29.27 4.8 - -
1 2730 2928 48 all 7]
37 27.32 29.30 4.7 C ]
33 27.37 29.35 4.6 2 — —
32 27.38 29.36 4.6 L % d
6 27.42 29.40 4.5 0 Lol b b v b b v i 0
4 27.55 29.53 4.3 ) N 3 4 5 6 7 3
23 27.59 29.57 4.2 .

Diameter [m]

Notes. Figure 5. The diameter distribution measured from the 36 boulders in Figure

showing roll-over atD, <4 m (shaded background A least-squares
differential power-lawfit to the 15 boulders wittD, > 4 m is shown as a
solid line; slopeg = 3.9+ 1.5.

& Average apparerit magnitude in data from UT 2022 December 19.
Average absolute magnitude.

€ Effective diameter, in meters, from Equati@

d Lightcurve period, hour.

- Lightcurve range, magnitudes. Smaller boulders are undercounted because their average
Inferred axis ratio in the sky plane/s = 10>“*". magnitudes are too faint to be distinguished against the

background noise in the data. Wiged a power law to the

would lead tat10% errors in the photometrically derived 15 boulders withD, > 4 m, weighted according to Poisson

diameters of boulders, which is unimportant for our presentstatisticsfinding a differential size index= 3.9+1.5. The

purposes. relatively large uncertainty ol results from the modest
The binned distribution of boulder diameters is shown in number of boulders and the limited size range of measurable
Figure5 where a roll-over in the count occurs By, <4 m. boulders, 4m< D, 7m. Models of the dust trail give
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We seek to interpret the boulder speeds. First, we note thaDimorphos and about fOtimes the mass of the DART
the Hill sphere of the Didyme®imorphos system at the impactor. The ejected mass is comparable to models of impact
perihelion distance is 130 km in diameter, corresponding to into a dense-packdikld of 7 m sized boulder@anel(c) from
about 8 (20 HST pixel$ in the 2022 December data. Raducan et al2022 and of the same order as the nominal
Therefore, the detected boulders all lie outside the Hill spherel.5 x 10° kg mass loss predicted by Fahnestock g2ai22. A
and can be assumed to follow heliocentric orbits. slightly larger mass, 0.3908.5% of the mass of Didymos, was

The acceleration due to radiation pressure acting on anferred from the diffuse materigGraykowski et al.2023
perfectly absorbing spherical object of diamé&gi{m] can be while a wider range, 0.294.2%, was determined from
estimated from submillimeter wavelength observatioRoth et al. 2023.

Since the boulders are traveling very slowly, they carry only a
3) small fraction( 10%) of the recoil-dominated momentum

delivered to Dimorphos by the impact, and their contribution to

the ddlection of Dimorphos awaits consideration of the

where Le =4 x 10?® W is the luminosity of the Sun, (currently unknown angular distribution of the boulder

c=3x 10 m s Lis the speed of light is the densitywe  €jection velocities. _ _
assume 2200kg i), and r is the heliocentric distance in The total kinetic energy of boulders having a combined
meters. Substituting, we obtain=3x 10 ° m s ?, for a mass M, =5 10°kg, and launched at the mean speed

_ 1 _
D, =1 meter boulder at 1 au. Inr=83 days, the motion U=038ms? is £, =3.6x 10° J. The mass500 kg and

speed(6.6 km s 1) of the DART spacecraft give an impact
induced by radiation pressure on a 1 m boulder would be Onlyeﬂerg)(/ED _ le)lolo J. The ratitfs :Eb/EDg: 3% 10

aAr?/2 80 km, falling to 11 km for aD,=7m boulder.  shows that very little energy was converted into motion of the
These distances, corresponding & @nd 07, respectively,  poulders.

are within the saturated image core of Figlirand are very

small compared to the 10* km boulder separations in the

figure. Therefore, the motions of the boulders between ejection 4. Discussion

and the December data can be treated as unaffected by radiation
pressure. In this cas&\V = 0.30+0.02 m s’ gives a true

P ; ; Dimorphos is an ellipsoidal body with estimated axes 177
tmhga[;:rnee(gft:;]i z;\li)e/rage boulder ejection speed projected |nt(>)< 174 x160m (Daly et al. 2023 and total surface area

. i lyA =7.6x 10* m? or about 0.08 km One
Boulders must be launched faster thah09 m s * in order apprpxmate y . r .
to escape from Dimorphos but faster thaf.24m s, the hemisphere of Dimorphos was imaged in full from the

escape speed from the DidymBsmorphos pair, in order to approaching DART spacecraft, but only a portion of the

C . surface in the vicinity of the impact point was imaged at high
escape the system into interplanetary space. DART ejecta wit : . ; : X
launch speeddV < 0.09 m s  should fall back to the surface FFesolutlon. We used the penultimate image obtained using the

of Dimorphos on a timescale of hours. Ejecta with speedsDRACO camerdf-letcher et al2022 on the DART spacecraft
0.09<AV<024m s should be trapoed in temporary orbit (Figure 7) to study the boulders on the pre-impact surface of
AN rapp porary .. Dimorphos. This image, recorded from a range of 12 km,

about the system barycenter, leading eventually to impact with h bould : i di . . |
one or other component of the binary or to acceleration Viasoowgoa ou er-strev(\j/n I’egl(’;_f;/Wltf h|mens||onsfapprOX|matfy
scattering in near-miss encounters producing delayed escapg. x 30m, corresponding 1o 1% of the total surface area o
(timescales from the half-day crossing time to morftosn the imorphos. The meter-sized and larger boulders are well-
system resolved in shape and texture, while features smaller than

. 0.1 m can be discerned. The outlines of many submeter rocks
The average boulder speeds are comparable to the Didymos, "¢ \qised by the complexity of the scene, being partially
Dimorphos system escape spe€gp =0.24m s -, showing

. . hidden by shadows and obscured by overlapping boulders.
that the boulders are among the slowest of the ejected bodie . S A .
that were able to escape the system. Stricly,is a measure ﬁ/loreover, in practice, it is ditult to distinguish the outline of

of the excess speed after a boulder has climbed out of thé’ small boulder from a Sun-catching, topographically high

. I fegion on the surface of a larger boulder. However, these
potential well of the asteroid binary. The launch spééds . e
related toAV by U — (AV2 + V25)!72. By this relation, the problems are less important for meter-sized and larger boulders

measured average spedd —030m st corresponds to a to which, for these reasons, we @oe our analysis. The
mean launch spgeld:po 38; s.l while ;5% of trlloe detected impact location of the DART spacecraft according to Daly

. 1 o et al. (2023 is marked in Figur& by a yellow circle.
E&Lﬂgﬁg \\,/vvﬁrh?] Iil%n;:?erg valltU <0.26m s7, and 5% were We projected Figuré on a screen and measured the longest,

2a, and shortest, & dimensions of each clearly discerned
boulder, scaled to the 30m width of thHeeld of view.
Represented as an ellipse, the boulder cross section is simply
The sum of the spherical-equivalent volumes of the bouldersmab. We ddine the effective boulder diametdp,, as the
listed in Table3is 1206 n¥, given density = 2200 kg m 3, diameter of a circle having the same area as the boulder,
and their combined mass is X6L0° kg. Assuming a 7rDb2/4 = mab, orD,,:Z(ab)l/z. By this measure, the largest
differential power-law distribution of boulder sizes like that boulder, Atabaque, which is centrally located in Figuréas
found on the surface of Dimorphos, boulders in thé # size D, 5m and so is comparable in scale to the larger objects
range of Table3 contain about 50% of the mass in the entire detected in HST data.
distribution, giving a total ejected mass estimate of We used the boulder counting data to measure the size
5.2x 10°kg. This is about 0.1% of the 410°kg mass of distribution on the surface of Didymos. Figueshows the

6L
a=—>—,
16mpcriDy

4.1. Boulders on the Surface of Dimorphos

3.5. Mass and Energy
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Figure 7. The penultimate image recorded from the DART impactor, showing boulderseild 80 m wide. The yellow circle marks the nominal DART impact
location(Daly et al.2023 next to the large boulder Atabaque. Image courtesy NASAns Hopkins APL.

numbers of boulders counted within bins 0.2 m wide. As noted At first sight, the boulder size distribution is surprisintdy.
above, small boulders could not be reliably measured due tdHowever, we note that the index derived for Dimorphos is
overlap between boulders, shadowing effects, and imagesimilar to that measured locally for meter scale boulders on
resolution. These effects are responsible for the roll-over insubkilometer rubble pile objects Ryugu and Be®&aohroder
Figure8 atD, < 1 m. Wefitted a differential power law only to et al. 2021). Figure9 shows that the power-law distribution
boulders withD, > 1 m by weighted least-squares, assuming becomes steeper as the boulder size increases. The physical
Poisson statisticg.e., the uncertainty in the count within each reason for the systematic trend toward steeper power laws on
bin is equal to the square root of the number of boulders in thelarger objects is unclear. We note that the larger boulders with
bin). The resulting besfit for the differential power-law the steeper distribution in ttfgure are found on the surfaces
distribution, scaled to the full 0.08 Kmsurface area of Of larger, higher escape velocity bodies like Vesta, Ceres, and

Dimorphos, gives the Moon. This _might suggest that. thatter distributions on
small rubble pile objects including Ryuga, Bennu, and
N(DypdDy = (14 + 1) x 103D, 285044, ) Dimorphos are the result of the selective escape of smaller,

faster impact-produced fragments, whereas escape from Vesta-
By this relation, the number of boulders on the surface with 2Nd Ceres-sized asteroids is negligible. As noted in Seftion
; : the size distribution of the ejected boulders detected in HST
> >4) =
D, > 4m is N(D, > 4) =660, compared with 15 boulders of . " "o hed by~ 3.94 1.5, which is within % of the

this diameter or larger detected from H@F listed in Tabl8). index in Equatior(d)

The HST-detected boulders thus constitute a fragtioB% of
the number present on the whole surface of Dimorphos. This is o )

consistent with the ejection of all the boulders from an area 4.2. Ejection Mechanisms

Af 1800 nf of the surface, equal to a circular patch around  We brigly consider two distinct origins for the boulders
the impact site with a diamete4z/m)"?> 50m, or with  assuming that they were released in response to the DART
partial ejection from a larger area. For comparison, the DARTimpact. First, the boulders could be directly ejected from the
Impact Modeling and Simulation Working Group tentatively impact site as part of the crater-forming process. Second, the
estimate a minimum crater diameter-@0m (Stickle et al. boulders could be preexisting objects launched from the surface
2023. of Dimorphos by seismic shaking. We note that these two
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Figure 8. Number of boulders per 0.2 m wide bin measured from the image in Figlitee solid black line shows a weighted least-squigtrés a power law, with
differential indexg = 2.8+ 0.4. Points shown in yellowdiameters<1 m) suffer from undercounting and were not used infthelhe inset shows the diameter
distribution inferred from the 15 ejected boulders viih> 4 m listed in Table3. The dashed orange curve shows the begt= 3.9+ 1.5 power law, and, for
comparison, the solid black line shows= 2.8 power law deduced from the Didymos surface boulders.

L I e e e e LA e e e e T the time since ejection. When viewed”®@m the axis and
spacecraft directionlas at the time of impact in 2022
September the edges of the cone appear as tiwings’
separated by a large angéeg., pane{c) of Figure 3 in Li et al.
2023 where this angle is reported to be 12510°). (We note
that the empirical cone axis differed from the impact direction
by 21°, as mentioned in Cheng et aD23 but this difference
does not materially affect the discussion hevéewed along
the axis of the cone, the ring would appear as a circular annulus
while, for any other viewing direction, it would appear as an
ellipse. We simulated this ejection cone geometry for the
known impact trajectory of DART and for the observational
circumstances on 2022 December 19, when the line of sight
was inclined to the impact direction by°11As expected, the
assumption of a uniformlhyfilled ejection cone produces a
symmetric distribution of boulders in the plane of the sky,
inconsistent with the empirical distribution shown in Fig8ire
To match the observed nonuniform distribution of boulder
Figure 9. Differential power-law indices measured from boulders over a wide POSition angles requires an ejection cone in which the number
range of sizes on different bodies. The red diamond shows the surface valuglensity of boulders varies with the azimuth angle around the
given in Equation4). Adapted from Schroderet &a2021). cone, with more ejected to the south and west than to the north
and east. Impact into an inhomogeneous target surface, for
processes are not mutually exclusive, with boulders beingexample, one dotted with boulders larger than the DART
ejected both in the impact cone and more broadly by seismicdmpactor (see Figure7), should produce asymmetries in the
shaking. A third possibility has been suggested, namely, thatejecta conéOrmo et al.2022, as might the curvature of the
mass loss from the parent body, Didymos, could be triggeredsurface of Dimorphos. Future measurements of the boulders
by the impact of ejecta from the DART impact on Dimorphos might allow a better determination of the distribution of
(Hirabayashi et al2022. We do not consider this possibility ejection velocity vectors.
here because we do not know how to make a connection to Seismic shaking. A second possibility is that internally
observable quantities. propagated impact shocksfleet from and accelerate the
Cratering. Hypervelocity impacts eject material in a hollow surface of the asteroid, launching some boulders above the
cone coffiguration, with the axis of the cone roughly escape spegdancredi et al2023. In this case, the directions
antiparallel to the impact direction. Particles ejected in such aof boulder launch would be more widely distributed than those
cone at a given speedfitee a ring, expanding in proportion to  of the impact cone. Although we cannot observationally
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