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An artificial impact on the asteroid (162173) Ryugu formed a

come   L'archive ouverte pluridisciplinaire

Abstract: The Hayabusa2 spacecraft investigated the small asteroid Ryugu, which has a rubble pile structure. We describe an impact experiment on Ryugu using Hayabusa2's Small Carry-on Impactor (SCI). The impact produced an artificial crater with a diameter >10 meters, which has a semicircular shape, an elevated rim and a central pit. Images of the impact and resulting ejecta were recorded by the Deployable CAMera 3 (DCAM3) for >8 minutes, showing the growth of an ejecta curtain and deposition of ejecta onto the surface. The ejecta curtain, outer edge of ejecta, was asymmetric, heterogeneous, and never fully detached from the surface. The artificial crater was formed in the gravity-dominated regime: the gravity limited the crater growth; we discuss the implication of this observation for Ryugu's surface age.

Main Text: The Hayabusa2 spacecraft reached the near-Earth asteroid (162173) Ryugu in June 2018, showing that this small asteroid is covered with boulders with sizes up to ~160 m [START_REF] Sugita | The geomorphology, color, and thermal properties of Ryugu: Implications for parent-body processes[END_REF][START_REF] Watanabe | Hayabusa2 arrives at the carbonaceous asteroid 162173 Ryugu-A spinning top-shaped rubble pile[END_REF]. The surface is covered with a regolith layer composed of boulders and granules under microgravity conditions (gravitational acceleration about 1×10 -4 m s -2 ), which was expected to have strength originating from cohesion forces between regolith grains, with the maximum theoretical strength of the surface layer predicted to be 1 kPa [START_REF] Wada | Asteroid Ryugu before the Hayabusa2 encounter[END_REF]. Impact craters formed under those conditions should be limited in size by this surface strength, which reduces the expected crater diameter compared to a strengthless surface [START_REF] Holsapple | Asteroid impacts: Laboratory experiments and scaling laws[END_REF]. Crater sizes produced by hypervelocity impacts on small bodies can be predicted using a variety of crater scaling laws. The number and sizes of craters on asteroids (including Ryugu) can be used to date their surfaces, but different crater scaling laws give ages that differ by more than an order of magnitude (1).

Hayabusa2 spacecraft was equipped with a Small Carry-on Impactor (SCI) designed to launch a 2kg copper projectile at a velocity of 2 km s -1 to form an artificial impact crater (referred to hereafter as the SCI crater) on the surface of Ryugu. The SCI crater was intended to expose the asteroid subsurface for remote sensing and sample collection [START_REF] Arakawa | Scientific objectives of Small Carry-on Impactor (SCI) and Deployable Camera 3 Digital (DCAM3-D): observation of an ejecta curtain and a crater formed on the surface of Ryugu by an artificial high-velocity impact[END_REF][START_REF] Tachibana | Hayabusa2: Scientific importance of samples returned from C-type near-Earth asteroid (162173) 1999 JU3[END_REF]. The Deep Impact spacecraft performed an impact experiment on a small body and formed an artificial impact crater on the nucleus of the comet 9P/Tempel 1 (7)[START_REF] Schultz | Expectations for crater size and photometric evolution from the Deep Impact collision[END_REF][START_REF] A'hearn | Deep impact: excavating comet Tempel 1[END_REF]. The SCI impact can be used to test crater scaling laws, for the crater size and ejecta velocity distribution, which were constructed by laboratory experiments [START_REF] Matsue | Measurements of seismic waves induced by high-velocity impacts: Implications for seismic shaking surrounding impact craters on asteroids[END_REF][START_REF] Tatsumi | Cratering efficiency on coarse-grain targets: Implications for the dynamical evolution of asteroid 25143 Itokawa[END_REF][START_REF] Cintala | Ejection-velocity distributions from impacts into coarsegrained sand[END_REF], and be compared with numerical simulations of the impact cratering processes in a microgravity environment [START_REF] Jutzi | Modeling asteroid collisions and impact processes[END_REF].

The SCI impact operation was carried out on 5 April 2019 (14). The impact and evolution of impact ejecta were simultaneously observed by Hayabusa2's Deployable CAMera 3 (DCAM3) (14). About 3 weeks after the SCI impact, Hayabusa2 searched for evidence of the impact crater using its Optical Navigation Camera-Telescopic (ONC-T) from an altitude of 1.7 km with a resolution of ~18 cm/pixel. The fresh crater was identified at latitude 7.9° N and longitude 301.3° E (Figure 1A-B), ~20 m from the aiming point (which was latitude 6.00° N, longitude 303.00° E). This location is in a northern part of Ryugu's equatorial ridge (2). The impact angle was estimated to be ~60° from the local horizontal surface (14).

Comparison of ONC-T images taken from the same altitude before and after the impact (Fig. 1A-B) shows the formation of an artificial impact crater. A dozen boulders with sizes of at least tens of cm were driven away from the surface, and a large block with a size of 5 m (which we refer to as the Mobile Block, MB) was excavated and moved ~3 m northwest and >1 m above the initial surface by the impact. Before the impact, MB was adjacent to another large block (Stable Block, SB) (Fig. 1A), but SB was hardly moved by the SCI impact. SB might be part of a larger block buried below the crater floor. We speculate that SB and its subsurface extension halted the crater growth toward the southeast. Alternatively, SCI may have impacted closer to MB than SB, allowing the higher pressure to move MB but not SB.

To investigate the crater morphology profile, we generated a Digital Elevation Map (DEM) (Fig. 2A) from ONC-T images (14). This shows an elevated rim with a height of ~40 cm surrounding the SCI crater (Fig. 2B). The elevated rim could be composed of ejecta deposits and/or structural uplifts. We used the DEM to produce an ortho-corrected (a geometrically accurate) image on which we traced the top of the rim to determine the crater shape (Fig. 1C).

The SCI crater is semi-circular with a rim to rim diameter 𝐷 rim of 17.6 ± 0.7 m. This shape is not due to the oblique impact but the effect of a large block (possibly SB) southeast of the impact point (Fig. 1B) (14). Impact craters are usually symmetrical at this impact angle, so we assume that the SCI impact point is the center of the semicircular crater rim. A crater's apparent diameter 𝐷 is conventionally measured at an initial surface elevation. Using the DEM, we determine the SCI crater to have D = 14.5 ± 0.8 m (Fig. 2A).

There is a small pit close to the impact point on the crater floor. The pit entrance is at a depth of 1.7 m from the initial surface (Fig. 2B); the diameter of the pit is ~3 m and its depth is 0.6 m. The pit has a conical shape similar to the simple craters formed in laboratory experiments [START_REF] Matsue | Measurements of seismic waves induced by high-velocity impacts: Implications for seismic shaking surrounding impact craters on asteroids[END_REF][START_REF] Melosh | Impact cratering: A geologic process[END_REF]. Central pits are commonly observed in craters smaller than a few hundred meters on the Moon because the lunar subsurface has a layered structure consisting of a relatively hard layer covered with softer cohesionless regolith [START_REF] Yue | Lunar regolith thickness deduced from concentric craters in the CE-5 landing area[END_REF]. Therefore, the pit could be explained if the SCI impact occurred above a subsurface layer with a cohesional strength. Some small natural craters on Ryugu also have pit features (fig. S4). The cohesional strength of this putative subsurface layer would be between 140 and 670 Pa (14). Alternatively, a central pit could be formed on compressive material if the projectile density is larger than that of the targets (7,[START_REF] Schultz | Expectations for crater size and photometric evolution from the Deep Impact collision[END_REF]. Because the pit depth is 2.7 m from the rim top, the depth to rim diameter ratio of the SCI crater is 0.15 ± 0.01. This value is consistent with the natural craters found on Ryugu, which range from 0.14 to 0.20 [START_REF] Sugita | The geomorphology, color, and thermal properties of Ryugu: Implications for parent-body processes[END_REF].

Several boulders with sizes of 0.6 to 1.9 m are present within the crater. The crater wall appears to be smooth (Fig. 1D) because the boulders are buried inside the wall. They could have been exposed by the excavation flow of subsurface materials during the crater growth. The sizefrequency distribution (fig. S5) of boulders embedded in the wall is about one third of that on a nearby area of undisturbed surface (the C01-C region at 10°N, 300°E, about 20 m northwest of the impact point), where the size-frequency distribution in the undisturbed area could be similar to the impact point before the SCI impact in submeter range. The SCI crater wall must be composed primarily of regolith with rock sizes smaller than 20 cm. Assuming that the crater wall represents the subsurface structure, we conclude that the subsurface layer is dominated by regolith with rock sizes smaller than 20 cm. DCAM3 observed the impact ejecta from the moment of impact until more than 8 minutes later. Figure 3A-F shows the images taken by DCAM3 from 5 s to 498 s after the impact. The image at 5 s shows the impact ejecta curtain growing northwards from the surface at an angle of 40° (Fig. 3A, fig. S6A). Subsequent images show the impact ejecta curtain was asymmetric and contained multiple rays in the early stages. Ejecta growth toward the south is not observed, but low speed ejecta at the base of the ejecta curtain are visible in faint scattered light.

At 36 s, the northward ejecta ray becomes clearer and more extensive. Two more ejecta rays appear at this time (Fig. 3B, fig. S6B). Multiple rays of ejecta were previously observed in the Deep Impact experiments (7). A continuous portion of ejecta curtain, which appears as a shadow at the base of the ejecta curtain, begins to grow vertically and horizontally. This growth could originate from the expanding crater due to ongoing excavation of the subsurface material.

These three ejecta rays continue to grow in both size and thickness, becoming more visible at 100 s and 192 s (Fig. 3C-D; fig. S6C-D), indicating that the crater growth is continuing at these times. An additional ejecta ray appears as a dark shadow in these images at the center of the ejected region, so we interpret it as moving toward the line of sight of DCAM3, but there is no visible ejecta curtain in the southeast area. The surface of Ryugu is covered with many large boulders with a power law size distribution (1), which we presume also applies to boulders buried in the subsurface. The SCI impact area was covered with boulders >0.6 m, some of which had most of their volume buried in the ground (Fig. 1A). These boulders could cause a heterogeneous ejecta growth, which would then result in ejecta rays, i.e. the boulders on or under the surface might stop the excavation flow, separating the ejecta curtain into several rays. The ejecta curtain formed by the Deep Impact collision exhibited an up-range zone of avoidance (ZoA) (7). We see a similar ZoA for the SCI impact, which may be caused by the oblique nature of the impact, as in Deep Impact. However, the resulting semicircular shape of the SCI crater demonstrates the influence of large boulders.

We analyzed the distribution of ejecta rays around the SCI crater using the image at 192 s (Fig. 4A) together with ONC-T images of the SCI crater area obtained before the impact. The direction and covered surface area of each ejecta ray were identified on the images taken by ONC-T with reference to the DCAM3 line of sight. Fig. 4B shows the distribution of the main ejecta rays mapped on an ONC-T surface image; each numbered sector on the map corresponds to the numbered separated ejecta ray in Fig. 4A, while the continuous ejecta curtain corresponds with a semicircle at the center. The whole ejecta, including the rays as well as the continuous curtain, was only distributed on the northwest-side. This distribution map can be compared with an ONC-T v-band (0.55 µm) reflectance difference map shown in Fig. 4C (14): we interpret regions with larger decrease of the reflectance factor as being covered with a thicker ejecta deposit. These regions are arranged asymmetrically around the crater: there are 4 discrete extended areas and none (or only a very faint one) to the southeast of the crater. These features in the reflectance difference map are consistent with the ejecta distribution map, so we are convinced that these maps represent the spatial distribution of the ejecta deposit and the ejected subsurface material has a lower reflectance than the average Ryugu surface. At 396 s and 498 s, the surface of Ryugu is visible through the ejecta curtain (Fig. 3, E andF; fig. S6, E andF), indicating that the optical thickness of the ejecta curtain was lower than at 192 s. A deep gray elliptical area appears, surrounded by the ejecta rays. We interpret this as the intrinsic color of the surface, and suggest that it represents the excavated area and/or the ejecta deposit area. Because crater growth is expected to have halted after 250 s (14), the ejecta curtain observed in these images must have been falling towards the surface on a ballistic trajectory. The major axis of the ellipse at 498 s was determined to be 36 m (14). Detachment of the whole ejecta curtain from the ground is generally expected during crater formation in the strength-dominated regime but not in the gravity-dominated regime [START_REF] Arakawa | Scientific objectives of Small Carry-on Impactor (SCI) and Deployable Camera 3 Digital (DCAM3-D): observation of an ejecta curtain and a crater formed on the surface of Ryugu by an artificial high-velocity impact[END_REF]. No detachment of the ejecta curtain was observed for the SCI crater formation, including in the final observation at 498 s (Fig. 3A-F). In Fig. 3 and Movie S2, the ejecta curtain appears to be deposited at the crater rim. This is supported by the ONC-T reflectance difference map in Fig. 4C, so the elevated rim surrounding the SCI crater could be (at least partially) composed of the ejecta deposits. This is expected for crater formation in the gravity-dominated regime [START_REF] Melosh | Impact cratering: A geologic process[END_REF][START_REF] Housen | Crater ejecta scaling laws: Fundamental forms based on dimensional analysis[END_REF]. We conclude that the structures of the SCI crater and the ejecta curtain indicate that they formed in the gravity-dominated regime.

For the crater formation to be dominated by gravity, the effective strength of the target must be less than 1.3 Pa (14). Cohesionless materials such as sand can satisfy that small strength at the depth shallower than 10 m, because the sub-surface shear strength originates from the frictional stress exerted on cohesionless materials and this stress is proportional to the surface gravity. We calculate the expected SCI crater radius using the conventional scaling law in the gravitydominated regime: 𝜋 $ = 𝑘 % • 𝜋 & '(/(&+() 𝜋 - (&+('./)/(0(&+()) [START_REF] Housen | Ejecta from impact craters[END_REF], where 𝜋 $ = 𝑅(𝜌 𝑚 ⁄ ) %/0 , 𝜋 & = (𝑔𝑎 𝑢 & ⁄ ), 𝜋 -= (𝜌 𝛿 ⁄ ), and 𝑅, 𝜌, 𝑚, 𝑎, 𝑢, 𝛿 are the apparent crater radius, the target density, the projectile mass, the projectile radius, the impact velocity, and the projectile density, respectively, and 𝑘 % , 𝜇, and 𝜈 are empirical parameters determined by laboratory experiments, which applies to typical cohesionless surfaces such as coarse or loose sand (14). The calculated expected radius is from 6.9 m to 7.7 m, which is close to the apparent radius of the observed SCI crater of 7.3 ± 0.4 m. We conclude the SCI crater formed on a cohesionless surface and that the broader surface of Ryugu must be composed of sand-like cohesionless material. According to the conventional scaling law, we can estimate the optimal 𝑘 % value applicable to the surface of Ryugu from the SCI crater radius R = 7.3 m (14); we obtain 𝑘 % = 0.62 if we assume that other parameters have typical values for sand, and can be extrapolated to cohesionless targets at high impact velocities: 𝜇 = 0.41 and 𝜈 = 0.4 (14, 18). We derive the crater size scaling law for the surface of Ryugu; 𝜋 $ = 0.62 • 𝜋 & '1.%3 𝜋 - 1.11%-. Our results affect the interpretation of the crater chronology on Ryugu. Based on collision frequency models for the asteroid Main Belt (19,[START_REF] O'brien | The collisional and dynamical evolution of the main-belt and NEA size distributions[END_REF], two estimates of the surface age of Ryugu have been obtained: (1.58±0.47)×10 8 years for a surface composed of dry-soils with cohesion or (8.9±2.5)×10 6 years for a cohesionless surface [START_REF] Sugita | The geomorphology, color, and thermal properties of Ryugu: Implications for parent-body processes[END_REF]. Our conclusion that the SCI crater was formed in the gravity-dominated regime on a cohesionless surface supports the younger age estimate. It also suggests that the crater retention age of the top 1 m of Ryugu's surface is ~1×10 5 years or younger, assuming crater production functions for near-Earth orbits (14,19,[START_REF] O'brien | The collisional and dynamical evolution of the main-belt and NEA size distributions[END_REF]. 
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 1 Fig. 1. ONC images of the SCI crater. (A) The area around the SCI aiming point before the impact, taken from 1.72 km altitude (image hyb2_onc_20190321_192706_tvf_l2b. The Mobile Block (MB) and Stable Block (SB) are indicated with arrows. (B) The same location after the impact, observed from the same altitude (hyb2_onc_20190425_031226_tvf_l2b). (C) Orthocorrected context image of the impact location (hyb2_onc_20190516_023615_tvf_l2c) with the SCI crater shown by a yellow dashed semicircle. The white box indicates the region in panel D. (D) Close up image of the SCI crater taken from 115 m altitude (hyb2_onc_20190613_020217_tvf_l2c). A small pit is shown by the dashed curve. For panels A
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 2 Fig. 2. Topography of the SCI crater. (A) Digital Elevation Map of the SCI impact area. The black dashed semicircle shows the crater rim with diameter 17.6 m, and the red long dasheddotted semicircle shows the crater wall with diameter 14.5 m. The green dotted circle shows the central pit. The local height is measured relative to point F, which is labeled northwest of the
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 34 Fig. 3. DCAM3 images of the SCI impact. The images were taken at elapsed time after the impact of (A) 5 s (hyb2_dcam3d_img-f_01309_l2a), (B) 36 s (hyb2_dcam3d_img-f_01340_l2a), (C) 100 s (hyb2_dcam3d_img-f_01404_l2a), (D) 192 s (hyb2_dcam3d_img-f_01496_l2a), (E)