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 48 

Abstract 49 

 Asteroid 162173 Ryugu is a rubble-pile asteroid, whose top-shape is 50 



compatible with models of deformation by spin up. Rims of major craters on 51 

Ryugu have an east–west asymmetric profile; their western crater rims are 52 

sharp and tall, while their eastern crater rims are rounded and low. 53 

Although there are various possible explanations, we theoretically assess the 54 

effect of asteroid rotation as the possible reason for this east–west 55 

asymmetry. It is known that the trajectories and fates of ejecta are affected 56 

by the rotation. The Coriolis force and the inertial speed of the rotating 57 

surface are the factors altering the ejecta trajectories. Consequently, we 58 

found that the east–west asymmetric crater rims might be formed as a result 59 

of rotation, when the inertial speed of the rotating surface is nearly equal to 60 

the first cosmic velocity of the body. In other words, it is possible that the 61 

observed east–west asymmetric rims of the Urashima, Cendrillon, and 62 

Kolobok craters were formed when Ryugu’s rotation period was ~3.6 h. 63 

 64 

1. Introduction 65 

 Asteroid Ryugu is a top-shaped body, with a mean radius of 448.2 m 66 

and an equatorial ridge with a mean altitude of 502.5 m, called Ryujin 67 

Dorsum. Ryugu is a rubble pile of loose rocks, likely formed into a 68 

spinning-top shape during a period of rapid spin (Watanabe et al., 2019). 69 

Although the current rotation period of Ryugu is 7.627 h, the period was 3.5 70 

to 5 h based on the geopotential and slope analysis of Ryujin Dorsum 71 

(Watanabe et al., 2019). The rotation period of small asteroids, such as 72 

1999KW4 or Ryugu, might vary with time as a result of the Yarkovsky–73 

O'Keefe–Radzievskii–Paddack (YORP) effect (Walsh et al., 2008). Numerous 74 



craters on Ryujin Dorsum suggest that the ridge might be a fossil structure 75 

(Hirata et al., 2020). 76 

 Ryugu has two distinct geologic regions: the cratered terrain (the 77 

region between 300°E-30°E and 40°S-40°N) and the western bulge (160°E – 78 

290°E). The former has twice higher crater density than the global average, 79 

while the latter has half lower crater density than the global average (Hirata 80 

et al., 2020). Also, the latter has a high albedo, a low number density of large 81 

boulders, is topographically high, and has a bluish color as compared to the 82 

rest of Ryugu (Sugita et al. 2019). Therefore, it is considered that the 83 

cratered terrain is geologically old while the western bulge is relatively 84 

young (Hirata et al. 2020). There are 7 named craters on Ryugu; Urashima, 85 

Cendrillon, Kolobok, Momotaro, Kintaro, Brabo, and Kibidango (Table 1). 86 

The majority of the craters are in the cratered terrain, while only Brabo is in 87 

the western bulge. Urashima, Kolobok, Kintaro, and Brabo are located 88 

across the equatorial ridge of Ryugu, while Cendrillon, Momotaro, and 89 

Kibidango are not. 90 

 The light detection and ranging laser altimeter (LIDAR) onboard the 91 

Hayabusa 2 probe has measured the topographic profiles of Ryugu 92 

(Matsumoto et al., 2020). LIDAR science team reported that Urashima and 93 

Kolobok craters show east–west asymmetric profiles; the western crater rims 94 

are sharp and tall, while the eastern crater rims are rounded and low; while 95 

Brabo crater does not show clear east–west asymmetry (Namiki et al., 2019). 96 

Noguchi et al. (2020) shows that Cendrillon crater has an east–west 97 

asymmetric profile similar to the profiles of Urashima and Kolobok. Here we 98 



show the east–west asymmetric profiles of the 7 major craters (Figs. 1 and 99 

2); Kintaro also shows similar east-west asymmetric profiles, while 100 

Momotaro and Kibidango do not show clear asymmetry. The difference in 101 

altitude between the western and eastern rims is roughly 10 meter for 102 

Urashima, Kolobok, and Kintaro and 30 meter for Cendrillon. We note that 103 

Namiki et al. (in preparation) would report observational finding of the 104 

geological contexts, wall slopes, depths, and other asymmetries of craters on 105 

Ryugu.  106 

 Namiki et al. (2019) proposed that there were several possible 107 

explanations for the formation of asymmetric profile: first, an oblique impact 108 

from the west; second, the effect of rotation; third, the dust that 109 

preferentially accumulates on western inner walls due to dust levitation; 110 

fourth, the original undulation existing before cratering. The main purpose 111 

of this study is to theoretically assess the effect of asteroid rotation as a 112 

possible cause of this east–west asymmetry. Assuming various rotation 113 

periods for Ryugu, we numerically calculated the spread of the ejecta 114 

blankets and east–west profiles near craters. Our simulation does not assess 115 

the other hypotheses described by Namiki et al. (2019).  116 

1.1. The Coriolis force and the inertial speed of the rotating surface  117 

 The Coriolis force and the inertial speed of the rotating surface are 118 

the key factors contributing to the asymmetric ejecta patterns (Dobrovolskis 119 

and Burns, 1980; Davis et al., 1981). First, due to the Coriolis force, a 120 

particle moving inward to the rotational axis is deflected to the direction of 121 

rotation in the body-fixed coordinate system (i.e., move to the east), while a 122 



particle moving away from the rotational axis is deflected to the direction 123 

opposite of rotation (i.e., move to the west). For example, in the case of ejecta 124 

launched from the equator, all the ejecta are launched away from the 125 

rotational axis. Consequently, their trajectories are deflected to the west, and 126 

the ejecta should preferentially accumulate on the western side of the crater. 127 

Second, a particle launched to the east has an advantage of the inertial speed 128 

of the rotating surface; consequently, the escape velocity for such particles is 129 

lower than those launched from the west. If the sum of the inertial speed of 130 

the rotating surface (i.e. 2𝜋𝜋𝑅𝑅𝑎𝑎/𝑇𝑇) and the initial launch velocity of a particle 131 

relative to the surface overcomes the first cosmic velocity of the body 132 

(i.e.�𝐺𝐺𝐺𝐺/𝑅𝑅𝑎𝑎), the particle escapes from the body (Dobrovolskis and Burns, 133 

1980; Davis et al., 1981). In the case of a particle launched from the equator, 134 

the escape velocity (𝑣𝑣𝑒𝑒𝑒𝑒) of the particle is written as  135 

𝑣𝑣𝑒𝑒𝑒𝑒 = �𝐺𝐺𝐺𝐺
𝑅𝑅𝑎𝑎
− 2𝜋𝜋𝑅𝑅𝑎𝑎

𝑇𝑇
 (1) 136 

for a particle launched to the east and  137 

𝑣𝑣𝑒𝑒𝑒𝑒 = �𝐺𝐺𝐺𝐺
𝑅𝑅𝑎𝑎

+ 2𝜋𝜋𝑅𝑅𝑎𝑎
𝑇𝑇

 (2) 138 

for a particle launched to the west. It is clear that Eq. (1) < Eq. (2), in other 139 

words, ejecta thrown towards the east escape at lower launch velocities 140 

compared to those thrown towards the west. Here 𝐺𝐺 is the gravity constant 141 

and 𝑀𝑀,𝑇𝑇,𝑅𝑅𝑎𝑎are the mass, rotational period, and equatorial radius of the body, 142 

respectively. In Eqs. (1) and (2), the first and second terms on the right side 143 

quantify the first cosmic velocity and the inertial speed of the rotating 144 



surface, respectively. When inertial speed of the rotating surface is equal to 145 

the first cosmic velocity (i.e.�𝐺𝐺𝐺𝐺/𝑅𝑅𝑎𝑎 =  2𝜋𝜋𝑅𝑅𝑎𝑎/𝑇𝑇), the rotational period is 146 

written as  147 

𝑇𝑇 = 2𝜋𝜋�𝑅𝑅𝑎𝑎3

𝐺𝐺𝐺𝐺
. (3) 148 

When the rotation period is shorter than Eq. (3), the escape velocity of a 149 

particle launched to the east becomes less than zero, 𝑣𝑣𝑒𝑒𝑒𝑒 < 0, and then, all 150 

ejecta launched from the equator and thrown towards the east escape from 151 

the body and the ejecta blankets should not appear in the east. Assuming the 152 

mass and equatorial radius of Ryugu, 𝑀𝑀 = 4.5 × 1011 kg and 𝑅𝑅𝑎𝑎 = 502.5 m 153 

(Watanabe et al., 2019), such a critical rotation period is 𝑇𝑇 = 3.59 h from Eq. 154 

(3). Assuming the mass and mean radius of Ryugu, 𝑅𝑅𝑎𝑎 = 448.2 m, it is 3.02 h. 155 

If the asteroid has a spherical shape and homogenous interior using the 156 

density of asteroid (𝜌𝜌), Eq. (3) can be written as  157 

𝑇𝑇 = �3𝜋𝜋
𝐺𝐺𝐺𝐺

 (4). 158 

Therefore, the rotation period shown in Eq. (3) is basically independent of 159 

the asteroid radius. Eq. (4) is known as the critical limit of the rotational 160 

period, which is derived by equating the acceleration of gravity at the surface 161 

with the centrifugal acceleration at the equator (Pravec and Harris, 2000). 162 

Rubble pile bodies aggregated with negligible tensile strength would be 163 

disrupted by the centrifugal forces, if the rotational period is less than the 164 

critical limit given by Eq. (4).  165 

1.2. Previous works for rotational effects and fates of ejecta.  166 



 Dobrovolskis and Burns (1980) have examined the fate of crater 167 

ejecta from martian satellites by numerical integration of particle 168 

trajectories initialized from the satellite surfaces. They showed that the 169 

landing locations of ejecta are elongated towards the west because of satellite 170 

rotation through the Coriolis effect. They also demonstrated that ejecta 171 

thrown towards the east escape at lower launch velocities compared to those 172 

thrown towards the west, as indicated in Eqs. (1) and (2), when the rotation 173 

period is close to the critical rotation period indicated in Eq. (3). Finally, the 174 

trajectories calculated included many interesting features, such as loops, 175 

cusps, and folded ejecta blankets. The current numerical analysis for the 176 

case of Ryugu is similar to the work of Dobrovolskis and Burns (1980) for 177 

Phobos. 178 

 The rotation rate of Phobos is gradually accelerating as Phobos 179 

approaches Mars as a result of the tidal effect (Shor, 1975; Burns, 1978). 180 

Consequently, the past rotational period of Phobos was longer than the 181 

current rotational period. For this reason, the trajectories of ejecta from 182 

older craters should have been less affected by rotation. Davis et al. (1981) 183 

have proposed that assuming the past rotational period to be slightly longer 184 

than the current value, observed locations of the so-called grooves 185 

correspond to the landing locations of the Stickney-crater’s ejecta. Similarly, 186 

Thomas (1998) utilized the same assumption regarding the temporal 187 

dependence of the rotational period and has proposed that ejecta blankets 188 

from the Stickney crater correspond to the so-called blue unit of Phobos’s 189 

surface if the past rotational period of Phobos was slightly longer.  190 



 Asteroid 243 Ida is an irregular, highly elongated asteroid with a 191 

rapid rotational period of 4.63 h (Binzel et al., 1993). Geissler et al. (1996) 192 

proposed that ejecta blankets have varying morphology between the leading 193 

rotational surface (i.e., the area where the zenith roughly corresponds to the 194 

rotational direction) and trailing rotational surface (i.e., the area where the 195 

zenith roughly corresponds to the direction opposite of the asteroid rotation). 196 

For example, ejecta launched from the leading rotational surface escape even 197 

at very low launch velocities because of the inertial speed of the rotating 198 

surface. In contrast, ejecta launched from trailing rotational surface rarely 199 

escape. Moreover, ejecta launched from a given location tend to 200 

preferentially accumulate on the leading rotational surface. For example, 201 

Geissler et al. (1996) showed that, taking rotation into account, the so-called 202 

bluer spectral units on Ida (Veverka et al., 1996) result from Azuura crater 203 

ejecta. Asteroid 433 Eros is also a highly elongated asteroid with a rapid 204 

rotational period of 5.27 h. Thomas et al. (2001) took the effect of rotation 205 

and the irregular shape of the asteroid Eros into account while calculating 206 

trajectories of ejecta from a few major craters. Based on the resulting 207 

trajectories, it was proposed that most large ejecta blocks on Eros originate 208 

from a relatively young crater, Charlois Regio.  209 

 210 

2. Analysis  211 

2.1. Initial launch position, velocity, and volume 212 

 The initial launch position, velocity, and volume of ejecta launched 213 

from a crater are based upon the scaling law developed by Housen and 214 



Holsapple, (2011). 215 

 In general, initial launch velocity and volume of ejecta are axially 216 

symmetric and depend upon the distance from the center of the crater; ejecta 217 

velocities decrease with increasing distance from the crater center. Therefore, 218 

ejecta near the crater center achieve large distances or escape velocity, while 219 

ejecta near the crater rim accumulate locally. Although the motion of a 220 

particle in the excavation flow might be affected by the Coriolis force, we 221 

assume it is negligible.  222 

 Based on Housen and Holsapple, (2011), the initial launch velocity 223 

(𝑣𝑣𝑒𝑒𝑒𝑒) of a particle in gravity regime is written as: 224 

𝑣𝑣𝑒𝑒𝑒𝑒 = 𝐶𝐶1 �𝐻𝐻1�
4𝜋𝜋
3

3
�
−2+𝜇𝜇2𝜇𝜇

�𝑔𝑔𝑅𝑅𝑐𝑐 �
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 ,   (𝑛𝑛1𝑎𝑎 ≤ 𝑥𝑥 ≤ 𝑛𝑛2𝑅𝑅𝑐𝑐)  225 

(5) 226 

where 𝑥𝑥 is the distance between the launch position and impact point, 𝑔𝑔 is 227 

the surface gravity, and 𝑅𝑅𝑐𝑐  is the apparent crater radius, and 𝑎𝑎 is the 228 

projectile radius. Also, the initial launch velocity (𝑣𝑣𝑒𝑒𝑒𝑒 ) of a particle in 229 

strength regime is written as: 230 

𝑣𝑣𝑒𝑒𝑒𝑒 = 𝐶𝐶1 �𝐻𝐻2�
4𝜋𝜋
3

3
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 ,   (𝑛𝑛1𝑎𝑎 ≤ 𝑥𝑥 ≤ 𝑛𝑛2𝑅𝑅𝑐𝑐) (6) 231 

where 𝜌𝜌𝑡𝑡  and 𝑌𝑌 are the target density and strength. The remaining 232 

constants (𝜇𝜇,𝐶𝐶1,𝐻𝐻1,𝐻𝐻2,𝑛𝑛1,𝑛𝑛2, 𝑝𝑝) are scaling parameters determined by each 233 

ejecta model (Table 2); Housen and Holsapple give 8 sets (C1-C8) of scaling 234 

parameters for a variety of materials. In Section 3, we basically used the 235 

scaling parameters of C4: dry sand targets in gravity regime, because we 236 



consider that gravity regime cratering is more plausible for Ryugu’s surface 237 

than the strength regime, because Ryugu is a rubble-pile body covered by a 238 

thick regolith layer made of non-cohesive material such as sands and 239 

boulders (Sugita et al., 2019). This view is supported by the artificial crater 240 

formed by the Small Carry-on Impactor (SCI) instrument onboard the 241 

Hayabusa 2 probe, which suggested that the crater was formed in the 242 

gravity-dominated regime (Arakawa et al., 2020). Nonetheless, the material 243 

properties of Ryugu are poorly known and the large craters analyzed in this 244 

paper far exceed the size of the artificial crater. Thus, in order to evaluate 245 

the difference in sets of scaling parameters, we made Section 3.2. The point 246 

at which a particle crosses through the original surface defines the initial 247 

launch position (𝑥𝑥) and velocity (𝑣𝑣𝑒𝑒𝑒𝑒) of the particle (Fig. 3). Here, 𝑥𝑥 and 𝑅𝑅𝑐𝑐 248 

are defined as the great-circle distance on a sphere. The launch angle of 249 

ejecta is 45° from the target surface in any 𝑥𝑥 (Housen and Holsapple, 2011). 250 

We assume 𝑛𝑛1𝑎𝑎 =  0, because the projectile size is much smaller than the 251 

crater size. Note that 𝑅𝑅𝑐𝑐  is not the crater rim radius (i.e., the distance 252 

between the rim crest and the crater center) but the apparent crater radius 253 

(i.e., the distance between the crater center and the position at which a 254 

crater inner wall crosses the original surface) as shown in Fig. 3. Thus, 𝑛𝑛2𝑅𝑅𝑐𝑐 255 

represents the crater rim radius. It should be noted that most of the impact 256 

crater database, including Hirata et al. (2020), utilizes crater rim radius or 257 

diameter.  258 

 The total volume ejected from inside 𝑥𝑥 (i.e., ejecta volume with an 259 

initial velocity greater than𝑣𝑣𝑒𝑒𝑒𝑒(𝑥𝑥)) is given by (Housen and Holsapple, 2011) 260 



𝑉𝑉 = 𝑘𝑘𝑥𝑥3,   (0 ≤ 𝑥𝑥 ≤ 𝑛𝑛2𝑅𝑅𝑐𝑐) (7) 261 

where 𝑘𝑘  is a constant determined by each ejecta model (Table 2). To 262 

discretize Eq. (7), we assume the ejecta volume at launch is axially 263 

symmetric. The volume of a particle launched at (𝑥𝑥𝑖𝑖,𝜃𝜃𝑗𝑗) in polar coordinates 264 

is represented by the ejecta volume launched from a small area bounded by a 265 

radial distance between 𝑥𝑥𝑖𝑖+1 and 𝑥𝑥𝑖𝑖 and a small angular range of∆𝜃𝜃: 266 

𝑉𝑉𝑖𝑖,𝑗𝑗 = 𝑘𝑘 ∆𝜃𝜃
2𝜋𝜋

[𝑥𝑥𝑖𝑖3 − (𝑥𝑥𝑖𝑖 − ∆𝑥𝑥)3] , (8) 267 

where  268 

𝑥𝑥𝑖𝑖 = 𝑖𝑖∆𝑥𝑥, ∆𝑥𝑥 = 𝑛𝑛2𝑅𝑅𝑐𝑐
𝑁𝑁1

 ,∆𝜃𝜃 = 2𝜋𝜋
𝑁𝑁2

, 𝑖𝑖 = {1, … ,𝑁𝑁1}, 𝑗𝑗 = {1, … ,𝑁𝑁2} . (9) 269 

In this study, we set 𝑁𝑁1  =  10,000,𝑁𝑁2  =  3600.  270 

 271 

2.2. Trajectories of ejecta.  272 

 For the analysis of ejecta motion close to the asteroid surface, it is 273 

more convenient to transform the equations onto an asteroid-fixed frame 274 

(Scheeres et al., 1996). When the asteroid rotates with an angular velocity 275 

given by the vector 𝛀𝛀 = {0,0,𝜔𝜔} in the inertial reference frame, the equation 276 

of motion in the asteroid-fixed frame is given by (Scheeres et al., 1996) 277 

𝐫̈𝐫 + 2𝛀𝛀 × 𝐫̇𝐫 + 𝛀𝛀 × 𝛀𝛀 × 𝐫𝐫 = − 𝐺𝐺𝐺𝐺
|𝐫𝐫|3

𝐫𝐫 , (10) 278 

where 𝐫𝐫 is the position vector of a particle relative to the asteroid center and 279 

𝑀𝑀 is the mass of the asteroid. The origin of the coordinate system is the 280 

center of the asteroid, the z-axis is taken as the rotational axis, and the xy –281 

plane is taken as the equatorial plane of Ryugu. We assume the shape of 282 

Ryugu to be a sphere with a radius of  𝑅𝑅𝑎𝑎 =448.2 m. The rotation rate is 283 



written as 𝜔𝜔 = 2𝜋𝜋/(𝑇𝑇 × 3600)  rad/s, where 𝑇𝑇  is given in hours. In this 284 

paper, we set 𝑇𝑇 = 3.0, 3.5, 5.0, 7.627, and 10,000 h; 𝑇𝑇 = 10,000 h signifies 285 

that the effects of asteroid rotation are negligible, 𝑇𝑇 = 7.627 h being the 286 

current rotation period of Ryugu, and 𝑇𝑇 = 3.0 h is the critical rotation period 287 

indicated in Eq. (3).  288 

 Given the initial launch position and velocity of the particle described 289 

by Eq. (5) or (6), the trajectory of the particle was obtained by numerically 290 

integrating Eq. (10) until one of the three outcomes occurs: first, the particle 291 

reached an altitude greater than three asteroid radii (i.e.,|𝐫𝐫|  >  3𝑅𝑅𝑎𝑎), second, 292 

the particle was below the asteroid surface (|𝐫𝐫|  <  𝑅𝑅𝑎𝑎), lastly, the particle 293 

revolved around the asteroid more than five times. The trajectories are 294 

calculated in 1 s steps. When the particle location is given by |𝐫𝐫|  <  𝑅𝑅𝑎𝑎, or 295 

in other words, when the particle lands on the asteroid surface, the location 296 

(latitude and longitude) of the particle is recorded. Ejecta thickness is given 297 

by dividing the sum of the volume of particles falling within a 1° colatitude 298 

radius circle around the point by the area of the 1° colatitude circle. We do 299 

not consider lateral movement after landing, such as subsequent downslope 300 

motion or secondary ejection. Therefore, the ejecta thickness at crater rim 301 

(i.e. 𝑛𝑛2𝑅𝑅𝑐𝑐 from the crater center) could result in unrealistically steep slopes. 302 

The actual ejecta thickness should be slightly more diffused than this 303 

estimate. Although it is not satisfactory for determining the maximum 304 

height of the crater rim, it is considered suitable for obtaining the 305 

approximate volume or the presence of ejecta rim. 306 

 We assume the shape of the asteroid is the sphere and ignored the 307 



topographical effects on Ryugu and complex gravity fields. Although 308 

topographical effects result in shielding due to mounds around craters on 309 

Phobos and Eros (Thomas 1998; Thomas et al., 2001), the sphere is more 310 

appropriate assumption for this type of study, because if we use the actual 311 

shape of Ryugu, which has already appeared the east-west asymmetric 312 

profiles, we cannot judge whether our model results is attributed to the effect 313 

of original topography or the effect of rotation.  314 

 We note that our analysis had the following limitations: 1) we 315 

assumed a launch angle (measured from the surface) of 45° based on Housen 316 

and Holsapple (2011); however, it was not clear if this assumption was 317 

suitable (for example, Thomas (1998) assumed 32°) and 2) crater rims are 318 

composed of ejecta deposition and syncline, but we only assessed the ejecta 319 

deposition.  320 

 321 

3. Results 322 

3. 1. Case of the ejecta from a crater with a diameter of 100 m 323 

 We defer results for craters on Ryugu taking a simple example: a 324 

crater with a rim radius of 𝑛𝑛2𝑅𝑅𝑐𝑐  = 50 m, formed at the equator, 0° N and 325 

180° E. 326 

3.1.1. Trajectories of ejecta particles 327 

 Figure 4 and 5 show the trajectories of ejecta launched to the west 328 

and east from a 50 m radius crater. When 𝑇𝑇 = 10,000 h, the trajectories of 329 

ejecta are symmetric (Fig. 4 a, b), while when 𝑇𝑇 ≤ 7.627 h, the trajectories of 330 

ejecta are no longer symmetric (Fig. 4d–g and 5c, d).  331 



 Figures 6 and 7 show landing locations of particles launched from the 332 

craters as a function of initial launch velocity and direction. Each contour in 333 

Fig. 6 signifies landing locations of particles launched with identical initial 334 

launch velocities. When 𝑇𝑇 = 10,000 h (Fig. 6a), the contours are concentric 335 

patterns. When 𝑇𝑇 = 7.627 h (Fig. 6b), the contours of relatively low launch 336 

velocity (< 14.9 cm/s) are dense west of the crater and are sparse east of the 337 

crater. This is consistent with Fig. 5 of Davis et al. (1981). The contour for a 338 

relatively large launch velocity (20.4 cm/s) is distorted along the east–west 339 

axis and is similar to a Cardioid. The contour of 29 cm/s was transposed; the 340 

east side of the contour is composed of ejecta launched to the west, while the 341 

west side of the contour contains ejecta launched to the east. The non-closure 342 

of the west side of this contour signifies that the particles escaped in this 343 

direction. The trajectories of particles launched to the north or northeast 344 

(south or southeast) are deflected to the southwest (northwest) (Fig. 7b). 345 

When 𝑇𝑇 = 5.0 h (Fig. 6c), the contours of low launch velocity (< 8.6 cm/s) are 346 

dense west of the crater and sparse east of the crater. The contours of high 347 

launch velocity (> 14.9 cm/s) distort and become intersecting curves. When 𝑇𝑇 348 

= 3.0 or 3.5 h (Fig. 6d, e), every contour is elongated to the west. Even a 349 

particle launched at the velocity of 1.18 cm/s appears west of the crater (Fig. 350 

7d, e).  351 

3.1.2. Global distribution of ejecta thickness  352 

 Figure 8 shows the global distribution of ejecta thickness. When 𝑇𝑇 = 353 

10,000 h, the ejecta thickness is symmetric. When 𝑇𝑇 = 7.267 h, the ejecta 354 

thickness is asymmetric. A bow-shaped front line appears east of the crater, 355 



and ejecta thickness west of the line is negligibly thin. The bow-shaped line 356 

is the dividing line for landing locations of particles launched to the east and 357 

those launched to the west, as shown in Fig. 6b, c. The ejecta thickness at the 358 

front line is slightly thick. This front line probably contains folded ejecta 359 

blankets predicted by Dobrovolskis and Burns (1980). As 𝑇𝑇 becomes shorter, 360 

the distance between the front line and the crater rim is smaller. When 𝑇𝑇 = 361 

3.5 h, the front line is nearly adjacent to the crater rim. When 𝑇𝑇 = 3.0 h, the 362 

front line appears in the west of the crater and the crater rim does not 363 

appear east of the crater. Most of ejecta launched to the east accumulate 364 

around the equator.  365 

3.1.3. East–west profile near the crater  366 

 Figure 9 shows the west–east profile (i.e. the profile along latitudinal 367 

line) of the ejecta thickness near the same craters shown in Fig. 8. Ejecta 368 

thickness profiles near the crater rim (Fig. 9a) are not affected much by the 369 

rotation rate when 𝑇𝑇 > 3.5 h. When 𝑇𝑇 = 3.5 h, the ejecta thickness in the 370 

east of the crater is slightly more massive than the thickness in the west, 371 

because the bow-shaped front line is nearly adjacent to the eastern crater 372 

rim. When 𝑇𝑇 = 3.0 h, ejecta does not accumulate east of the crater, while 373 

ejecta thickness in the west does not vary from that in 𝑇𝑇 = 10,000 h. Figure 374 

9b shows the east–west profile as a function of T, which varies from 𝑇𝑇 = 3.0–375 

3.5 in increments of 0.1 h. The characteristics of the east crater rim are very 376 

sensitive to the rotation period. When 𝑇𝑇 > 3.2 h, the ejecta thickness does 377 

not show clear east–west asymmetry, while for 𝑇𝑇 < 3.1 h, it shows clear 378 

east–west asymmetry. This is very close to the critical rotation period 379 



indicated in Eq. (3). In other words, an east–west asymmetric profile for the 380 

crater rim is generated only if the inertial speed of the rotating surface is 381 

nearly equal to the first cosmic velocity of the body. We consider that, 382 

because ejecta thickness near crater rim is formed by ejecta with very low 383 

launch velocities and short travel times, the effect of Coriolis forces on the 384 

trajectories is rather small. When the rotation period is nearly equal to that 385 

given in Eq. (3), the eastern crater rim disappears as a result of the inertial 386 

velocity of the rotating surface. 387 

  Difference in height between the west and east crater rim is roughly 388 

5 to 8 meters (Fig. 9b). Although, as we stated in Section 2.2, we do not 389 

consider lateral movement after landing, this value is mostly consistent with 390 

the observed differences for Urashima, Kolobok, and Kintaro (10 meter), but 391 

is inconsistent with that for Cendrillon (30 meter).  392 

 393 

3.2. Case of other sets of scaling parameters.  394 

 Adopting 8 sets of scaling parameters for a variety of target materials 395 

indicated in Table 2, we calculated and compared results for craters on 396 

Ryugu taking a simple example: a crater with a rim radius of 𝑛𝑛2𝑅𝑅𝑐𝑐 = 50 m 397 

formed at the equator (Fig. 10). The 8 sets include four examples in gravity 398 

regime and four in strength regime. Note that C4 is actually identical to C5 399 

and therefore, we did not show the case of C5 in Fig. 10. As a result, we find 400 

that, although the height and width of rims are slightly different in each set, 401 

an east–west asymmetric crater rim profile can be generated only if the 402 

rotation period is very close to Eq. (3) in any sets. Therefore, the difference of 403 



scaling parameters barely affects the result in Section 3.1. 404 

 405 

3.3. Case of craters formed apart from the equator.  406 

 In general, the inertial velocity of a rotating body is maximum at the 407 

equator and minimum at the poles. In order to study the latitude dependence 408 

of east–west asymmetry, we compare a 50 m radius crater formed at equator 409 

(Fig. 8e), 30° N, 180° E (Fig. 11a), and 60° N, 180° E (Fig. 11b). Consequently, 410 

we found there is a small asymmetry for 30° N and very small asymmetry for 411 

60° N (Fig. 11c). Note that, majority of the major craters on Ryugu, including 412 

Urashima, Cendrillon, Kolobok, and Brabo, exist at low latitudes < 30°.  413 

3.4. Case of actual craters on Ryugu 414 

 We used the location and size of the four actual craters on Ryugu: 415 

Urashima, Cendrillon, Kolobok, and Brabo, and simulated the ejecta 416 

thickness as a function of the rotation period.  417 

 The model results for Urashima, Kolobok, and Brabo (Figs. 12, Fig. 418 

13) are very similar to those for the simple case study example shown in 419 

Section 3.1. We again confirm that, when 𝑇𝑇 = 3.0 h, ejecta do not accumulate 420 

near the east rim of the crater, while ejecta thickness near the west rim does 421 

not differ from that in the 𝑇𝑇 = 10,000 h simulation. The model results for 422 

the Cendrillon crater (Fig. 12f–j) are very similar to the model results shown 423 

in Fig. 11a and discussed in Section 3.3. Theoretical results estimate that, 424 

when 𝑇𝑇 = 3.0 h, the Cendrillon crater would have weak east–west crater rim 425 

asymmetry. The Urashima and Cendrillon (Fig. 12) craters show a north–426 

south asymmetry; the equatorial crater rim sides are thinner than the polar 427 



sides.  428 

 429 

4. Discussion 430 

 The results demonstrated that east–west asymmetric crater rim 431 

profiles could be generated by the effect of rotation when the inertial speed of 432 

the rotating surface is nearly equal to the first cosmic velocity of the body. 433 

From Eq. (3), such a critical rotation period is 3 hour in the case of a sphere 434 

with a radius of 448.2 m, while it is 3.59 hours in the case of the equatorial 435 

radius of 502.5 m. Therefore, adapting the ideal condition shown in Section 436 

3.4 for the equatorial radius of Ryugu, the effect of rotation can explain their 437 

observed east–west asymmetric profiles only if Ryugu’s rotation period were 438 

~3.6 h. On the other hand, the Brabo crater, not displaying east–west 439 

asymmetry, suggests that they were possibly formed after Ryugu was despun. 440 

The Brabo crater may be relatively younger than the other three craters. 441 

This view is consistent with the fact that the Urashima, Cendrillon, and 442 

Kolobok craters exist on the old cratered terrain, while the Brabo crater 443 

exists on the young western bulge (Hirabayashi et al., 2019; Hirata et al., 444 

2020). However, there is no way to determine the order of formation for these 445 

craters; the stratigraphic relationship of these craters is unclear. As well, the 446 

Momotaro and Kibidango craters, not displaying east–west asymmetry, and 447 

the Kintaro crater, displaying east–west asymmetry, could be explained by 448 

the same manner. On the other hand, although difference in height of ejecta 449 

rims is consistent with the observed ones of Urashima, Kolobok, and Kintaro 450 

(10 m), it is not consistent with one of Cendrillon (30 m). Therefore, the 451 



asymmetry of Cendrillon may be derived from the original undulations 452 

before its formation. 453 

 The ejecta tend to accumulate on the equator when it was formed 454 

during rapid rotation period, which may explain the blue unit along Ryugu’s 455 

equatorial ridge pointed out by Sugita et al. (2019). On the other hand, we 456 

cannot identify the bow-shaped front line near the craters. Possible 457 

explanations may be that the front lines is not as thick as observed (Figures 458 

8, 9, 11, 12, 13 are colored in log scale and actual ejecta thickness in the front 459 

line is very thin) or the lines are too small to be resolved in the plot. If these 460 

explanations are false, the origin of east–west asymmetric crater profiles 461 

may not be attributed to rotational effects. 462 

 This work can be adapted for other asteroids, as shown in Eq, (4). For 463 

example, the Fingal crater, with a diameter of 14 km, is a relatively new 464 

crater on Ida. It shows an east–west asymmetric profile with a sharp rim on 465 

the west and a rounded rim on the east. This crater is considered to be the 466 

result of an oblique impact (Sullivan et al., 1996); however, possible 467 

explanations for this asymmetry include the effect of asteroid rotation. 468 

 469 

5. Conclusions 470 

 We theoretically assess the possibility of rotation as the cause of 471 

east–west asymmetric rims of the Urashima, Cendrillon, and Kolobok 472 

craters. We found that this mechanism creates the asymmetric rims only if 473 

the inertial speed of the rotating surface is nearly equal to the first cosmic 474 

velocity of the body. In the case of asteroid Ryugu’s equator, such a rotation 475 



period was 3.6 h. Consequently, the inertial speed of the rotating surface, 476 

rather than the Coriolis force, appeared to dominate in mechanisms forming 477 

asymmetric east–west crater rim profiles. Our results indicated the 478 

possibility that the Urashima, Cendrillon, Kintaro, and Kolobok craters were 479 

formed when Ryugu’s rotation period was ~3.6 h, while the Brabo, Momotaro, 480 

and Kibidango craters were formed after Ryugu initiated a slowing in its 481 

rotation rate.  482 
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 544 

Table 1. The 7 named craters on Ryugu and their basic data from Hirata et al. 545 

(2020). 546 

Name Lat. Lon. (°E) D (m) CL*1 



Urashima -7.19 92.99 290 I 

Cendrillon 28.34 353.68 224 II 

Kolobok -0.70 330.28 221 II 

Momotaro -14.83 51.20 183 I 

Kintaro 0.42 157.84 154 II 

Brabo 3.24 229.95 142 I 

Kibidango -31.50 47.26 131 I 

*1 Classification shown in Hirata et al.; CL I means circular depression with 547 

rim and II circular depression without rim. 548 

 549 

Table 2. Scaling parameters used in ejecta model, based on Housen and 550 
Holsapple, (2011). 551 
No.* C1 C2 C3 C4 C5 C6 C7 C8 
Reg.** G S S G G G S S 

𝝁𝝁 0.55  0.55 0.46 0.41 0.41 0.45 0.40 0.35 
𝒌𝒌 0.2 0.3 0.3 0.3 0.3 0.5 0.3 0.32 
𝑪𝑪𝟏𝟏 1.5  1.50 0.18 0.55 0.55 1.00 0.55 0.60 
𝑯𝑯𝟏𝟏 0.68 - - 0.59 0.59 0.8 - - 
𝑯𝑯𝟐𝟐 - 1.1 0.38 - - - 0.40  0.81 
𝒏𝒏𝟐𝟐 1.5 1.0 1.0 1.3 1.3 1.3 1.0 1.0 
𝒑𝒑 0.5 0.5 0.3 0.3 0.3 0.3 0.3 0.2 

𝝆𝝆𝒕𝒕  
(kg/m3) 

1000 3000 2600 1600 1510 1500 1500 1200 

𝒀𝒀  
(MPa) 

- 30 0.45 - - - 4×10-3 2×10-3 

* Scaling parameters for Water (C1), Rock (C2), weakly cemented basalt (C3), sand (C4 552 
and C5), glass micro-spheres (C6), sand/fly ash mixture (C7), and perlite/sand mixture 553 
(C8).  554 

** The strength regime (S) or gravity regime (G). 555 

 556 



 557 

Figure 1. Observed east-west asymmetric profiles of the 7 named craters on 558 

Ryugu. In each plate, left side is west, and right side is east. The profiles are 559 

from the shape model of Watanabe et al. (2019). Survey lines are shown in 560 

Figure 2. Note that a sharp peak at the right side of Kibidango, and two 561 

sharp peaks at the right side of Kolobok are boulders.  562 
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 563 

 564 

Figure 2. Local simple cylindrical projection maps of the 7 named craters and 565 

locations of the survey lines in Figure 1. In each location, there are three 566 

plates of ONC-T images mosaic colorized by topography and geopotential 567 

slope at a rotation of 7.627 h and 3.5 hour. The center and length of the lines 568 

is defined as the center and twice of the diameter of each crater, respectively. 569 

Topography is defined as the distance from the geometric center of Ryugu.  570 
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 573 

Figure 3. Definition of variables in Eq. (5) in Section 2.1. Dashed line is a 574 

trajectory of a particle launched at a location,𝑥𝑥.  575 
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 577 

Figure 4. The trajectories of a particle launched from a 50m-radius crater to 578 

the west and east, when 𝑇𝑇=10000, 7.627, and 5.0 hours. The xy-plane 579 

corresponds to the equatorial plane of Ryugu. Although we calculate 580 

trajectories of 𝑁𝑁1  ×  𝑁𝑁2 =  36,000,000 ejecta particles in order to obtain 581 

Figs. 7, 9-11, a part of them is shown in this figure. The velocities of the 582 
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trajectories correspond to the initial lunch velocities of ejecta particles 583 

launched from the initial launch position,𝑥𝑥, in increments of one-twentieth of 584 

the crater rim radius. 585 

 586 

 587 

Figure 5. The trajectories of a particle launched from the 50m-radius crater 588 

to the west and east, when 𝑇𝑇=3.5 and 3.0 hours.  589 
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 591 

Figure 6. The landing locations of particles launched from a crater with a 592 

radius of 50m at the equator as a function of initial launch velocity of ejecta 593 

particles. 594 
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 595 

Figure 7. The landing locations of particles launched from a crater with a 596 

radius of 50m at the equator as a function of initial launch direction of ejecta 597 

particles. 598 
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 600 

Figure 8. The global distribution of ejecta thickness launched from a 601 

50m-radius crater at the equator.  602 
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 604 
Figure 9. The west-east profile of the ejecta thickness near the crater at the 605 
equator. 606 
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 608 

Figure 10. The comparison of model results in the 8 sets of scaling 609 
parameters in Table 2. It shows that the west-east profile of the ejecta 610 
thickness near the crater along the equator as a function of the rotation 611 
period between 3.5h and 3.0 h.  612 
 613 
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 615 
Figure 11. (a) The global ejecta thickness of a 50m-radius crater formed at 616 
30°N, 180°W when 𝑇𝑇 =3.0 hours. (b) The global ejecta thickness of a 617 
50m-radius crater formed at 60°N, 180°W when 𝑇𝑇=3.0 hours. (c) The 618 
comparison of the west-east profile of the ejecta thickness near the crater 619 
formed at the equator, 30°N, and 60°N when 𝑇𝑇=3.0 hours. The horizontal 620 
axis is scaled at 1 crater radius (50 meter). 621 
 622 
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 625 

Figure 12. The global ejecta thicknesses from Urashima, Cendrillon, and 626 

Kolobok and Brabo craters. 627 
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 629 

Figure 13. The global ejecta thicknesses from Kolobok and Brabo craters. 630 
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