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Introduction: The asteroids Ryugu and Bennu now 

explored by the spacecraft Hayabusa2 and OSIRIS-Rex, 
respectively, are rubble piles and have so-called “spin-
ning top” shapes [1], [2]. The top-shaped asteroids are 
mostly axisymmetric around their axes of rotations, and 
they have cone-like surfaces from low latitudes to mid 
latitudes. Many top-shaped asteroids, such as the aster-
oid 1999 KW4 [3], rapidly rotate with the rotation pe-
riod of about 3 hours. The axisymmetric shapes and the 
rapid rotations of the top-shaped asteroids suggest that 
spinning top shapes are formed through the deformation 
due to rapid rotations caused by the Yarkovsky-
O’Keefe-Radzievskii-Paddack (YORP) effect.  

Rapidly rotating fluid bodies deform into oblate 
spheroids (i.e., the Maclaurin spheroids). Thus, the for-
mation of top shapes is not natural outcomes of the de-
formation due to the rotational spin-up and requires 
some conditions such as high friction angles or internal 
structures of rubble pile bodies. The conditions required 
for the formation of top shapes may constrain physical 
properties and evolution of the top-shaped asteroids. 

How rubble piles are deformed through the spin-up 
is mainly investigated through numerical simulations 
using discrete element methods (DEMs). Although the 
simulations with a hard sphere DEM [4] successfully 
show that the spin-up of rubble pile bodies produces top 
shapes, detailed conditions for the formation of top 
shapes are still unknown partly because the hard sphere 
DEM does not explicitly treat the friction between DEM 
particles. A soft sphere DEM [5] explicitly treats the 
friction and cohesion between DEM particles, but the 
formation of top shapes is not observed in the simula-
tions with the soft sphere DEM although they conduct 
many simulations with various values of the angle of 
friction and cohesion. 

In this study, we investigate the deformation of rub-
ble pile bodies due to the spin-up using the other simu-
lation method: a smoothed particle hydrodynamics 
(SPH) method. We use the version of a SPH code [6], 
[7] that includes the friction model for granular material 
[8]. DEMs calculate the friction between particle pairs. 
In contrast, the SPH code directly treats the friction of 
the bulk of rubble pile bodies, i.e., the aggregation of 
granular particles. 

 

Simulation Setup: We simulate the rotational de-
formation of a spherical body with the radius of 500 m 
and the uniform density of 1.19 g/cm3. The number of 
SPH particles comprising the body is about 25,000. Alt-
hough the friction angle obtained from lunar soil is at 
most 50 degrees [9], we vary the friction angle of the 
body from 20 to 80 degrees because the cohesion may 
increase the “effective” friction angle.  

The initial rotation periods of the body are deter-
mined so that the spherical shapes with given friction 
angles are stable [10]. Then we accelerate the rotations 
such that 0.5 h decrease of the rotation periods occurs in 
1.0×105 s. We stop the acceleration after 1% of the to-
tal mass are ejected. 

Results: 

 
Figure 1 shows the cross sections of the body when 

the deformation of the body is the most noticeable. Note 
that the body axisymmetrically deform. Fig. 1a shows 
that the deformation speed with the friction angle of 40 
degrees is slow. The timescale of the deformation is 
about 1.0×105 s, which is similar to the timescale of the 
spin-up, i.e., quasi-static deformation occurs. Fig. 1b 
shows that the deformation speed with the friction angle 
of 60 degrees is fast. The timescale of the deformation 

Fig. 1: Cross sections of the deforming body through the 
spin-up. Vectors and those colors show velocity fields. 
Times presented at the top of the panels show elapsed 
times after the starts of the simulations. Panels (a), (b), 
and (c) show the results of the simulations with the fric-
tion angles of 40, 60, and 80 degrees, respectively. 
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is about 1.0×104 s. We also notice that not only the 
outer parts but also the innermost parts of the body de-
form, i.e., dynamical and internal deformation occurs. 
Fig. 1c shows that, in the case with the higher friction 
angle of 80 degrees, inner parts of the body do not de-
form but the surfaces move to equatorial region, i.e., 
landslide occurs. 

 
Figure 2 shows the cross sections of the body after 

the deformation shown in Fig. 1 occurs. Fig. 2a and b 
show that the internal deformation produces the rounded 
and flat shapes. The shapes do not have straight surfaces 
and the differences of the surface slopes between low 
latitudes and mid latitudes are large. In contrast, Fig. 2c 
shows that the landslide produces straight surface with 
the small difference of the surface slopes between low 
latitude and mid latitude. This shape is axisymmetric 
and thus have the cone-like surface, i.e., the top shape. 
Our results suggest that the spin-up of rubble piles with 
the friction angle of 80 degrees produces top shapes. 

Summary and Future Prospects: We conduct the 
numerical simulations of the spin-up of the rubble pile 
body using the SPH code and investigate how they de-
form. We find that the quasi-static and internal defor-
mation occurs for the body with the friction angle of 40 
degrees, the dynamical and internal deformation occurs 
for the friction angle of 60 degrees, and the landslide 
occurs for the friction angle of 80 degrees. The landslide 

produces the axisymmetric straight surfaces from low 
latitude to mid latitude, i.e., the top shape. Therefore, 
our results suggest that the spin-up of rubble piles with 
the friction angle of 80 degrees can produce top shapes. 

How reasonable the very high friction angle of 80 
degrees is? The friction coefficient is the ratio of shear 
strengths to confining pressures, and the friction angle 
is the arctangent of the friction coefficient. The cohesion 
plays as shear strengths, and the cohesion of lunar soil 
is at most 1 kPa [9]. The confining pressure at the center 
of an asteroid with the radius 500 m is about 50 Pa. The 
shear strength of 1 kPa and the confining pressure of 50 
Pa result in the effective friction angle of about 87 de-
grees. Thus, the existence of the cohesion may realize 
the high friction angle of 80 degrees.  

The acceleration rate of the rotation examined in this 
study is of course much faster than the actual spin-up 
rate caused by the YORP effect. Shapes of asteroids be-
fore the deformation due to the spin-up may not be com-
plete spheres and they may initially have surface rough-
ness or complex shapes. In our future works, we will 
investigate how the spin-up rate and initial shapes affect 
shapes produced through the deformation caused by the 
spin-up. 
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Fig. 2: Cross sections of the body after the deformation 
shown in Fig. 1 occurs. The red lines show the surfaces 
of the body for the latitudes of 0 – 20, 20 – 40, 40 – 60 
degrees. The red numbers near the red lines represent 
surface slope in degrees, i.e., the angles between the 
rotation axes and the surfaces. Panels (a), (b), and (c) 
show the results of the simulations with the friction an-
gles of 40, 60, and 80 degrees, respectively. 
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