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ABSTRACT

The Chinese Tianwen-2 mission is planned to explore and sample the near-Earth asteroid 2016 HO3, also named 469219 Kamo’oalewa.
This paper intends to answer the question of whether 2016 HO3 has any regolith. A 3D model of an irregular shape was reconstructed
from light curve data of 2016 HO3, with simulated impact craters embedded on its surface. We used numerical simulations to calculate
the acceleration from gravity, fast rotation, and the van der Waals cohesive force. We found that the poles have a higher chance
of hosting regolith, and the regolith may also rest on the walls of craters that face toward the rotation axis, making them potential
sample collection sites. On the surface of 2016 HO3, the van der Waals force is strong enough to hold particles smaller than several
centimeters against centrifugal force. Furthermore, we compare a pair of transient processes: thermal fatigue, which generates small
particles, and micro-impacts, which remove the surface mass. Thermal fatigue is at least comparable to, and perhaps more efficient
than, micro-impacts for 2016 HO3. Therefore, it is highly possible that regolith exists on the surface of 2016 HO3.

Key words. minor planets, asteroids: general – minor planets, asteroids: individual: 469219 Kamo’oalewa –
minor planets, asteroids: individual: 2016 HO3

1. Introduction

Asteroids are valuable sources of information about the evolu-
tion of the Solar System and may contain clues to help reveal
the formation of terrestrial planets and the origins of life. Mean-
while, the term asteroid has been used to describe a wide range
of small bodies, from the 2 m near-Earth asteroid (NEA) 2015
TC25 (Reddy et al. 2016) to the differentiated asteroid 4 Vesta
with a mean diameter of 525 km (Russell et al. 2012). Here we
focus on small fast-rotating asteroids (SFRAs), with the example
of 2016 HO3 (also named 469219 Kamo’oalewa) (de la Fuente
Marcos & de la Fuente Marcos 2016). 2016 HO3 is one of the
most stable of the seven quasi-satellites of the Earth (Reddy
et al. 2017). Recently, spectrum and orbital dynamics studies
have suggested that 2016 HO3 was formed from lunar ejecta
(Sharkey et al. 2021; Castro-Cisneros et al. 2023). 2016 HO3
was selected as the first target for exploration and sampling by
China’s Tianwen-2 mission, which is scheduled to be launched
in 2025 (Li et al. 2024). Thus, 2016 HO3 will be the first SFRA
and the smallest asteroid that has ever been studied by space mis-
sions (Veverka et al. 2001; Yano et al. 2006; Russell et al. 2012;
Sierks et al. 2015; Park et al. 2016; Müller et al. 2017; Walsh
et al. 2019). The basic information of 2016 HO3 is listed with
some other explored asteroids in Table 1.

2016 HO3 spins with a period of 0.467 ± 0.008 h (Warner
et al. 2021), which means that the centrifugal acceleration is
stronger than the gravitational acceleration at most areas except
the poles (Harris 1996; Pravec & Harris 2000). If a bulk density
⋆ Corresponding author; bo.wu@polyu.edu.hk

of 2700 kg/m3 is assumed, the rotation period threshold to bond
materials gravitationally is about 2.0 h. In the present work, we
define the term small fast-rotating asteroid (SFRA) as an asteroid
with a size of ∼300 m (Persson & Biele 2022) that rotates faster
than the gravitational bonding threshold (fission failure) corre-
sponding to its density. An internal coherent force is required for
SFRAs to hold together, and the extremely fast-spinning small
asteroids have even been considered bare rocks (Whiteley et al.
2002). Statistically, over two-thirds of the asteroids with abso-
lute magnitude H > 20 (roughly equivalent to diameter < 100 m)
rotate with periods significantly shorter than 2.0 h, and among
all the larger asteroids, all but three rotate slower than 2.0 h per
round (Hergenrother & Whiteley 2011). In addition to its unique
orbit and origin of composition, the fast-spin feature also makes
2016 HO3 an interesting object to study by space mission, which
will help in understanding the origin of SFRAs and the distinct
difference in rotation period between asteroids smaller or larger
than ∼300 m. On the other hand, the fast-spin feature also raises
challenges to the mission, in terms of attaching and sampling.

The question that we want to answer is whether 2016 HO3
has regolith. Although regolith has been found on 25143 Itokawa
(Miyamoto et al. 2007; Tsuchiyama et al. 2011), 162173 Ryugu
(Morota et al. 2020) and Bennu (DellaGiustina et al. 2019), there
are no direct observations to support or rule out the existence of
regolith on SFRAs. Fast rotators have been described as mono-
lithic and regolithless (Whiteley et al. 2002). Some recent studies
on 2016 HO3 (Li et al. 2023; Zhang et al. 2021) also suggested
that its surface particles are likely to escape eventually. However,
the effects of surface forces other than gravity and centrifugal
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Table 1. Basic information of some asteroids and their moonlets as targets of space missions.

Object Mission Rotation period Major axes diameters Category References

2016 HO3 Tianwen-2, 2025 0.467 h 100 × 81 × 46 m NEA, Apollo group 1
65803 Didymos DART, 2022 2.26 h 849 × 851 × 620 m NEA, Apollo group 2, 3
Dimorphos DART, 2022 11.9 h(∗) 177 × 174 × 116 m Moonlet of Didymos 2, 3
25143 Itokawa Hayabusa, 2005 12.13 h 535 × 294 × 209 m NEA, Apollo group 4
162173 Ryugu Hayabusa2, 2018 7.63 h 1004 × 1000 × 875 m NEA, Apollo group 5
101955 Bennu OSIRIS-Ex, 2018 4.30 h 506 × 492 × 457 m NEA, Apollo group 6
152830 Dinkinesh Lucy, 2023 3.73 h 720 m Main belt 7
Selam Lucy, 2023 52.67 h 210 m & 230 m(∗∗) Moonlet of Dinkinesh 7

Notes. (1) Warner et al. (2021); (2) Naidu et al. (2020); (3) Daly et al. (2023); (4) Fujiwara et al. (2006); (5) Watanabe et al. (2019); (6) Barnouin
et al. (2019); (7) Levison et al. (2024). (∗)Pre-impact; (∗∗)Selam consists of two near-equal-sized lobes with the diameters listed.

force were not considered in those studies. For a typical SFRA,
the outward accelerations of subcentimeter-sized grains can be
balanced by van der Waals cohesive forces (Sánchez & Scheeres
2020; Scheeres et al. 2010). Li & Scheeres (2021) investigated
possible regolith on the surface of 2016 HO3 with an ellip-
soid model. They suggested that a layer of millimeter-sized to
centimeter-sized grains can exist on the surface of 2016 HO3,
and the required cohesion to bond such particles is less than
0.2 Pa. For reference, the considered “near-zero” cohesion on
the subsurface of Bennu is approximately 0.2–20 Pa (Walsh et al.
2022) or <0.001 Pa (Lauretta et al. 2022), derived from numer-
ical simulation or empirical relationships, respectively. While
the surface dynamical environment of 2016 HO3 was presented
in those studies, essential transient processes to generate and
remove regoliths, such as thermal fatigue (Delbo et al. 2014) and
impacts, have not been investigated for the SFRA scenario.

In this paper we present a dynamical model of 2016 HO3
considering gravity, rotation, and van der Waals forces with a
shape model reconstructed from light curves and added crater
features. Upon the shape and surface dynamical environment
models, we further include the two most important transient pro-
cesses, micro-impacts and thermal fatigue, which are generally
destructive and constructive to the regolith, respectively. The
motivation of the present work is twofold: to provide useful infor-
mation for the upcoming missions and to develop a relatively
unbiased theoretical model to compare with the future SFRAs’
observations. The paper is organized as follows. In Sect. 2 we
describe our prediction of the shape of 2016 HO3 based on cur-
rent observations and then analyze the stability and distribution
of regolith on its surface for the general steady status. In Sect. 3
we compute and compare the regolith removal rate from micro-
impacts and the production rate from thermal fatigue. Finally,
the influence of assumptions, uncertainties, and implications for
regolith existence on 2016 HO3 are discussed in Sect. 4.

2. Shape and surface dynamical environment
models of 2016 HO3

2.1. Shape model

2.1.1. Shape modeling of asteroid 2016 HO3 from light curves

By measuring the asteroid’s brightness (or magnitude) corre-
sponding to its observed time, the light curves of the asteroid
can be generated. The idea of deriving a 3D shape model of
an asteroid from light-curve inversion is to find a shape model
that generates light curves that closely match the observed light
curves based on mathematic functions such as L = Ag, where L

is the vector of the observed brightnesses, g defines the facets of
a convex polyhedron approximating the 3D shape model of the
asteroid, and A is the reflectance that combines the light scatter-
ing on all the facets at an estimated surface albedo. By giving
a set of light-curve observations, the optimal 3D shape model
of the asteroid can be estimated through a least-squares solution
(Kaasalainen et al. 2001).

Figure 1 shows examples of the light curves (top four rows)
used to estimate the 3D shape model of asteroid 2016 HO3. In
total, 15 light curves were used to derive a 3D shape model
for 2016 HO3 (bottom row in Fig. 1). The root mean square
error (RMSE) between the observed light curves and the model-
derived light curves is 0.17, which indicates a relatively low
precision for shape modeling from light-curve inversion. How-
ever, it should be noted that this is the shape modeling result
from the available light curves for 2016 HO3. It may not repre-
sent the real shape model of 2016 HO3, but it can be used as a
basis for the simulation analysis in this study.

To demonstrate the effect of different geometry, we built two
models (shown in Fig. 2): a polyhedral approximated ellipsoid
(Model A) and a reconstructed model based on our interpre-
tation of available light curves (Model B) of 2016 HO3. The
dimensions of Model B are 100 m × 81 m × 46 m. Figure 2c
shows the bottom view of Model B. We assumed the aster-
oid rotates around the Z-axis. The lengths of the three axes of
Model A were determined with the ratio a/b/c=1/0.4786/0.4786
(model I in Li & Scheeres 2021) to make its total volume equal
to Model B. Numerically, we only needed to mesh the sur-
face of models: 4483 vertices and 8963 triangles were used for
Model A, and 2521 vertices and 5038 triangles were used for
Model B.

2.1.2. Adding craters on the 3D shape model of 2016 HO3

Since large boulders on SFRAs are likely to escape (see explana-
tion in Sect. 2.2), craters are the only type of additional features
we added to the asteroid. We mainly focused on two features for
crater simulation. Crater size-frequency distribution describes
the relationship between the size and the amount that is com-
monly defined in the form N = cD−β, where N is the number of
craters with size ≥ D, β mainly contributes to size distribution
and varies depending on asteroids, and c determines the final
amounts. Since we did not have close observations of asteroids
as small as this size, we referenced the statistical results of aster-
oid (433) Eros (Ballouz et al. 2024) and Gaspra (Bottke et al.
2020) to decide these parameters. The shapes of craters, partic-
ularly depth to diameter ratio (d/D) were considered according
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Fig. 1. Shape model of 2016 HO3 derived from light-curve inversion.
Top four rows: examples of light curves (red dots) and the corresponding
fits (solid lines) for estimating the shape of 2016 HO3. Bottom row:
estimated 3D shape model of 2016 HO3.

to previous findings as well (Noguchi et al. 2021; Robinson et al.
2002).

We used self-developed in-house software to generate craters
that satisfy the required parameters. By adjusting the physical
properties of craters, we can customize the desired and appropri-
ate shape models. Therefore, we imported the 3D shape model of
2016 HO3 derived from light curves as an initial input and deter-
mine physical parameters including c = 2 × 10−4, β = −2.6, and
d/D = 0.15 to mimic realistic crater distribution and morpho-
logical features. Figure 2 gives examples of the corresponding
simulated shape models under different observing views. There
are 12 craters ranging from 5 to 20 m and randomly distributed
on the surface, including equatorial and polar regions. The areas

Fig. 2. Shape models. (a) Model A. (b) Top view of Model B. (c) Bottom
view of Model B.

of the triangle faces of Model A range from 1.4 to 3.9 m2, while
Model B has a more uneven distribution of face areas, from 0.03
to 7.6 m2. This synthetic 3D shape model of 2016 HO3 is used
for further analysis in this study.

2.2. Surface dynamical environment model

The gravitational and centrifugal accelerations are both pro-
portional to the radius if we assume the asteroid is spherical
and homogeneous in density. The net outward acceleration from
gravity and rotation normal to the body surface is (Scheeres et al.
2010)

anet0 =

(
ω2 cos2 φ −

4πGρ
3

)
R, (1)

where ω is the rotation speed, φ is the latitude, G is the gravita-
tional constant, ρ is the bulk density, and R is the radius of the
asteroid. In other words, if the shape ratio and density are fixed,
the fission limit rotation period has the same value no matter how
large the body is.

2.2.1. Gravitation

A nonspherical shape will make the direction of gravity accel-
eration not always point to its centroid, and the normal vector
of the surface plane is not always parallel with the displace-
ment from the centroid to the surface point of interest. Thus, a
more irregular shape will distort Eq. (1) at certain locations, but
the overall proportional relation to the asteroid size still stands.
Equation (1) also shows how the limiting rotation period is deter-
mined and how it decreases proportional to the square root of the
bulk density.

We adopted the method developed in Werner & Scheeres
(1996) to calculate gravitational potential and acceleration, and
we followed the modification in Yu & Baoyin (2015) to solve the
singularity problem that happens when the field points are on the
asteroid’s surface or interior. An asteroid with an irregular shape
is approximated to a polyhedron with triangular faces. The basic
idea of this method is to convert the volume-integral of gravity
or gravitational potential to a surface integral, and further to line
integrals plus surface integrals with analytical expressions via
the Gauss divergence theorem. Written in the same form as in

A62, page 3 of 11



Ren, J., et al.: A&A, 692, A62 (2024)

Yu & Baoyin (2015), the gravitational potential and its vectorial
first-order gradient, gravitational acceleration, are

U = −
1
2

Gρ
∑

e∈Edge

re · Ee · reLe +
1
2

Gρ
∑

f∈Edge

r f · F f · r fω f , (2)

∇U = Gρ
∑

e∈Edge

Ee · reLe −Gρ
∑

f∈Face

F f · r fω f , (3)

where re and r f are vectors from the interested field point to arbi-
trary points belonging to edge e and face f , respectively. Both
Model A and Model B are regarded as a whole polyhedron with
numerous faces in this work. In practice, we go over every face
and edge on the model’s surface and pick a vertex point for each
of them (e.g., restored in the first column) to calculate vectors
re and r f . The edge dyad is defined as Ee = nAnA

e + nBnB
e , and

the face dyad is defined as F f = nf nf , where nf is the normal
vector of plane f ; nA, nB are unit normal vectors of two faces
connected by edge e; and nA

e , nB
e are the unit normal vectors of

edge e, which lies in the face plane A and B, respectively. An
instructive diagram of these vectors can be found in Fig. 7 in
Werner & Scheeres (1996). Le and ω f are scalar integrals that
can be expressed analytically:

Le = ln
a + b + el

a + b − el
, (4)

ω f = 2 arctan
r1 · (r2 × r3)

r1r2r3 + r1 · r2r3 + r2 · r3r1 + r3 · r1r2
. (5)

Here a, b are the distances from the field point to the ends of the
edge and el is the length of the edge; ri and ri (i = 1, 2, 3) are the
vectors and distances from the field point to the vertices of the
triangular face f . The indices of the vertices should be labeled
in a way that the direction of the loop (1–2–3–1) points outward,
defined by the right-hand rule.

As stated in the title of Werner & Scheeres (1996), the
method originally applies only to “exterior” gravitation. Yu &
Baoyin (2015) solved the singularity on the surface and interior
of the polyhedron and rewrote Eqs. (2) and (3) as

U = −
1
2

Gρ
∑

e∈Edge

re · Pe (r) +
1
2

Gρ
∑

f∈Edge

r f · Q f (r) , (6)

∇U = Gρ
∑

e∈Edge

Pe (r) −Gρ
∑

f∈Face

Q f (r) , (7)

where r is field point vector, and

Pe (r) =
{

0, r ∈ e
Ee · reLe, r < e , (8)

Q f (r) =
{

0, r ∈ f
F f · r fω f , r < f . (9)

Practically, we define field points on all centroids of trian-
gle faces and implement Eq. (9) by setting Q f (r) = 0 to the
corresponding face.

Adopting the above method, we investigated the surface envi-
ronment of both the ellipsoid and the reconstructed model of
2016 HO3. First, the gravitational potential fields U and the
vectorial gravitational accelerations ∇U at all centroids of the
triangle faces were calculated. The calculation of gravitational
fields runs relatively fast in a matrix format. It only took about
31 seconds to solve models A and B with a personal computer.
The magnitudes of gravitational accelerations at the surface are

Fig. 3. Magnitudes of gravitational accelerations.

Fig. 4. Escape velocities ve =
√
−2U. The bulk density ρ used to calcu-

late U is 2.7 kg m−3. For both shapes, ve is within 0.04 ± 0.006 m/s.

Fig. 5. Net gravitational and centrifugal acceleration normal to the sur-
face faces, with measured rotation period of 0.467 h. Outward is defined
as the positive direction. For both Model A and B, outward accelerations
are shown in the warm color scale (yellow to red) and inward accelera-
tions are shown in the cold color scale (green to blue).

shown in Fig. 3. The magnitudes of the two shapes are simi-
lar, from 2.0 to 2.6 µG. For Model A, because of the elongated
shape, gravity is strongest around the rotation axis (Z-axis) and
weakest at the endpoint of the max axis (X). This pattern also
works for Model B, generally. Escape velocities ve are shown in
Fig. 4. In the section of micro-impacts, all ejecta with v > ve
escapes the object.

2.2.2. Rotation and simple friction

The magnitude of the centrifugal acceleration is calculated as

acen(r) = ω2rxry, (10)

where rx and ry are the x-axis and y-axis component of r, respec-
tively. The direction of acen(r) is the projection of r on the plane
normal to the Z-axis. The expression of the net acceleration of
gravity and rotation in the numerical model is

anet0(r) = acen(r) + ∇U(r). (11)

To determine whether a surface particle will be thrown out
(fission failure), we calculated the normal component of the
net acceleration, anet0 · nf , with the measured rotation period
of 0.467 h (Warner et al. 2021); it is shown in Fig. 5. The net
acceleration is dominated by rotation, and the result of Model A
shows that the normal acceleration is only inward near the polar
region, which is consistent with previous studies (Li et al. 2023;
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Fig. 6. Different dynamic regions resulting from the effects of grav-
ity, centrifugal acceleration, and friction (coefficient µ = 1). The fission
failure regions (where anet0 > 0) are labeled in blue, the landslide
regions are in yellow, and the stable regions are in green.)

Li & Scheeres 2021; Zhang et al. 2021). However, Model B
demonstrates some very interesting features about the craters.
The strongest inward acceleration appears at the crater to the
right of the north pole, with some distance. When the normal
vector of a crater face, nf , generally points toward the rotation
axis, the normal component of the centrifugal force presses the
particle onto the surface instead of throwing the particle out. If
the slope of the crater is steeper than the friction angle at that
location, the regolith is able to rest in that area of the crater even
without considering the normal component of cohesive forces.
Therefore, in addition to polar regions, the inward faces of craters
are also potential sites for sample collection, and the regolith
there might be more stable against small disturbances since the
normal force is enhanced by rotation.

Here we set the friction to µ = 1. The fission region, land-
slide region, and stable region are plotted in Fig. 6 in blue, green,
and yellow, respectively. The particles in landslide regions are
pushed toward the equator by the tangential part of centrifugal
force and subsequently enter the fission region. The edges in
Model A are not as regular because, in our numerical model,
the field variables are assigned to every triangle face. The small
disconnected yellow region in Model B again shows the role of
craters in surface dynamics. Several faces in a crater in the south-
ern hemisphere also form a stable region, which are not shown
in Fig. 6.

2.2.3. van der Waals cohesive force

In addition to gravity and rotation, Scheeres et al. (2010) com-
pared the effects of Coulomb friction, interior pressures, self-
gravity, electrostatic forces, solar radiation pressure forces, and
van der Waals forces. These forces have different dependent rela-
tions on the particle size, and the van der Waals force is the
dominant force for particles smaller than 1 mm to 1 cm. The
attractive van der Waals force (Castellanos 2005; Perko et al.
2001; Rognon et al. 2008) is computed as

Fc =
A

48 (t + d)2

rarb

ra + rb
, (12)

where A is the Hamaker coefficient in units of work (joules),
t is the minimum interparticle distance between surfaces, d is
the distance between particle surfaces, and r = rarb/ (ra + rb) is
defined as the reduced radius of the system. If we assign ra to
2016 HO3 and rb to a surface particle, we have r � rb because
ra ≫ rb. Following Scheeres et al. (2010) we set the distance
term d to 0, and the force is only considered to be active when the
bodies are in contact. By adopting Eq. (12), we assume all parti-
cles are perfect spheres with ideally smooth surfaces. Another
possibility, that cohesive force is independent of particle size
because of roughness (Persson & Biele 2022), is discussed in

Fig. 7. Net outward normal acceleration from gravity, centrifugal force,
and van der Waals forces. Under the choice of surface parameters,
S = 0.1 and r = 1 mm, the van der Waals force dominates the surface
dynamical environment.

Sect 4.1. Our model only considers a scenario where a layer of
separated particles rests directly on the surface of the polyhedral
asteroid. As a result, the direction of the van der Waals forces
on particles is normal to the faces and inward. The aim of this
study is to analyze the dynamical environment of 2016 HO3’s
surface and the existence of its regolith. Other properties and
behaviors such as thickness and shear strength of the regolith are
not included, but will be interesting topics once the existence of
regolith on SFRAs is confirmed.

The effect of the van der Waals force is more important in
the environment of space because in such an extreme environ-
ment the minimum distance between the materials, t, can be
much closer than possible on Earth where atmospheric gases,
water vapor, and relatively low temperatures allow the signifi-
cant contamination of surfaces (Scheeres et al. 2010). Surface
cleanliness, a nondimensional parameter, describes the level of
such contamination,

S = Ω/t, (13)

where Ω is the interparticle distance for lunar regolith and has
the value of 1.5 × 10−10 m (Perko et al. 2001). Substituting
Eq. (13), rarb

ra+rb
= r and d = 0 into Eq. (12), we have

Fc =
AS 2

48Ω2 r, (14)

where the Hamaker coefficient A = 4.3 × 10−20 J (Perko et al.
2001). The value of the Hamaker coefficient is computed for
lunar soil and might change on the surface of 2016 HO3 with
different mineral assemblage and adsorbed medium. Now we
have two free parameters, S and r. The surface cleanliness in the
vacuum chamber (10−7 Pa) was estimated to be 0.58–0.77, from
294 K to 394 K (Perko et al. 2001), which was examined by both
simulated lunar soil experiments (Nelson 1967; Nelson & Vey
1968) and actual lunar soil. The cohesive force Fc is propor-
tional to the particle radius r, so that the cohesive acceleration
follows the inverse square proportion: ac ∝ S 2r−2. The net grav-
itational and centrifugal acceleration anet0 is independent of the
particle’s size, while ac is independent of the asteroid’s size as
long as ra ≫ rb. Therefore, with a fixed rotation speed, the van
der Waals force becomes more important with the decrease in
the asteroids’ size.

2.2.4. Distributions of surface particles

Now the van der Waals cohesive force is included. We first con-
sider a modest surface cleanliness of S = 0.1, and assume the
surface is covered with identical spherical grains with radii of
1 mm and the same densities as the asteroid. Hence, the cohe-
sive acceleration ac is also a constant in this case, with a value
of 0.0352 m s−2. Figure 7 shows the result of the combination of
gravity, rotation, and the van der Waals force. To be consistent,
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Fig. 8. Maximum particle radii to avoid fission failure when S = 0.1.
Red shows both landslide and stable regions that are not applied to this
non-fission maximum radius calculation.

Fig. 9. Maximum radii of stable particles that will not slide under the
coefficient of friction of µ = 1 and the cleanliness S = 0.1.

outward is still the positive direction of acceleration. The cohe-
sive force is the dominant effect this time. Dividing the net
acceleration by the cohesive acceleration ac, the range of nor-
malized acceleration is 0.98 to 1.00 for Model A and 0.98 to 1.01
for Model B. In Fig. 8, we keep the surface cleanliness to 0.1 and
calculate the maximum radius that allows the particle to have
a net inward normal acceleration. For the landslide and stable
region shown in Fig. 6, this radius could be arbitrarily large to
avoid fission failure, so we label those areas in red in Fig. 8. For
both shape models, the maximum radius is smaller than several
decimeters. Because ac ∝ S 2r−2, the theoretical upper limit of
particle radii is ten times larger than the result shown in Fig. 8,
when S reaches its theoretical upper limit of 1.

For the calculation of landslide failure, several additional
assumptions were made. Movements on the surface were con-
sidered quasi-static, which means we neglected the particles’
relative velocity to the surface. We also assumed a friction coef-
ficient µ = 1 at all locations, giving a friction angle of 45◦, and
that the surface cleanliness was constant all over the surface.

Stable regions from the gravity and rotation results are spe-
cial regions where the radii of particles are not limited. In
practice, even in these special regions, the particle radius should
still be smaller than the size of these regions themselves. At all
the other regions, if a particle is not large enough to take off,
but also not small enough to resist tangential acceleration, it will
slide along the tangential direction that always points away from
the rotation axis. Unless sliding into a proper crater, when a par-
ticle begins to slide, it is not likely to stop, and will finally end up
flying into space because the tangential force increases with the
rotation radius

√
rx

2 + ry2. Figure 9 shows the maximum radii
of stable particles with uniform surface cleanliness S = 0.1;
we note that a stable particle is not related to the stable area.
The special regions not applied maximum radii are labeled in
red. For the other regions, the maximum stable radii are smaller
than the maximum radii to avoid fission failure (see Fig. 8). It
is interesting to note that in Model B, craters located close to
the poles and/or having walls approximately facing toward the
rotation axis can hold larger boulders up to about 1 m across.

To better understand the combined effects of different param-
eters, we further explored the space of the cleanliness, the grain
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Fig. 10. Cumulative area distribution for the maximum grain diameters
to avoid both landslide and fission failures. Panel a shows the results for
shape Model A, and panel b shows the results for shape Model B. For
each model, distributions for different parameter combinations, clean-
liness S ∈ {1, 0.1, 0.01}, and coefficient of friction µ ∈ {1, 0.5} are
calculated.

size, and the coefficient of friction. For grains with a radius of
10 cm, 2016 HO3 could not be covered with such particles even
if the cleanliness S = 1 everywhere, but down to 10s µm, the
cohesive force is strong enough to retain such particles, even
with a surface cleanliness as low as 0.001 if there is no other
disturbance. Figure 10 shows the cumulative area fractions distri-
butions regarding the maximum diameter of the stable particles
for Model A (panel a) and Model B (panel b). For a certain
small surface area, if the net effect of gravity, centrifugal force,
and van der Waals force allows grains with a certain size to be
stable at this area, then this area is added to the cumulative allow-
able area. It is not necessary that the area is actually covered by
grains of such size. For a given area fraction between 0 and 1, the
allowable grain size decreases proportionally with the decrease
in cleanliness S , which is consistent with our previous analy-
sis that cohesive acceleration is a function of S/r. A smaller µ
also decreases the upper limit of grain size. Among cleanliness,
the coefficient of friction, and shape models, cleanliness is the
most important in order to determine the distribution of maxi-
mum possible grain size; the coefficient of friction also makes
a difference. In terms of overall distribution, the effect of the
shape model is negligible. However, as shown before, craters are
important to dynamic environments locally and might be inter-
esting spots for the upcoming space mission. The information
of possible particle sizes on the surface of 2016 HO3 is impor-
tant to the processes that generate and remove regolith (see next
section).

3. Transient processes

Thermal fatigue and meteoroid impacts are considered to be
the two major regolith production and loss mechanisms (Li &
Scheeres 2021; Hsu et al. 2022). Since impact ejecta velocities
(Housen et al. 1979; Housen & Holsapple 2011) are typically
much greater than the escape velocities of small asteroids, ther-
mal fatigue (Delbo et al. 2014) is considered to be the dominant
fragmentation process. Hsu et al. (2022) set the nominal ther-
mal fragmentation rate of exposed rocks on airless bodies at
1 AU to be 5 × 10−11 kg m−2 s−1, which is 100 times lower
than the terrestrial value. To estimate the ejecta generation rate
due to micro-impacts, Hsu et al. (2022) adopted interplanetary
dust particle (IDP) density, impactor size of 100 µm, and an
average impact speed of 17.9 km/s at 1 AU (Grün et al. 1985).
With a mass ratio of ejecta to impactor (also called ejecta mass
yield) of 1000 (Bernardoni et al. 2021), the calculated ejecta
generation rate, 1–9 × 10−12 kg m−2 s−1, matches the measured
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Table 2. Mass loss rates per unit cross section of four different types of micro-impacts.

Diameter Perlite/sand mixture, Rock,
(µm) Shear strength Y = 2 × 10−3 MPa Shear strength Y = 30 MPa

100 1.46 × 10−12 kg m−2 s−1 3.79 × 10−12 kg m−2 s−1

200 2.92 × 10−12 kg m−2 s−1 7.58 × 10−12 kg m−2 s−1

value around the Moon (Horányi et al. 2015). Considering the
extremely low escape of 2016 HO3, v ≈ 0.4 m/s, all ejecta will
escape (see below). Therefore, a high-speed micro-impact is a
purely destructive process for the surface mass of the asteroid.
The question arises of whether it is enough to say that regolith
production is faster than regolith loss in 2016 HO3. Due to its
fast rotation and small size, this question is worth examining, as
described below.

3.1. Micro-impacts

Micro-craters have been observed in returned asteroid samples.
The surfaces of regolith returned from 25143 Itokawa contain
craters with diameters of 100–200 nm and adhered objects
(Nakamura et al. 2011). A large number of micro-craters and
impact melt splashes have also been observed in particles from
162173 Ryugu (Matsumoto et al. 2024), and one investigated
crater has a diameter of about 5 µm. However, the observed size
of micro-craters might be biased by the relatively small size of
particles we collected. Therefore, in this section we investigate
the properties of micro-impactors and a single impact event for
a typical NEA.

Constrained by Infrared Astronomical Satellite (IRAS)
observations of thermal emission, about 90% of the observed
mid-infrared emission is produced by particles from Jupiter-
family comets (JFCs), and the present mass of the inner zodiacal
cloud at <5 AU is mainly in D = 100–200 µm (Nesvorný et al.
2010). Thus, it is worth noting that the micro-impacts consid-
ered in this section are much smaller in scale than the impacts
that create the craters on Model B in Sect. 2. For a particle in the
zodiacal cloud, its average intrinsic impact probability on a cir-
cular cross section of radius 1 km per year for a typical NEA is
p0 = 9.5 × 10−18 (Delbo et al. 2014). The next step is to find
the total mass (number of meteoroids) of the zodiacal cloud.
Nesvorný et al. (2010) estimated that with ρ = 2 g cm−3 and
D = 200 µm, the total mass of the zodiacal cloud (mZODY) is
5.2 × 1016 kg. The total mass estimation also contains uncertain-
ties from particle size and density; for example, if ρ = 1 g cm−3

or D = 100 µm, they calculated that mZODY = 2.6 × 1016 kg.
We assume 1 g cm−3 for JFCs, so that mZODY = 1.3× 1016 kg
for D = 100 µm, and mZODY = 2.6 × 1016 kg for D = 200 µm.

Next, we move to a single impact event. We adopted a point-
source scaling model from Housen & Holsapple (2011). Such
high-speed impacts to low-gravity targets belong to the strength
regime, so we selected two patterns, C2 and C8 in Housen &
Holsapple (2011). The results are shown in Fig. 11. In all four
ejecta velocity distributions, the lowest velocities already exceed
the escape velocity of 2016 HO3. Two solid curves show cases
of rock target (black) and sand target (red) with impactor of
D = 100 µm. Two dashed curves show cases with impactors of
D = 200 µm. The diameters of craters range from 1.8 to 6.4 mm.
Because all ejecta mass escapes, the mass loss per impact is dou-
bled in D = 200 µm cases compared to D = 100 µm cases, with
respect to the same target materials.
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Fig. 11. Mass of ejecta with velocities > v for four individual micro-
impact events, and the impact velocity is always 15 km/s. The two red
lines show impacts on perlite–sand mixture (PS) with high porosity (ϕ =
0.6), and the black lines show impacts on rock. Spherical impactors with
diameters of 100 µm and 200 µm are shown as solid and dashed lines,
respectively.

Combining the impact probability, number of meteoroids,
mZODY, and ejecta distributions, the mass loss rates per square
meter per second are computed and shown in Table 2. Those four
values generally cover a range of mass loss rates due to micro-
impacts, 1.46–7.58× 10−12 kg m−2 s−1. This range is close to
the range of 1–9× 10−12 kg m−2 s−1 given in Hsu et al. (2022),
though the physical aspects are different in these two scenarios.

3.2. Thermal fatigue

Thermal fatigue is considered a purely constructive process to
produce regolith with no subsequent ejection (Delbo et al. 2014;
Hsu et al. 2022), but also as a driving mechanism for in situ
disaggregation and exfoliation on Bennu (Molaro et al. 2020).
The short rotation period of 2016 HO3 of 0.467 h is also an
important characteristic in terms of thermal fatigue. Compared
with slower rotators, 2016 HO3 should have smaller diurnal tem-
perature excursion, but also experience more thermal cycles.
These two differences act against each other. In this section we
adopt the methodology of Delbo et al. (2014) to analyze the
regolith production on the surface of 2016 HO3 due to thermal
fatigue. The method is briefly introduced in three parts: 1) ther-
mal model, 2) macroscopic stress field, and 3) macroscopic stress
field and fatigue crack growth.

First, we also adopted the same thermal model (Spencer et al.
1989) as Delbo et al. (2014) did to solve a one-dimensional heat
diffusion problem, and we calculated the temperature profile for
16 skin depths (penetration depth of the diurnal thermal wave)
from the surface. The skin depth is ls =

√
κ/(ρcω), where κ is

thermal conductivity, ρ is the density, c is the heat capacity, and
ω is the rotation speed. Meanwhile, the amplitude and the lag of
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Table 3. Default values of physical properties of norite.

Term Symbol Unit Value Reference

Thermal conductivity κ W m−1 K−1 2.69 1
Heat capacity c J kg−1 K−1 670 2, 3
Bulk density ρ kg m−3 2990 2, 3
Thermal inertia Γ J m−2 s−0.5 K−1 2321 –
Bulk modulus K̄ GPa 72.4 4
Shear modulus Y GPa 32.1 4
Coefficient of α K−1 7.05 × 10−6 5
thermal expansion

Notes. (1) Misener et al. (1951); (2) Mel’nikova et al. (1975); (3) Waples & Waples (2004); (4) Hughes & Jones (1950); (5) Loubser & Bryden
(1972). For intact rocks, the shear modulus in this table is the same concept as shear strength in the header of Table 2, though slightly different
values are adopted in different subsections. However, the shear strength for sand material is not equivalent to any shear modulus in the thermal
fatigue model.

diurnal thermal wave is controlled by thermal inertia, Γ =
√
κρc.

For example, ls = 1.27 cm and Γ = 640 J m−2 s−0.5 K−1 for car-
bonaceous chondrite (CC). Since ls is much smaller than the
size of 2016 HO3, a 1D plane is not a bad approximation, but
spherical or more general geometry simulations are expected
in future work to investigate heat diffusion in angular direc-
tions. We simplified the perihelion distance of 2016 HO3 to be
1 AU, and the resulting temperature excursion for carbonaceous
chondrite is 33.5 ◦C, lower than the value for asteroids with a
longer rotation period presented in Delbo et al. (2014). The sub-
solar temperature is 393.5 K, and the constant bottom boundary
temperature is 295.0 K.

Next, to compute the required macroscopic stress field, we
used the analytical solution (Čapek & Vokrouhlický 2010),
which was also adopted in Delbo et al. (2014). The thermal stress
fields of three sizes of spherical particles were calculated, with
diameters d = 1 cm, d = 2 cm, and d = 5 cm. Here we faced a
problem of inconsistency in boundary conditions. With our best
knowledge of the analytical solution (Čapek & Vokrouhlický
2010), the result begins to diverge when the radius of the par-
ticle is much greater than the skin depth ls. Thus, we could not
directly calculate the whole stress field of 2016 HO3 as an intact
body with the analytical solution. Under this limit, the bottom
boundary of a small particle is not the corresponding Dirichlet
boundary in the 1D model, but the lower hemisphere is consid-
ered to directly radiate to the ambient space. Though this will
introduce a system error, its final effect on the survival time of
rocks is still limited.

Finally, we come to the microscopic stress field of inclu-
sions and the fatigue crack growth mode. Recent spectrum and
orbital dynamic studies suggested the lunar origin of 2016 HO3
(Sharkey et al. 2021; Castro-Cisneros et al. 2023), and a more
recent orbital dynamic study (Jiao et al. 2024) even located
the source at the Giordano Bruno crater. Therefore, in addition
to calculating the survival time for carbonaceous and ordinary
chondrite (OC) with the properties listed in Delbo et al. (2014),
we also chose norite as a simulant of lunar crust material for
the thermal fatigue model. Table 3 shows the properties of the
norite used in the model. Unlike CC and OC, the microscopic
stress field is not considered for norite. Thus, the time required
to break norite is likely to be overestimated in the present study.
For the geometric parameters in the crack growth model, we
adopted the parameter set of disks (Glinka & Shen 1991) as an
approximation of spheres. The times required to break CC, OC,
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Fig. 12. Time required to break rocks on 2016 HO3. Blue: carbonaceous
chondrite; orange: ordinary chondrite; and purple: norite. The symbols
for ordinary chondrite have been manually shifted slightly upward to
show the uncertainty bars more clearly.

and norite particles in diameters of 1 cm, 2 cm, and 5 cm are
shown in Fig. 12. The error bars show that the uncertainties stem
from 30% variations of thermal conductivity and bulk and shear
moduli. The survival times of CC and OC particles are relatively
close to Fig. 1 in Delbo et al. (2014), which is consistent with our
previous qualitative analysis of smaller temperature excursion
but more cycles.

3.3. Combined results

In this section we give a final analysis of the existence of regolith
on the surface of 2016 HO3 with the combination of our result
on its dynamical environment and the two transient processes.
First, we estimate that the cross section for impact is 0.25 times
the total area of Model B, Across = 0.25 × AModel B = 4496 m2,
so the impact probability of one meteoroid on the cross section
of 2016 HO3 is p = Across

πkm2 × p0 = 1.36 × 10−20. Multiplying the
mass loss rate per unit area in Table 2, the mass loss rate due to
micro-impacts has a range of 0.21–1.1 kg/yr.
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Fig. 13. Comparison of the regolith loss rate from micro-impacts (brown shaded area) and the regolith production rate from thermal fatigue. Surface
materials are set to be (a) carbonaceous chondrite, (b) ordinary chondrite, and (c) norite.

Then we consider the thermal fatigue of a layer of particles
on the surface with diameters of 1, 2, and 5 cm. According to
the distribution analysis in Sect. 2.2.4, this assumption of sizes
is feasible when the cleanliness S ≥ 0.1. The regolith produc-
tion rates are calculated by the mass of the one-particle layers
divided by the break-up time computed in Sect. 3.2. The ques-
tion arises of why we assume that regolith exists on the surface
as an initial condition. First, the breakup times of the three cases
are the first-order approximations of regolith production on any
actual surface conditions of 2016 HO3. The range of possible
scenarios could be from a bare rock without any regolith to a
layered regolith of mixed particles with different sizes. Second,
these cases also represent a potential transient or balanced state
of the grain distribution of the surface since the initial condition
of regolith thickness and particle size distribution of the surface
is currently unavailable. Since the thermal fatigue process is not
significantly affected by the gravity of the object, we decouple
the value of the density from Sect. 2 and choose the density
of CC, OC, and norite along with other physical properties.
The result of the regolith production rate from thermal fatigue
compared to the mass loss rate from micro-impacts is shown in
Fig. 13. The error bars also show 30% relative uncertainty in
the values of thermal conductivity and moduli. Compared with
the regolith loss rate of ∼0.2–1 kg/yr, the regolith production
rate disperses more widely with regard to different materials and
particle diameters. For CC and OC, thermal fatigue is more pow-
erful in all cases except in 1 cm CC, which also lies inside the
range of mass loss rate. In Fig. 13c, the regolith production rate
of the norite surface is lower than the regolith loss for particle
diameters of 1 and 2 cm, but higher when d = 5 cm. The pro-
duction rate of norite regolith might be underestimated by not
including the effect of its inclusion structure. To summarize, we
predict that regolith is highly likely to exist on the surface of 2016
HO3, with considerations of a variety of possibilities of dynamic
environment, types of micro-impacts, and surface materials.

4. Discussion

4.1. Simplifications and assumptions

For simplicity, we used a constant density and assumed zero
porosity for the whole body of 2016 HO3, which we describe in
Sect. 2. However, it is worth noting that although short rotation
periods are indicative of intrinsic strength in asteroids, it does not
necessarily rule out the porosity of small fast-rotating asteroids.
As Whiteley et al. (2002) hypothesized, SFRAs are representa-
tive of the building blocks of the rubble pile asteroids and also

derived from fragmentation of already previous generation of
rubble piles. Cohesive forces could form in previous generations
of rubble piles and act as intrinsic strength to counter the cen-
trifugal force later in SFRAs. Moreover, if all SFRAs with sizes
up to ∼300 m are monoliths, high-density monoliths with similar
sizes should be included in rubble-pile asteroids such as Itokawa,
Ryugu, and Bennu, but there is not any direct observational sup-
port for that yet. Adding bulk porosity decreases the strength of
the gravity field, but also provides pores to trap regolith from
thermal fatigue or impact shock. Moreover, because thermal con-
ductivity decreases exponentially with the increase in porosity
(Henke et al. 2012), both skin depth and thermal inertia decrease
with the increase in porosity, and consequently the effect of ther-
mal fatigue penetrates to a shallower level, but is also stronger
within its effective depth.

In Sect. 2.2, we assume that all surface particles are per-
fect spheres, and the surfaces of 2016 HO3 and all particles
are smooth. However, recent studies showed that both shape
(Sánchez et al. 2023) and surface roughness (Persson & Biele
2022) affect the magnitude of the van der Waals force between
an asteroid’s surface and particles. Persson & Biele (2022) sug-
gested that surface roughness results in an interaction force that
is independent of the size of the particles, in contrast to the linear
size dependency in Eq. (12). They estimated van der Waals pull-
off forces for meteorite particles of order 0.3–2 nN. In Fig. 14
we show the distribution of maximum radii of stable particles,
with cohesive force F = 1 nN and the coefficient of friction
µ = 1. Although the van der Waals force is independent of the
particle size in this case, the outward centrifugal force is still
dependent on it. Compared with Fig. 9, the maximum particle
sizes decrease ∼100 times. Neither of the relationships based on
perfect spheres (Perko et al. 2001) or surface roughness (Persson
& Biele 2022) has been directly tested by experiments, so the
Tianwen-2 mission will also be a good opportunity to test which
relationship better describes the reality, with the consideration of
other important processes.

Another important simplification is that we neglect orbital
characteristics, such as eccentricity and inclination, obliquity,
and latitude differences. In Sect. 3.2 the survival time is only
calculated for the equator area, and the sunlight is always perpen-
dicular to the surface. These assumptions generally overestimate
the growth of regolith by thermal fatigue. However, it is still
useful to the sample collection on areas that experienced the
strongest thermal fatigue.

All micro-impacts considered in Sect. 3.1 are also normal
impacts (impact angle γ = 90◦). Yamamoto et al. (2005) showed
that for the regolith target, the total volume of high-velocity
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Fig. 14. Maximum radii of stable (no-slide) particles, when the van der
Waals force applied on all particles is F = 1 nN due to surface rough-
ness (Persson & Biele 2022), and the coefficient of friction is µ = 1.

ejecta (v > 97 m/s) increases with a decrease in γ. However, most
of the escaped ejecta on 2016 HO3 is in the low-velocity regime,
and Housen & Holsapple (2011) concluded that lower-velocity
ejecta may scale just as a normal impact. Nevertheless, there is
still a wide range of uncertainty of regolith loss from impacts that
are not shown in Fig. 13. For example, the impact probability of a
single meteorite could be improved by a specific orbital dynam-
ical simulation of 2016 HO3. In addition to micro-impacts, a
large-scale impact may totally reform the regolith distribution.
The most critical concern is that a micro-impact might lose
the contact of regolith in a wider region outside its crater rim.
The strength of the van der Waals force decreases dramatically
with the increase in distance between a regolith particle and
its attached body. As a result, regolith particles might escape
under centrifugal acceleration even if they are not considered as
ejecta. The discussion of some other important simplifications is
included in the next part.

4.2. Interaction and potential balance between regolith
production and loss

If we consider a bare rock surface of 2016 HO3, thermal fatigue
should also be able to generate regolith, though the efficiency
will be different from single particle layer situations in Sect. 3.2.
Another simplification is that initial cracks of 30 µm are assumed
in all surface particles (Delbo et al. 2014). Initial cracks are
required to trigger the growth in the current model. Therefore,
the generation of initial cracks and their length also control the
production rate of regolith. In terms of the generation of cracks
on a bare surface, both micro-impacts and thermal fatigue play
constructive roles. High-velocity-impact-induced crack growth
has been measured in OC and CC meteorites (Michikami et al.
2019, 2023). Layer(s) of regolith will increase porosity, decrease
thermal conductivity, and therefore decrease skin depth. As a
result, if there is a relatively thick layer of regolith, then the
bedrock is protected from thermal fatigue. On the other hand,
if there is no regolith, the bedrock is exposed to diurnal tem-
perature excursion and cracks will grow due to both transient
processes. Therefore, no matter the relative efficiency between
micro-impacts and thermal fatigue, it is highly improbable that
2016 HO3 has a strong bare surface without cracks. Even if there
is no regolith, it is still easier to knock off some particles from a
surface with cracks than conduct on a huge bare rock.

Taking one step further, if we want to estimate the time
required to reach a balance between micro-impacts and ther-
mal fatigue and the equilibrated regolith distribution, the model
at least needs to include porosity dependence of conductivity.
Meanwhile, other second-order mechanisms, including electro-
static lofting (Hsu et al. 2022), solar radiation pressure, and
self-gravity (Scheeres et al. 2010), might be important to deter-
mine where the equilibrium will end up. The present study does

Fig. 15. Estimation of the surface dynamic environment of Bennu. (a)
Summation of gravitational and centrifugal acceleration on a simpli-
fied shape model of asteroid Bennu, with a bulk density of 1.19 kg/m3

(Scheeres et al. 2019). (b) Real surface image of asteroid Bennu showing
more particles and boulders at the poles as compared with the equator
region, which is consistent with the simulation results indicated in (a).
Image credit to NASA/Goddard/University of Arizona, by the OSIRIS-
REx spacecraft.

not include these second-order mechanisms or porosity and tem-
perature dependence of physical properties evolving with diurnal
thermal waves. Adding some of them would be an interesting
direction for future study.

4.3. Comparison with other asteroids

The escape velocities of Itokawa, Ryugu, and Bennu are 0.2 m/s
(Fujiwara et al. 2006), 0.37 m/s (Okawa et al. 2022), and 0.2 m/s
(Perry et al. 2022; Scheeres et al. 2019), respectively. Com-
pared with Fig. 11, the velocity of a significant portion of ejecta
exceeds the escape velocities of all three asteroids in all four
micro-impact scenarios. Figure 15a shows the net gravitational
and centrifugal acceleration on the surface of Bennu as an exam-
ple of comparison. There is no fission failure region on Bennu,
but Bennu will still lose almost all ejecta after micro-impacts.
Therefore, the direct result of micro-impacts should be similar
between 2016 HO3 and other larger and slower-spin asteroids.
The following effects and processes in 2016 HO3, such as distur-
bance by the impact shock and migration on the surface, might
deviate from those visited asteroids because of 2016 HO3’s rel-
atively low gravitational acceleration compared to centrifugal
acceleration. In addition, the close observation and sampling of
2016 HO3 will be a potential opportunity to better understand
the mechanism of cohesion of regolith on the asteroid’s surface,
and thus resolve the discrepancy of cohesive strength mentioned
above (Walsh et al. 2019; Lauretta et al. 2022).

5. Conclusions

In this paper a 3D shape model was established for 2016 HO3
based on its available light curves, with simulated impact craters
embedded on its surface. To investigate the existence of possi-
ble regolith, the influence of cleanliness, coefficient of friction,
and shape of the asteroid on the particle size distribution was
analyzed with the surface dynamic environment model. The sur-
face cleanliness was the most important to host regolith owing to
the van der Waals cohesive force, but local topography was also
important for the regolith to rest, for instance, on the walls of
craters that face toward the rotation axis. The results of regolith
change rates from the micro-impact and thermal fatigue model
suggest that it is highly possible that regolith exists on the sur-
face of 2016 HO3. Even if we consider other disturbances that
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significantly weaken the van der Waals force and remove all the
regolith, the existence of cracks on the surface is highly possible.

This work represents one of the endeavors to study the
surface dynamics of small fast-rotating asteroids. The devel-
oped methods and derived results will be useful in helping to
design exploration and sampling strategies for 2016 HO3 by
the Tianwen-2 mission, and for other similar asteroids in future
missions.
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