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Regolith dynamics on small bodies in the Solar System
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Abstract. Many small bodies in the Solar System, such as near-Earth asteroids, are believed to be granular
aggregates - rubble piles — held together mainly by low self-gravity, typically of the order of mm s=2. Over their
lifetime, the evolution of the spin state and shape of such bodies, as well as their bulk and surface differentiation,
is affected by numerous geophysical processes that includes radiation, tides, impact cratering, surface activity,
thermal cycling, degassing and electromagnetic forces. An ultimate goal is the development of a model that
incorporates these processes and is able to follow the body’s development over its lifetime. Here, as a first
step, we present a stochastic continuum model to investigate regolith dynamics on small rubble bodies, and
its role in the rotational dynamics and reshaping of these bodies. We account for radiation torque and impact-
induced landsliding, and couple the body’s rotation to its shape variations. We apply our model to investigate
the shape and spin changes of a rubble asteroid over millions of years. An important finding is that the asteroid’s
long-term dynamics appears to be controlled by global landsliding events, which has generally been ignored.

1 Introduction

It is generally believed that many asteroids — particularly
near-Earth asteroids (NEAs) — are rubble-piles: granu-
lar aggregates held together primarily by self-gravity [1,
2]. For example, the irregularly shaped asteroid Itokawa
shown in Fig. 1 has a markedly granular surface with
smooth valleys and rocky peaks. These objects are meters
to several kilometers in size, and it is remarkable that their
very low self-gravity keeps them together; e.g. gravity on
Itokawa is 0.1 mms~2!

The life-time evolution of the shape, surface morphol-
ogy and rotation (or spin) state of these objects is affected
by many processes, including impact cratering, seismic
shaking, landsliding, thermal cycling, radiation pressure'
— the Yarkovsky effect [3, 4], radiation torques — the
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect
[5-7], tidal events, degassing, orbital changes, rotational
dynamics, electromagnetic levitation, and disruptive col-
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T All bodies exposed to the Sun experience radiation pressure because
they absorb and re-radiate solar photons, which carry both energy and
momentum. The manner in which a planetary body is affected by radia-
tion pressure depends upon the body’s thermal inertia, its orbital motion
about the Sun and its rigid body rotation. Thermal inertia introduces a de-
lay between absorption and re-radiation, in which time the body moves to
a different place in its orbit and rotation reorients the surface previously
heated by the Sun. Thus, in general, the body re-radiates from a changed
spatial location and in a different direction. The Yarkovsky effect de-
scribes how radiation pressure influences the body’s orbital motion. The
YORP torque is the integrated moment of the radiation forces about the
planetary body’s mass center that affects its rotational dynamics.

lisions with other asteroids. Both Yarkovsky effect and
YORP torques arise because a body absorbs Solar radi-
ation and emits — through reflection and re-radiation —
in different amounts and/or directions. The difference in
amounts occurs because the absorption and re-radiation
may occur at differing temperatures and, hence, spectra.
The change in direction is a direct result of the body’s or-
bital motion around the Sun and rotation about its own
axis. The difference in incoming and outgoing radiation
translates into a net pressure and torque on the body, be-
cause photons carry both energy and momentum.

All the aforementioned processes may be distin-
guished as bulk processes, wherein the entire body de-
forms, or surface processes, which involve significant mo-
tion of only the regolith — grains on or just below the sur-
face — but, may itself be initiated by bulk activity, such
as seismic shaking. Our broad focus here are surface pro-
cesses. This is motivated by increasing evidence of loose
superficial granular material [8, 9], which necessitates a
closer study of regolith motion on asteroids. We empha-
size that such a study will encompass investigations into
important questions about the response of granular ma-
terials in microgravity under various loading conditions.
For example, modeling impact-induced landsliding on a
spinning rubble asteroid requires, at a minimum, an un-
derstanding of how seismic waves spread through a small
granular aggregate, how these waves initiate failure of sur-
face granular heaps due to seismic activity and, finally,
how granular flow over rough (and rotating) topography
takes place. We elaborate on this below.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 340, 01006 (2025)
Powders & Grains 2025

https://doi.org/10.1051/epjcont/202534001006

Figure 1. Very high resolution images (top, bottom) of the as-
teroid Itokawa’s surface (middle). The rubble nature and rough-
smooth texturing of the surface is striking. Image: JAXA.

The various surface processes and the evolution of the
asteroid’s shape, surface and spin state are generally cou-
pled. For example, Fig. 2 illustrates how collisional ac-
tivity, YORP, Yarkovsky effect and landslides relate with
each other and couple to modifications in the asteroid’s
orbit, shape, surface and rotation state. Radiation torques
may spin up an asteroid and the elevated rotational acceler-
ations may then allow regolith to be more easily mobilized
leading to landsliding events. Subsequently, landslides
may rearrange the body’s shape and modify its moment of
inertia (MOI) and gravity field. The former modification
will affect the rotational dynamics, and may even domi-
nate the action of YORP [10], while the latter will regulate
surface grain movement. At the same time, seismic re-
verberations following non-disruptive collisions may also

release landslides. Surface texturing may be produced in
the presence of boulders or grains of differing size and/or
density by these reverberations, through mechanisms like
the Brazil-nut effect (e.g. [11, 12]), as well as from ki-
netic sieving [13] that occurs in landslides. Impact crater-
ing will also alter surface features, but will compete with
landslides which tend to erase craters [14, 15]. Thus, the
most complete model for lifetime evolution of an asteroid
due to surface activity must necessarily couple multiple
processes that may act across multiple scales. Moreover,
the modeling must also be stochastic to reflect our overall
ignorance of when the asteroid formed, the environment
through its lifetime and the various parameters associated
with the active physical processes. The present work con-
stitutes a step towards producing one such framework.

We limit ourselves to coupling impact-induced lands-
liding and YORP while accounting for changes in the as-
teroid’s rotation and shape over its lifetime. Our choice is
driven by the fact that these processes will be active on all
asteroids, even as not all of them may suffer large or dis-
ruptive collisions, at least over several millions of years,
or experience tidal interactions. Nonetheless, even within
these choices there are separate lines of enquiry, each re-
quiring significant work, viz. (a) impact cratering on small
rubble-pile bodies, (b) spread of energy post-impact across
the body through seismic waves, (c) landslide initiation
due to local or global seismic shaking, (d) landslide flow
over the asteroid’s irregular topography, while accounting
for its rotation, (e) segregation during flow and the role of
boulders, and (f) development of a stochastic framework
that is able to follow the evolution of the surface, shape
and spin state of an asteroid over its lifetime due to impact-
induced landsliding, even as it undergoes a large number
of impact events.

Here, we primarily address items (d) and (f) above.
More precisely, we develop a multi-physics stochastic
framework to follow the lifetime evolution of an aster-
oid’s shape and spin state due to global, axi-symmetric
impact-induced landsliding and YORP. For this, as shown
in Fig. 3, we will couple stochastically occurring impact-
induced seismic shaking with landsliding events, and in-
corporate effects of (a) YORP torques, (b) rotational dy-
namics and (c) shape change. In our implementation, we
neglect crater formation, and ignore shattering impacts —
a reasonable assumption over a timeframe of several mil-
lions of years — and assume a constant semi-major axis.
We initially included Yarkovsky effect and corresponding
orbital changes, but found that this had minimal conse-
quences on our outcomes and, hence, neglect them here
for a simpler presentation. Finally, we will employ our
stochastic model to investigate some evolutionary scenar-
ios for rubble asteroids.

Research on rubble-pile asteroids is extensive and is
best left to recent excellent reviews [1, 2, 16, 17]. We limit
our literature survey to the present work’s focus.

Spin-state evolution. Variations in the rotation rate of
asteroids is explained through many mechanisms: moment
of inertia changes due to centrifugal deformation with
and without mass shedding [18, 19]; tidal flyby induced
torques and deformation [20-22]; and YORP torques in-
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Figure 2. An illustration of how collisional activity, YORP, Yarkovsky effect and landslides are coupled to the asteroid’s orbit, shape,
surface and rotation state. Solid arrows indicate connections retained in this study.
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Figure 3. A schematic of our model. The primordial rubble asteroid is affected by YORP torques and experiences many impact events
over its lifetime. Impact-induced seismicity mobilizes regolith and may cause landslides that reshape the asteroid. Shape changes and

impacts also modify and couple to the asteroid’s rotational dynamics.

dependent of [23, 24] or coupled to [25] the body’s shape
evolution. All these mechanisms entail bulk deformation
of the asteroid and are mostly studied by the soft-sphere
discrete element method (SSDEM) built upon the discrete
element method (DEM) of [26]. In contrast, there is lit-
tle work on how regolith motion on the asteroid’s surface
— landsliding — affects the body’s rotation. Multibody
dynamics was employed by [27] to study the rotation rate
evolution of a rigid asteroid due to motion of rigid surface
boulders and their crash and launch events. Recently, [10]
coupled modifications in the asteroid’s spin rate to global
axisymmetric landslides and consequent shape changes in
a continuum framework; but they ignored stochasticity and
YORP. The SSDEM simulations of [28] couple rotational
dynamics with the effect of an individual landslide, but
they too ignore YORP and do not consider multiple lands-
liding events.

Reshaping. Works on reshaping of rubble-pile aster-
oids may be distinguished on whether they follow bulk de-

formation or surface processes. Our focus here is the latter,
but we quickly mention some representative research in
the former domain. Shape changes has been linked to cen-
trifugal effects [18, 19, 23,29-31], tidal interaction [20] or
gravitational re-agglomeration following cataclysmic dis-
ruptions [32].

Investigation into surface phenomena that lead to re-
shaping include launch and crash processes [33-36], cav-
itation due to local fission [37] and surface failure [38],
particle or regolith movement from poles to the equator
due to slope instability [39] or landsliding [40, 41] or
impact-induced global reverberations [42], debris accu-
mulation onto a rotating solid spherical core [43], an in-
ner solid core’s presence [44], and creeping surface flows
[45]. Changes in spin rate, when required, were attributed
to YORP torques. However, all works ignored that YORP
is critically dependent upon shape [46] and, so, coupled
to the shape evolution. Indeed, simulations of [25] report
that spin changes induced by YORP and due to modifi-
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cations in shape may be comparable. This was supported
by [10] in their work on the asteroid Bennu’s shape and
spin evolution due to multiple impact-induced seismic ac-
tivity. A major application of the present coupled model-
ing framework will be to evaluate the relative contributions
of YORP and landslides to the shape and spin evolution of
rubble asteroids.

Regolith motion. Barring the recent simulations of
[28] landsliding on asteroids has not been considered care-
fully, although elements of this process have been cap-
tured in some studies cited above, e.g. [39, 40], or in
closely related investigations: [29] explored landslide ini-
tiation on spinning spheroidal asteroids, [47] modeled
two-dimensional granular flow on a rotating and gravitat-
ing ellipse, [48] simulated mass movement near a crater
on Bennu, and [49] computed surface motion on the aster-
oid Apophis during its expected Earth encounter in 2029.
At the same time, employing high-resolution images from
missions, regolith and boulder motion is being utilized to
infer aspects of the body’s evolution [9, 48, 50-53]. Thus,
there is a clear need for detailed modeling of landslides on
small bodies like asteroids.

2 Reshaping & Rotational dynamics

We briefly discuss the processes that affect the evolution
of an asteroid over its lifetime in the context of Fig. 3.

1. Stochastic collisional history. Because an asteroid
faces very many impacts over its lifetime, its evolution
must be studied stochastically. To create sample colli-
sional histories requires estimating the distribution of the
size, frequency and approach velocity of the impactor, and
the manner in which the impacts are spread over the aster-
oid’s surface. For this we extend the Monte Carlo model
of [54]. The expected number of impactors with diameter
greater than d in a given time period 7 is

E(N!,) = P;R* N.gt, M

where P; ~ 2.8 x 1078 kms=2yr~! is the intrinsic colli-
sional probability and R is the radius of the target asteroid.
We compute the number of impactors in a time interval ¢
using Poisson’s distribution with mean E (Nﬁ d). The mean

impact velocity is set to 5.5 kms~! [55]. The impact on the
asteroid’s surface is located by its longitude ¢ and colat-
itude 6. Assuming the asteroid to be nominally spherical
and the impactors to be uniformly distributed around it, we
obtain the probability distribution function (PDF) f(¢, 6)
of the impact location as f(¢,0) = sin6/4nx. Finally, at a
given differential surface patch at (¢, 6) and impact speed
¢, the orientation of the impactor’s approach velocity vec-
tor ¢ is described by the vector’s tilt ® from the local sur-
face normal and its azimuth ®. We may show that ® and
@ follow the PDF F(®, ®) = sin ® cos ®/x.

2. Impact-induced seismic shaking and induced re-
golith failure. A portion of the impact energy is redis-
tributed as seismic energy through P, S and surface waves.
The grains at the surface of a small body are rather loose,

so that we may ignore surface waves. At the same time,
our recent DEM simulations suggest that in gently con-
fined granular materials shear motion is converted to longi-
tudinal motion away from the source, because force trans-
fer between grains is primarily along the contact normal.
Hence, here we assume that all seismic energy is trans-
ferred through P-waves. However, given the complexity
of wave transmission through granular media, we follow
[12, 15] and estimate the spatio-temporal distribution of
the seismic energy density €, (R, f) through the diffusion

equation

% = K,V%¢, —
where K is the seismic diffusivity, Q is the seismic quality
factor that estimates the dissipation in the material, and f
is the seismic frequency, i.e. the frequency of the seismic
wave. We solve the above equation for a spherical body for
€, as a function of time ¢, location R and the initial avail-
ability of seismic energy at the impact location. We may
relate the strength of P waves to €; by equating seismic
energy and strain energy densities.

e 2)

It remains to associate €, at a surface location to the
amount of regolith that it could cause to fail. For this, we
assume that the primary mechanism of failure is that the
arrival of a P wave close to the surface reduces the hydro-
static state of stress there in the direction normal to the
surface, and this causes the regolith above a critical depth
hy to yield. We thus estimate the change in the principal
stresses below the surface due to the P wave by assum-
ing the rubble asteroid material to be incrementally linear
elastic, and then find Ay by invoking the Mohr-Coulomb
yield criterion [56, Ch. 2]. We obtain

\2p€p0, tané — ¢

- pg(tan§cos B —sinf) + ¢y’

hy 3)
where €, is the peak value of € at a location following
the arrival of the P wave, v, is the P wave’s speed in re-
golith, ¢ is the regolith’s friction angle, § is the angle that
surface gravity g makes with the local normal, p is the re-
golith’s density and ¢ = ¢o + c;h its cohesion, which is
assumed to increase linearly with the depth 4. The lat-
ter is prompted the recent impact experiment on the aster-
oid Ryugu [57] that revealed that the subsurface layers do
have cohesive strength. From (3) we observe that below
a minimum value €, iy of seismic energy there will be no
regolith failure. Here we only consider global landslides
and, so, must have €, > €, i, everywhere.

3. Impactor sizes. An important consideration is the im-
pactors’ size range [dmin, dmax], defined by the minimum
and maximum impactor diameters. We set dpmx = 0.1d",
where d* is the impactor diameter that results in the catas-
trophic disruption of a given target. Taking higher val-
ues of dp,x does not change the collisional history signifi-
cantly.

The estimate of the minimum impactor diameter dp;,
required to initiate global landsliding is obtained as fol-
lows. From the linearity of (2) we find that, for given seis-
mic parameters, €, will scale with the impactor’s kinetic
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energy which, in turn, is proportional to d>. Now, for a
spherical body, the peak seismic energy density €, will be
minimum at the point diametrically opposite to the impact
location. Consequently, from (2) and (3), we find

13 2
PR 27 S
e €0 2p€pvy tan? §

1/3
) , “)

where €, is the peak seismic energy density received at a
point diametrically opposite from a meter-sized impactor.

4. Landslides. We extend the approach of [10] that mod-
eled regolith motion on an asteroid, and was itself built
upon the methods of [58, 59] that were developed for ter-
restrial landslides. The asteroid comprises of a regolith
layer on a solid central body (CB) representing tightly
packed grains; see Fig. 4. The shape and size of CB may
change when it interacts with the moving regolith due to
erosion and deposition. The comprehensive set of equa-
tions governing the coupled motion of the CB and regolith
are present in [60], which are then greatly simplified un-
der the following physically motivated assumptions: (a)
we take the asteroid’s initial shape to be spherical of radius
Ry with a shallow basal topography of thickness 7” < Ry;
(b) the landslides are incompressible and shallow, in that
their typical depth /g is much smaller than their horizontal
spread that is generally of O(Ry); (c) consequently, we ig-
nore the effect of regolith motion and mass shedding upon
the displacement of the system’s mass center; (d) the basal
topography is modified by multiple landslides, so that we
take h” > hy; (e) the asteroid is taken to be in pure spin
w = wé3, whose magnitude may change, but we ignore
any wobble introduced by impacts and mass redistribution
by landslides; (f) during a landsliding event, whose dura-
tion is much shorter than an asteroid’s lifetime, there are
no impacts and thermal radiation influences may be disre-
garded; (g) we limit ourselves to isolated asteroids, so that
tidal interactions are absent.

Recall that we limit ourselves to axisymmetric global
landslides. Equations for the flow are obtained by invoking
the balances of mass and linear momentum. The flow’s in-
compressibility simplifies mass balance, while its shallow-
ness allows us to reduce the dimensionality of the problem
by averaging the balance equations through the landslide’s
depth along the radial r direction and retaining terms only
up to O(hb /RO). Note that, because of the shallowness
of the landslides, the r direction is approximately normal
to the CB’s surface. Depth-averaging mass, and linear
momentum balances in the 6 and ¢ directions will pro-
vide three equations for the landslide’s depth A(6, r) and its
depth-averaged velocities ity and iiy in the 6 and ¢ direc-

tions, respectively. These equations up to O (h” /Ro) are,

T Regolith flow
h(6,t)
h*(6)
o = b(@ Basal
R h>(6) topography
Central
body L
i Reference R
| sphere

Figure 4. Top: An asteroid rotating at angular velocity w di-
rected along é5. Also shown are the body-fixed {&, C, é;} and
spherical {&, R, §;} coordinate systems, along with the position
vector R of a surface point and a differential axisymmetric vol-
ume element dV of a landslide. Bottom: An axisymmetric land-
slide over the basal topography and the reference sphere.

respectively,
0 5. 0 _ .
o {nA? sin 6} + og lehdsin6} =0, (5)

h
6‘% {L‘tgh/l3 sin 0} + % {(ﬁg + lﬁz) hA? sin 9}

Y AW
=/l3hsin8{—(uz"49+%)w+7¢c0t9... (6)

.+ (b(.) + 2iisw cos 6 + w* A sin f cos 6)}
and % {L‘t¢h/l3 sin’ 0} + % {ﬁ¢ﬁ9h/12 sin’ 0}
=- {,uﬁ(p:// + 2wiig cos 6} ABhsin’6, (1)

where, as shown in Fig. 4, h (6, 1) is the height of the re-
golith flow’s free surface above the basal surface that is, in
turn, identified as the CB’s outer surface, 1 = R + h” (§) is
the radial distance of the basal surface from body’s center
in terms of the mean radius R of the reference sphere and
the deviation A” of the CB from it,

g+iag)
¢,=_{[ 94 "’]+b,+w2sin20+2a¢wsine} (®)
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estimates the net basal pressure, by and b, are the compo-
nents of gravity along 6 and r directions, u = tan¢ is the
basal friction coeflicient and &; = it;/ /(itg)* + (i1g)?, with
i = 0 or ¢. Note that the boundary conditions at the land-
slide’s top and bottom surfaces get included during depth
averaging. The top surface is free, while the forces at the
bottom are modeled through a Coulomb-like basal friction
law relating normal pressure and shear traction.

The angular momentum balance (AMB) of the system
up to O (hb /Ro) provides the angular acceleration:

1( (™ . .
a=0=z {f ity A hsin® 0d6 — HS} )
0

4 15 (7
c:—(1+—f yhbsin39d9)
0

where 15 7

is the CB’s moment of inertia about its principal axis and
H, is the rate at which angular momentum is lost due to
mass shedding. The AMB (9) provides « in terms of i,
and the landslide’s depth h. Further, the AMB reveals that,
in the absence of external torque, the CB’s angular mo-
mentum is modified solely by interaction with the flowing
regolith — the integral in (9) is the total torque from basal
shear in the ¢—direction.

We now make two remarks. First, we follow [47] and
assume that mass is shed when basal pressure becomes
negative, and this is approximated by

. dn?
Prr = (1 —’yﬂﬁg@)lﬁh < O,

where ¥ is given by (8). Second, we may determine the
change dw in the asteroid’s rotatoin rate due to regolith
flow and mass shedding by integrating (9) over the dura-

tion #; of the landslide to find
wo ([ (™ A
(5w:——([f hA*sin® 6de +f Hsdt), (10)
C \lJo =0 0

where wy is the angular velocity of the primordial asteroid.

5. Model summary, parameters & computations. Fol-
lowing an impact, the depth of failed regolith is given by
(3). To keep our analysis axisymmetric, we assume that
a uniform layer of regolith fails everywhere, whose total
mass equals that computed from (3). Subsequently, this
mobilized regolith layer flows and its depth A, and flow
velocities ity and iy are found from (5) — (7). We do not
account for erosion or deposition of material during this
landsliding. Once the landslide stops, the flowing layer
consolidates onto the asteroid’s surface, merging with the
CB, thereby changing 4”(#) and modifying the asteroid’s
shape. At the same time, the asteroid’s spin is altered by
ow found from (10). Subsequent impacts repeat the pro-
cess, as shown in Fig. 3, with the number of impactors,
impact time, impactor size, momentum and approach ve-
locity, and the impact location on the asteroid’s surface
all being distributed stochastically. Finally, throughout its
life YORP continues to affect the asteroid’s rotation rate.
Recall that here we ignore change in the rotation axis —

which is generally found to be small — and follow only the
rotation rate. The flowchart of the computational imple-
mentation our model is provided in Fig. 5.

Selection of the various parameters entering into the
model is challenging, because not much is known about
small extraterrestrial bodies. We briefly describe our
methodology.

(a) P wave speed (v,): Wave speeds in asteroid regolith
are not known. Measurements during Apollo missions re-
ported [61] the average P wave speed in lunar regolith of
thickness 8.5 m to be v}? ~ 100 ms~!. We now follow [62]
and take v, to vary with pressure as p'/*. Then, assuming
pressure to be hydrostatic, i.e. p ~ pgh, yields v, o« g'/4,
where ¢ is the gravity. This allows us to estimate P wave

speed in a rubble asteroid from

0, =02 (a/9°)". (11)

(b) Seismic parameters: Seismic waves contain energy at
various frequencies. However, only low-frequency waves
are able travel long distances as high-frequency modes de-
cay rapidly. The seismic frequency f depends upon im-
pact duration, with longer impacts contributing to the low-
frequency power spectrum. Now, the impact duration de-
pends inversely on v, [42]. Lunar experiments report peak
seismic frequencies between 5 — 30 Hz [15]. Because
from (11) we find that v, for sub-kilometer size asteroids
is an order smaller than v[? , we assume a lower f = 1 Hz.
Next, following [15], we take the seismic quality factor
Q = 1500 and the seismic efficiency factor n = 107°. Fi-
nally, the seismic diffusivity K, = v,/[/3, where [; is the
mean free path for the scattering of seismic waves; [15]
utilized [, = 250 m and [12] set it equal to the mean aster-
oid diameter. In a rubble pile we expect more scattering
and, so, fix [, = 100 m.

(c) Regolith properties: The regolith’s static and dynamic
friction angles are taken to be, respectively, 35° and 25°;
the former controls the regolith’s failure and the latter reg-
ulates its flow. As surface regolith is nearly cohesionless
we take ¢y = 0.1 Pa, but set ¢; = 1 Pas™!

3 Results & Discussion

We now discuss the outcomes of our model in the context
of a few indicative examples. We consider an asteroid with
mean diameter D = 500 m on an orbit with semi-major
axis e = 2.3 AU and density p = 1250 kgm~>. From (11)
we estimate a P wave speed of v, = 10 ms™". For simplic-
ity, the impactor velocities are set at v; = 5.5 kms™'.
Figure 6 reports evolution in a rubble asteroid’s rota-
tion period due to landslides (L), YORP torque (Y) and
collisions (C) for various combinations. In each case we
perform 10 simulations and report their mean. The as-
teroid was initially spinning slowly. We assume a YORP
torque that consistently increases the rotation rate, because
observations [63] report that NEAs spin up over time. Fig-
ure 6 shows that collisions have a negligible effect on spin
over 0.5 million years (Myrs). This was expected as most
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Initial conditions: Shape, Rotation rate (w)
and Obliquity (&)

| Parameters: Regolith, Seismic, YORP and Orbital |
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Figure 6. Evolution of the time period of an initially spherical
asteroid over 0.5 Myr in presence of one or more of the following
mechanisms: collisions (C), landslides (L) and YORP torques
(Y); thus, CLY indicates that all three mechanisms are active.

impactors were small. Furthermore, the collisional param-
eters were statistically distributed, and the small impactors
were numerous enough, so that the spin change introduced
by collisions averaged out over time.

We find from Fig. 6 that the primary factors affecting
spin are YORP and landslides. On their own, landslides
redistribute surface regolith towards the equator, thereby
raising the asteroid’s moment of inertia and, consequently,
lowering its rotation rate in order to conserve the system’s
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Figure 7. Continued from Fig. 6. Evolution of the shape of the
asteroid that follows the CLY curve in Fig. 6. Radial distance is
measured from the body’s center, ST is simulation time and RT
is the rotational time period.

angular momentum. However, landsliding effects are ob-
served to be minimal at slow rotation rates, but become
progressively dominant as the asteroid spins faster. This is
explained below when we discuss shape changes.

We consider spin evolution in the presence of all mech-
anisms, as depicted by the CLY curve in Fig. 6. We find
that the rotation period saturates at about 3.4 hrs. Thus,
rotational fission — that occurs at a period of 2.95 hrs —
will not happen, in contrast to when landslides are ignored
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Figure 8. Evolution of the mean shape and the mean spin in the presence of stochastic YORP. The shaded region in gray depicts the
standard deviation of 10 simulations. As in Fig. 7, ST is the simulation time and RT is the rotational time period.

and YORP is allowed to continuously spin up the body;
see the CY or Y curves in Fig. 6. We may then conclude
that YORP governs the spin evolution of small slow rota-
tors, while landslides become dominant once the body’s
rotation is fast enough, thereby controlling the final out-
come. Indeed, we observe in Fig. 6 that the curves Y, CY,
LY, and CLY all remain together until the rotation period
drops to around 4 hour. Once the body rotates faster than
this, the Y and CY curves depart together from the LY and
CLY curves and continue their original trajectory. In con-
trast, the LY and CLY curves appear to plateau because of
reshaping by landslides.

The above observation is reinforced when we consider
in Fig. 7 how the asteroid’s shape changes as it evolves
along the CLY curve in Fig. 6. Recall that our model
presently ignores reshaping due to impacts. During land-
sliding events tangential components of gravitational and
centrifugal forces move the regolith towards the equator,
forming an equatorial bulge and creating a “top” shape.
This augments the body’s moment of inertia which, in
turn, lowers its spin in competition with the YORP torque
that raises the rotation rate. When YORP wins, the body
spins up. This accelerates bulge formation as (a) the lower
normal gravity in a top-shaped body and the increased cen-
trifugal force reduce the basal pressure and, hence, the
basal resistance, and (b) the equator-bound flow is made
stronger by the increased centrifugal force.

Above, we assumed that YORP torque always spins up
the asteroid. However, YORP is very sensitive to modifi-
cations in surface features [46]. Thus, we now investigate
a scenario where the YORP torque is stochastic, in that the
sign and magnitude of the torque resets after each landslid-
ing event. Consequently, the body experiences periods of
both spin-up and spin-down. Figure 8 reports the outcome
for an asteroid initially spinning faster than in Fig. 6. We
find that the mean rotation period now increases slowly
with time and the spin evolution is controlled by landslid-
ing. Because the asteroid spins down, the shape change in
Fig. 8 is less prominent than in Fig. 7 and the formation

of top shape is also delayed. In fact, there are parameter
regimes where top shapes emerge after timescales that are
longer than the expected lifespan of NEAs.

From the examples above we hypothesize that, while
a rubble asteroid may spin up due to YORP over a time
scale of a few thousand years, it will ultimately slow down
over millions of years due to reshaping by impact-induced
landslides, which also explain the commonly observed top
shapes. Moreover, rubble bodies will generally not un-
dergo rotational fission.

4 Outlook

The work here is a step towards investigating the dynami-
cal evolution of small granular bodies in the Solar System
over their lifetimes. Implementing a stochastic continuum
model allowed us to follow the changes in the shape and
spin a rubble asteroid over millions of years due to regolith
motion coupled to the body’s rotational dynamics and in-
fluenced by radiation torques and impact-induced lands-
liding. This would not be possible through more direct
techniques like discrete element simulations that are very
computationally intensive.

Nevertheless, as detailed in Sec. 1, many important
and challenging improvements need to be made both in
computational techniques and in the physical modeling
of granular aggregates in a rotating, low-gravity environ-
ment, in the presence of collisions and interactions with
other bodies. Presently we aim to firm up our conclusions
above by surveying a wide range of physical parameters
and, then, relax the strong assumption of landslides be-
ing global and axisymmetric. For the latter, a first attempt
from Gaurav & Sharma is included in these proceedings.
This will be accompanied by extending our model’s ca-
pabilities to handle regolith comprised of different types
of grains to study surface texturing on asteroids, for which
we will employ mixture theory, as did [47]. In this context,
see Nallani ef al. in these proceedings who present a hy-
pothesis to explain segregation on Itokawa shown in Fig. 1.
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Finally, given the importance that boulders are playing in
revealing the geological history of small bodies [51-53],
we plan also to incorporate the entrainment and presence
of boulders in regolith flow.
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